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ABSTRACT

Supermassive black holes are ubiquitous in nearby galaxies. The strong corre
lations between black hole masses and their host galaxy bulges suggest they are
intimately connected. To understand their coevolution we study quasars where
both quantities can be probed out to high redshifts. To overcome the well known
obstacles in studying quasar hosts at s > 1, we study 28 gravitationally lensed
host galaxies, located at 1 < 2;^ < 4.5, which are stretched out into arcs and Ein
stein rings.
Applying two new algorithms, GALFIT and LENSFIT, to images obtained
in the HST NICMOS F160W filter, we clearly resolve the host galaxies. Many
have evidences of multiple components, interaction, offset galaxy components,
or bulges and disks. The host galaxies atz > 1 are mostly brighter than Ly galax
ies today, but would become fainter than Ly today after accounting for passive
evolution. Furthermore, they have modest sizes {R^ ^ 6 kpc), and the profiles
of the hosts are roughly equally split between bulge dominated and disk domi
nated. Due to these evidences, the quasar hosts may not be fully evolved earlytype galaxies undergoing passive evolution if they evolve into Ly galaxies today.
Moreover, comparing the hosts of radio-loud quasars and radio-quiet quasars,
there is not a significant difference in their luminosities.
Finally, we study the bulge luminosities (Ibuigc) and black hole masses (.MBH )
at z ^ 1 and z ^ 2, finding that the hosts at e > 2 already lie near the same
Lbuige vs. MBU relationship as for z = 0 normal galaxies. Accounting for an earlytype galaxy evolution, they would fade below the relationship at present day.
Therefore, the hosts at z
5,

2 must undergo a stellar mass buildup by a factor of 3-

if they evolve into early-type galaxies. This implies their MBU Ibulge ratio at
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2 r; 2 is a factor of 3 higher than today. On the other hand, the Lbuige-AlBH relation
for hosts at z

lis consistent with early-type galaxies undergoing fading. Thus

the parent population of the hosts at 2 = 2 may not be not the same as those at
£ = 1; the z = 2 hosts may either be progenitors of more typical late-type galaxies
today, or must undergo significant stellar mass buildup.
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CHAPTER 1
INTRODUCTION

Early on, active galactic nuclei (AGN) and gravitational lensing were regarded
as two exotic but rare phenomena in the universe. As the fields advanced and
many examples were discovered, they have made large impacts on our general
understanding of the extragalactic Universe. Rather than just curious but rare ob
jects isolated to galaxy nuclei, AGNs are now known to reside in large fractions
of nearby galaxies and are integral to the process of galaxy formation and evolu
tion. The field of gravitational lensing, too, has grown from a single object just 20
years ago to now over 80. Gravitational lensing is now one of the most powerful
tools for studying many aspects of cosmology and astrophysics. Today, the sub
jects of lensing and AGN cover a tremendous range of topics and are two major
disciplines of astronomy. This Thesis uses gravitational lensing to explore one of
the most difficult topics to study by direct imaging; the structure and evolution
of high redshift {z > 1) AGN host galaxies. The ultimate goal of this study is to
understand the co-evolution of supermassive black holes and their host galaxy
properties.
In this Chapter, we will introduce two separate subjects starting with the his
torical development of AGNs (§ 1.1). We will then switch to a discussion on
gravitational lenses (§ 1.2), provide the necessary lensing theory (§ 1.3), and dis
cuss the uses of gravitational lensing today (§ 1.4). This apparent schizophrenia
will be conjoined in the end (§ 1.5) where we conclude by discussing the goals of
AGN host galaxies studies and give a preview to the upcoming Chapters.
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1.1 AGNs, Host Galaxies, and Supermassive Black Holes
1.1.1 History of AGNs
Galaxies are defined to host an AGN if there is a compact, unresolved, source
at their nuclei, and whose emission is not produced by stars or other stellar
processes. Most of these "non-thermal" AGNs are now widely thought to be
powered by a supermassive black hole. AGNs, of which there are many vari
eties, are classified based on their emission lines, spectral energy distributions
and luminosities. The zoology includes LINERs (Low Ionization Nuclear Emis
sion Line Regions), Seyferts, BL Lacs, radio galaxies, and quasars. Adding to
the complexity, each class also branches out into other subclasses distinguished
by secondary features such as the presence of broad emission lines, or the pres
ence/ morphology of their radio emission. AGNs span a wide range in luminos
ity', over 5 orders of magnitude. At the faintest end of the luminosity sequence,
Seyferts and LINERs can only be detected in nearby galaxies where we have suf
ficiently high spatial resolution to disentangle them from the glare of the galaxy
bulges (Seyfert, 1943; Heckman, 1980; Ho, Filippenko, Sargent, & Peng, 1997b).
On the other extreme, as the brightest objects in the universe, quasars have been
seen out to very high redshifts {z

6) (Fan et al., 2001,2003).

Although the AGN field is now 70 years old many of the original mysteries
remain unsolved, owing to large obstacles associated with observing these ob
jects, while even more mysteries are continuously being unearthed. Some of the
motivations and broad questions in AGN studies include:
• What is the physics that powers the central AGNs engine, and what are
their physical geometries?
• Can we produce the spectral energy distribution of the AGNs based on our
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knowledge of the fundamental physics?
• Similarly, what gives rise to the AGN classes and sub-classes, and how do
they relate to each other?
® How long do they live, and how are they fueled? What is the mechanism
that drives matter into galaxy nuclei to feed the AGNs?
• What is their role in the evolution of galaxies?
• How do we explain the evolution in the AGNs from high redshifts to today?
Can we account for the evolution in the AGN spatial density based on what
we know about the physical processes inside a galaxy?
• How much do they contribute to the sky background seen in the X-ray,
optical, and infrared?
The first signs of AGNs were evidenced in data as far back as 1908. In the
course of studying "spiral nebulae ^Edward Path observed strong nebular
emission lines at the center of NGC 1068. Similar emission lines were noted in
passing by Edwin Hubble in 1926 in two other galaxies. However, it was not
until 17 years later that the first systematic study of these strange emitters was
undertaken by Carl Seyfert. Seyfert discovered that a small fraction of galaxy nu
clei harbored a luminous star-like object which have unusually high-excitation,
broad emission lines in their spectra (Seyfert, 1943). This unusual class of objects
became known as the "Seyferts." While Seyferts were identified based on opti
cal spectroscopy, other AGNs were found because they produced powerful radio
emissions. Eleven years after Seyfert's findings, Baade & Minkowski (1954) iden
tified a radio source with the galaxy Cygnus A. With an increasing number of
^Called such because at the time they were thought to reside in the Galaxy.
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radio sources being discovered, searches ensued to identify them in the optical.
In 1960, Thomas Matthews and Allan Sandage identified one of these peculiar
objects, 3C 48, remarking on how featureless and star-like it appeared in their op
tical images. This gave birth to the term quasi-stellar object (QSO), or quasar, as it
is known today. Even more puzzling, the quasar had broad emission lines which
did not correspond to any known elements or molecules. This mystery was ex
plained, three years later, by Maarten Schmidt (Schmidt, 1963) who realized from
a spectrum of 3C 273 that the broad nebular emission lines were redshifted from
their rest wavelengths hy z = 0.158. With the discovery of the expansion of the
universe decades before by Edwin Hubble (Hubble, 1929), the source, Schmidt
argued, was cosmological in origin.
Schmidt's suggestion became an immediate lightening rod for controversy.
The large distances would imply that the quasar luminosities were about 100
times the energy output of an entire galaxy, far exceeding that of any other phe
nomena known at the time. The longest sustaining, efficient, energy producer
known was thermal nuclear fusion inside stars. If quasars were powered by nu
clear fusion, the mass density was equivalent to a hundred galaxies compacted
into an absurdly small volume less than a few light years across. A clever and
plausible solution was proposed by Lynden-Bell (1969) who realized that accre
tion onto supermassive black holes could in principle be the requisite power
source. Indeed, if due to stars, there was no plausible mechanism to prevent them
from immediately collapsing under self-gravity and, according to the Theory of
Relativity (Einstein, 1917), into forming a supermassive black hole.
The explanation that AGNs are powered by supermassive black holes remains
today the most successful paradigm to explain a wide array of AGN phenom
ena. The simplicity and successes of the supermassive black hole model fanned
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the spread of a popular notion that perhaps many varieties of AGNs can be ex
plained using a simple unified scheme, known generically as the "Unified Theory
of AGNs." Under the unification theory, supermassive black holes are the pri
mary drivers of AGN activity and the details about the black hole and accretion
physics, or orientation effects, would give rise to the varieties of AGNs observed
(see Kembhavi & Narlikar 1999 for review).
The unification theory is at least important in bridging two classes of AGNs:
the quasars and Seyferts. Very early on, Seyferts and quasars appeared to be fun
damentally different objects; Seyferts lived inside spiral galaxies whereas quasars
looked like just isolated stars. The earliest quasars discovered were radio-loud,
whereas Seyferts were radio quiet. However, these distinctions are now known
to be spurious, arising from the fact that faint Seyferts can only be detected in
nearby galaxies where there is high spatial resolution, whereas quasars, located
at large distances, must outshine their hosts to be seen. Otherwise, their spectral
energy distributions are very similar when the star light is properly removed. It is
now widely believed that the two classes form a continuous sequence in luminos
ity of the same underlying phenomena (e.g. Weedman, 1976; Ho & Peng, 2001).
Nonetheless, for historical reasons, quasars are often defined to have a nuclear
luminosity brighter than MB = -23, and objects which are fainter are considered
Seyferts.
Even the differences in the radio properties between Seyferts and quasars
are blurred over time. Since the early discovery of radio-loud quasars, many
quasars have been detected via radio and optical searches. The generic class of
quasars now includes objects which are radio-loud (RLQ) and radio quiet (RQQ).
Though the cause of the radio emission remains a mystery they are otherwise
indistinguishable. The two classes commonly share similar properties such as
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blue featureless continua, and broad, high-excitation, nebular emission lines in
the optical, or broad absorption troughs in their spectra. The radio luminosity in
quasars is also a continuous sequence, with the historical divide between RLQs
and RQQs traditionally defined at Pg cm = 10^® W Hz^^sr

And it has been

shown that RLQs make up only a small fraction, 10-20%, of the total population
(Hooper, Impey, & Foltz, 1997; Hooper, Impey, Foltz, & Hewett, 1995) over the
range in quasar luminosities -23 < Mb < -28. In nearby Seyferts, Ho and Peng
(2001) further showed that when the AGN nuclei are accurately deblended from
the glare of their parent host galaxy, many do have spectral energy distribution
resembling those of radio-loud quasars.
To understand AGNs, it is necessary to first understand the properties of their
host galaxies because powering supermassive black holes necessitates certain fa
vorable conditions inside a galaxy. First, the black holes must have fuel, and the
fueling sources may be the dense interstellar medium surrounding the AGN or
it may come from stellar activities, from stellar winds, supernovae, to possibly a
tidal disruption of stars. Or the fuel may be driven towards the nuclei by events
on larger scales such as galaxy merger/interaction, or the formation and destruc
tion of galaxy bars. Furthermore, both the luminosity and the duration of the
AGNs are probably related to the depth of the gravitational "potential well" in
which the black hole is embedded: the steeper a potential well the better it is at
accumulating and trapping infallen material. Thus, quantifying the global prop
erties of the host galaxies is needed to understand which of the many potential
scenarios dominate the AGN fueling process. In addition, to understand how the
evolution of the AGN host galaxies fits into the general context of galaxy evolu
tion, it is cmcial to compare the properties of the hosts with "normal" galaxies at
all epochs. In this study, we will focus on studying the host galaxies of the more
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luminous AGN cousins - the host galaxies of quasars.
1.1.2 Quasar Host Galaxies at z < 1
Soon after the discovery of quasars, many suspected that they lived inside galax
ies at cosmological distances, but obtaining the proof was challenging. If quasars
were indeed cosmological, the contrast between quasars and host galaxies would
be so great that the AGN light would saturate and bloom in photographic plates
of yester-years long before the diffuse underlying host galaxy could be seen.
Early attempts by Kristian (1973) showed the fuzz associated with QSOs to be
consistent with galaxies. However, the proof only came 10 years later when the
fuzz around quasars was shown by spectroscopy to be due to star light at the
redshift of the quasars (Balick, & Heckman, 1983; Boroson, & Oke, 1984).
With the advent of CCD detectors that have linear responses and a high dy
namic range, the searches for quasar hosts at low redshifts advanced quickly. But
understanding their properties started out with confusion. Initially, some quasars
were thought to be potentially "naked," i.e. without a surrounding host galaxy.
But under the gazing eye of high contrast deep imaging, none of them were found
to be exhibitionists. Earlier studies also claimed there to be differences in the lu
minosity and morphology between the RLQ and RQQ hosts. However, those
claims may have been biases stemming from small sample sizes. Also, because
the radio fraction of quasars increases with optical luminosity, in a magnitude
limited sample of quasars, the RLQ hosts tended to be located at higher redshifts
than RQQs. There were also claims that the AGN luminosity correlated with the
host luminosity. This bias came about because faint AGNs in luminous hosts
were classified as Seyferts or as other low-luminosity AGNs, thus were defined
out of the sample.
Through refined sample selection and detections, a coherent picture is starting
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to emerge in recent years. Quasar hosts at 2 < 1 are now being imaged with
regularity and detected with high success rates in both the optical (e.g. Taylor
et al., 1996; Bahcall et al., 1996; Disney et al, 1995), and the near-infrared, where
the nuclear to galaxy luminosity ratio is more favorable (McLeod, & Rieke, 1994;
McLure et al., 1999; Dunlop et al., 2003). Current findings appear to indicate
that the host galaxies of luminous quasars (My < —23.5) at z < 0.5 are mostly
luminous ellipticals {L ^ 2L*) with effective radii ~ 10 kpc. In many cases there
are signs of recent galaxy interaction, with evidence of enhanced star formation
(Kauffmann et al., 2003). The differences in the host galaxy population of RLQ
and RQQ hosts are subtle, if there are in fact any. Out to z ^ 1, there is a tentative
finding that the RLQs have become a a factor of 1.5 — 2 brighter than RQQs,
growing from being nearly identical at z ^ 0 (Kukula et al., 2001; Dunlop et al.,
2003).
1.1.3 Quasar Host Galaxies at z- > 1
The familiar contrast problem which used to plague host galaxy studies at ^ < 0.5
once again becomes a limiting issue at z

1. In addition to the fact that the

host galaxies may be physically smaller in the past, their surface brightness is
decreasing with (1 +

due to cosmological dimming. Today, the study of high

redshift hosts still suffers from small number statistics and some discrepancies
that arise from the data sets being inhomogeneous (HST vs. groundbased) and
different analysis techniques. And there are only

20 well studied objects us

ing HS7/NICMOS imaging (Kukula et al., 2001; Ridgway, Heckman, Calzetti,
& Lehnert, 2001). Figure 1.1 shows several examples of the hosts at z ^ 2 that
were detected by Ridgway et al. (2001) through deep imaging (4-7 orbits) with
HST/NICMOS if-band, illustrating the difficulty inherent in this kind of study.
In the Figure the quasars have already been removed, leaving behind the host
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galaxies in the residuals.
Though the luminosity contrast problem becomes extreme at 2 > 1, there is
a growing number of studies in this intermediate redshift regime that are start
ing to detect hosts (Kukula et al., 2001; Ridgvvay, Heckman, Calzetti, & Lehnert,
2001; Sanchez, & Gonzalez-Serrano, 2003; Falomo, Carangelo, & Treves, 2003).
These studies generally find that the host galaxies are intrinsically brighter at
high-,-. With limited spatial resolution, they place constraints on the host sizes to
be large, ~ 10 kpc. For a number of cases, perhaps even for a majority, the detec
tions and scale length measurements are dubious because the signal to noise or
the angular resolution are low. These hosts appear to lie along on the Kormendy
relation (surface brightness vs. effective radius) and the K — z (A'-band luminos
ity vs. redshift) relation of early-type galaxies. All these findings lead toward
the conclusion that both the RLQ and RQQ hosts are early-types, which had been
undergoing passive evolution since 2 = 2. As such, the data cannot be explained
by gradual mergers and accretion into the well-studied and luminous early-type
hosts of the local universe, as predicted under certain hierarchical galaxy forma
tion models.
In a direct comparison between RLQ and RQQ hosts, using a carefully matched
sample of hosts at z = 0.2, 2: = 0.9, and z = 2, Kukula et al. (2001) find that the
luminosity gap between the two host populations seen at

2

1 widens to a fac

tor of 4 by ^ = 2. Moreover, in a A-dominated cosmology, the radio-quiet hosts
are consistent with no change in mass over this period. However, with a small
sample of 5 objects per class, per redshift bin, it is difficult judge the robustness
of these results. Although groundbased studies (Sanchez, & Gonzalez-Serrano,
2003; Falomo, Carangelo, & Treves, 2003) seem to confirm these findings, there re
main important questions regarding the technical details of PSF stability and im-
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Figure 1.1: From Ridgway et al. (2001). The residual images of the host galaxies
after the central quasar (unlensed) has been removed. These objects are at z >
2. The images were obtained using HST NICMOS H-band, using 4-7 orbits, in
comparison to the generally ~ 1 orbit images observed by CASTLES shown in
the later Chapters.
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age analysis. In addition to technical details, traditionally sample selection bias
has been a serious problem when comparing RLQ vs. RQQ objects. In Kukula et
al. (2001), the RLQ vs. RQQ selection, ail the RLQs have been drawn from the tip
of the radio-luminous (;^ Jy) sources, which, as we discuss later, may inherently
bias the conclusion. Finally, in the KOI sample, the luminosity of RLQs at z w 1
is brighter than RQQ by a factor of 1.5 (median), while at z ^ 2, it is a factor of 4
(median), which may also partially inflate the differences seen between the RLQ
and RQQ hosts.
1.1.4 Supermassive Black Holes in Galaxies 2 ^ 0.1
At low redshifts, a separate development in the search for supermassive black
holes at the centers of galaxies has brought to light the importance of quasar host
galaxies in the broad context of of galaxy evolution. Black holes (BH) began as
a curious concept in General Relativity (Einstein, 1917). However, when quasars
were recognized to be located at cosmological distances, it became clear there
had to be a new power source to produce the enormous emissions. Lynden-Bell
(1969) first recognized supermassive black holes (SMBHs) as a possible mech
anism, which today remains still the most successful model for explaining the
properties of AGNs.
The foundation for the search of extragalactic BHs was erected in two seminal
works by Young et al. (1978) and Sargent et al. (1978) who used stellar dynamics
to measure the massive dark object within the M87 core. The main challenge,
which remains today, was acquiring the high spatial resolution required to probe
the gravitational sphere of influence of the black hole (r^ph)- For lO^A^© SMBHs,
Tsph is of order

10 pc, corresponding to angular size of ^ (f3 for even the nearest

galaxies. Through the use of HST, the past decade has witnessed vast strides in
measuring the black hole mass (MBHX from ^ 10 BHs in the decade before HST,
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to Ri 37 BHs in normal nearby galaxies since (e.g. see Kormendy & Gebhardt,
2001, for review). Whenever the sphere of black hole influence has been resolved,
SMBHs have been detected. The evidence is strong that virtually every massive
galaxy harbors 10^-10^ MQ BHS at its center. Their connection with the powerful
high-r quasar engines is only starting to solidify.
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Figure 1.2; From Kormendy & Gebhardt (2001). The correlation of A^BH with (a)
B-band absolute magnitude of the bulge, (b) with the luminosity-weighted mean
velocity dispersion of the bulge. Different point styles refer to different A^BH
measurement techniques (see Kormendy & Gebhardt, 2001).
With direct measurement of many nearby SMBHs, several fundamental corre
lations have been discovered. Figure 1.2a shows a correlation between MBH with
the luminosity of the galaxy bulge, Zbuige (Kormendy, & Gebhardt, 2001; Magorrian et al., 1998), and Figure 1.2b between MBH and the stellar velocity dispersion
((7») of the bulge (Gebhardt et al., 2000; Ferrarese, & Merritt, 2000). The scatter in
the two relationships is strikingly tight - about a factor of 2 in A^BH for Mmr^^*
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relation, and a factor of 5 for A^BH-i^buige- Both relations suggest there is a strong
connection in the evolution of galaxies and the growth of the central SMBH.
The discovery of the fundamental correlations has instigated a race to under
stand the symbiotic relationship between BH and the galaxy bulge back to their
point of origin at high 2. There are several scenarios that can explain the black
hole growth. One suggests that BHs can grow most of their mass during the
quasar phase (e.g. Yu & Tremaine, 2002), and the other suggests that SMBHs
grew by merging with the remnant SMBHs already present in centers of galax
ies (e.g. Adams et al., 2003). Identifying the correct interpretation is difficult
in normal galaxies because measuring accurate A^BH is challenging, even using
the surrogate technique of measuring cr. and applying the MBU-O'* correlation.
However, recent advances in AGN reverberation mapping studies (Kaspi, 2000)
permit the measurement of MBU in quasars easily, by using quasar continuum
and emission lines. This provides a dramatic boost in the effort to measure A^BH/
and elevates the status of host galaxies as a key laboratory for studying the coevolution of BHs and galaxy bulges. The tradeoff is that quasar hosts at z > 1 are
difficult to detect because they sit beneath luminous quasars, and their surface
brightnesses decrease as (1 + z)'K
Because of the severe contrast between quasars and host galaxies at high redshifts, new techniques that can facilitate the study of quasar hosts in large num
bers are desirable. One such technique is now available by way of gravitational
lensing.
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1.2 Gravitational Lensing
1.2.1

A Brief History

One of the predictions of the General Theory of Relativity (Einstein, 1917) is that
light is deflected by gravity. According to Einstein, light which barely grazes
the solar disk would be deflected by l".7. His prediction was confirmed in 1919
(Dyson, Eddington, & Davidson, 1920) during a total solar eclipse when light
deflection from a distant star grazing the sun was measured, providing one of
the first key confirmations of General Relativity. Eddington (1920) first pointed
out that under the right geometry, light from a source could be split and reach
an observer from multiple directions to produce multiple images. Einstein (1936)
himself estimated the deflection of a background star by another and concluded
that the image separation (of order micro-arcseconds) could not be resolved by
optical telescopes.
However, no one envisioned the power of gravitational lensing as clearly as
Zwicky, who elevated the field of lensing from mere curiosity to an important tool
in astronomy. Zwicky (1937) pointed out that galaxies and galaxy clusters can
split background images large enough to be observed. He further predicted that
not only would lensing furnish another test for general relativity, but that it can
be used as a telescope to magnify distant sources unreachable by groundbased
telescopes, be a powerful new way to study cosmology, and be one of the most
accurate measures of galaxy and cluster masses. Today, all of these predictions
have come true, and lensing by galaxies and clusters have become a major subdiscipline of gravitational lensing.
Thirty years after Zwicky's initial prediction in 1937, gravitational lensing re
mained largely a theoretical concept, and the idea of using lensing laid largely
dormant. In 1964, Refsdal (1964) discussed how HQ can be measured through

37
gravitational lensing, if the background source is variable. This is possible be
cause the light travel time difference between the multiple lines of sight to a
source is proportional to HQ\ This is potentially powerful because it offers a
direct way to measure HQ, bypassing the traditional "cosmic distance ladders."
The theories started coming to fruition in 1979, when Walsh, Carswell, & Weymann (1979) discovered the first example of strong lensing in the radio quasar
system Q0957+561AB. The optical confirmation was made at the 6-segment, Mul
tiple Mirror Telescope (MMT) on Mt. Hopkins, Arizona. The background source
is a radio loud quasar at z = 1.41, which is lensed into two images separated
by ()!26. Gravitational lensing predicts that the spectra between the two images
should be identical (monochromatic), and that the ratio of the images in the radio
should be the same as in the optical. Some differences are expected and permit
ted if the background source is variable, so that the response times from the two
images are "out of synch" due to differences in the path-lengths and gravitational
time delay. Q0957+561 exhibited all the classical signatures of lensing behaviors,
and the time delay between the two images was later measured to be 417 days
Kundic et al. (1997).
The discovery of the second gravitational lens, PG1115+080, came a year later
by Weymann et al. (1990) using the MMT. This second lens was the first instance
of a quasar being quadruply imaged by a galaxy.
Since the first discovery 25 years ago, there are now over 75 confirmed strong
gravitational lenses of quasars by galaxies, with

10 new candidates to be con

firmed. With a statistically large sample of lenses, the power of lensing as an
astrophysical tool is only starting to be realized. For a fuller description on the
wide uses of gravitational lensing, we refer to a book by Schneider, Ehlers, &
Falco (1992).
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In this Thesis, we take advantage of the unique properties of lensing to over
come the contrast problems inherent in the study of quasar host galaxies. Grav
itational lensing by foreground galaxy masses can boost and split the images of
background point sources, but they continue to remain unresolved. For an ex
tended source such as quasar hosts, however, the behavior is quite different: in a
fortunate superposition, the host can be drawn out from underneath the quasar
images into long arcs or Einstein rings. While the magnification does not increase
the surface brightness of the host galaxy, the extension away from the luminous
glare of the point sources makes them much easier to detect and study. Therefore,
lensing effective increases the spatial resolution into the host compared to direct
observations. In addition, the effective increase in the exposure time is more than
the magnification of the host because the faint wing of the hosts do not have to
compete (as much) with the glare of the AGN diffraction. The typical magni
fications are a few to ^ 200. Because of the difficulties in studying the quasar
hosts z > 1, due to exposure time and deblending issues, lensing magnification
offers a highly attractive avenue to survey a large number of objects, cheaply and
efficiently. The trade-off, however, is that the analysis can be much more difficult.
1.2.2

The (Very) Basics of Gravitational Lensing

To measure the intrinsic properties of the lensed source, the lensing distortion
has to be removed via lens model. Determining this model is often a challenge,
but can be a well constrained problem with deep and high resolution images now
becoming available using HST and VLBI. For a complete discussion on the theory
of gravitational lensing, we refer to Schneider, Ehlers, & Falco (1992). For an
excellent introduction, we refer to a set of lecture notes by Narayan & Bartelmann
(1996). Much of the discussion below comes from Narayan & Bartelmann (1996),
however, we summarize and distill the relevant information for understanding
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later Chapters in one place.
1.2.2.1 The Thin Lens Approximation

Figure 1.3: From Narayan & Bartelmann (1996). The lens geometry. Light prop
agates from source S to the observer O after it is deflected by a lens located at
Dfi from the observer, with an impact parameter

is the distance from the

observer to the source, and D^s is the distance from the lens to the source.
The basic lensing geometry of a gravitational lens is shown in Figure 1.3,
where Dd, Dg, and D^s are the angular diameter distances to the deflector, the
source, and from the lens to the source, respectively. In general, Dg is not the sum
of D,i and Dds- In gravitational lenses, Dg is almost always much larger than the
thin slice of space near the lens over which the deflection action occurs. There
fore, the problem is very often treated in the thin screen approximation, where
the deflection occurs right at the D,i, as shown in Figure 1.3. The lens equation
which relates the angular position of the lens and the source is simply
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^=d-a0).

(1.1)

As an example, a simple point mass or circularly symmetric lens of arbitrary
mass distribution can produce at most two images, two arcs or an Einstein ring
of a background source, with the (reduced) deflection angle:

Q, = 4GM(< 9) DiDds
^

(1.2)

Therefore, a source which is situated directly behind a circularly symmetric mass
M of arbitrary mass distribution, i.e. /? = 0, will appear as an Einstein ring with
a radius (in angular units):
4GM(<0£;) Di,

(1.3)

This simple model embodies several points that are shared by all other more com
plex and more realistic mass models for galaxies. First, the Einstein ring Equation
(1.3) determines the angular size of the lens system and has no physical units, so
that the actual physical distance (e.g. in kpc units) does not directly enter into the
lens modeling. In short, the lens models are independent of cosmology. To study
cosmology with lens modeling, one has to make additional measurements, such
as the time delay between the quasar images. Furthermore, as shown in Equation
2.1, in all lens models, the image separation of the quasars and the Einstein ring
scale as the square root of the mass enclosed within the radial distance of a lensed
image from the lensing galaxy center. If there are multiple point source images
located at different radii from the lens center, the combination can be used to con
strain the mass profile of the lensing galaxy, independent of the light profile. If
the background source has been lensed into an arc or Einstein ring, the mass pro
file of the lensing galaxy can be well constrained via many independent lines of
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sight. This will be an important application in the future through deep imaging
and dynamical studies of the lensed host galaxies.

A

a (t)

Figure 1.4: A light ray which intercepts the lens plane at impact parameter ^ is
deflected by an angle a.
For an arbitrary mass distribution, the general deflection equation is more
involved, and has to be integrated along the trajectory. However, in the thin
screen approximation, it is simpler, and the deflection angle at the lens plane
shown in Figure 1.4, a, is:
_4G

f

(f- f')S(f)

(1.4)

where S(if') is the surface mass density of the lens, and a is related to a in Eq.1.1
by:

a~

D.,

a.

(1.5)

As an example, for a circularly symmetric lens. Equation 1.4 reduces to simply:
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4GM(< 0
where M { < ^) is the mass enclosed within the radius

(1.6)

For a constant sheet of

surface mass density E, the previous Equation 1.6 can be further written as:
2^

inGEDdDdsa

m

This equation is useful if there is a foreground cluster of galaxies whose lensing
power may be approximated as a uniform sheet, which increases the apparent
deflection power of a primary lensing galaxy. The mass density of a uniform
sheet is often referred relative to the critical surface-mass density, required for
lensing:

(1.8)

AtxG DdDd:
where D is the effective distance defined as a ratio of the distances:

_ DsDds

D

(1.9)

Although in principle there is an infinite number of mass profiles to use for
lensing, the choice is often motivated by our knowledge about the internal struc
ture of the lensing galaxies. Several studies in the past have used deflection mod
els that matched the light profiles of the lens, such as the Sersic, de Vaucouleurs,
Hubble, exponential. King, powerlaws. However, given that deflection is done
by the galaxy mass, i.e. stars and dark-matter halo, of which the light profiles
may be a poor surrogate, N-body simulations suggest a possible form for the
lens model would be the NFW profile (Navarro, Frenk, & White, 1997). A pop
ular model which has a simple deflection equation, and which is motivated by
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observations of galaxy kinematics, is the Singular Isothermal Ellipsoid (SIE) mass
distribution. This model reproduces the flat rotation curves of stars in galaxies
and are supported by other observations (e.g. Maoz & Rix, 1993; Rix et al, 1997;
Rusin, Kochanek, & Keeton, 2003; and Koopmans & Treu, 2003). Details of the
SIE will be presented in Chapter 4.
1.2.2.2 Image Formation
Image Plane

Critical Lines

Source Plane

Caustics

Figure 1.5: From Narayan & Bartelmann (1996). The critical lines in the image
plane (left) and the corresponding caustics in the source plane (right) for a nonsingular, circularly symmetric deflector. The object number in the image plane
maps to the object number in the source plane.
When an object is distorted by a foreground mass distribution, each point in
the image plane maps back to a point in the source plane; each point in the source
plane is also magnified. The degree of magnification smoothly varies (for the
most part) across the image plane according to the lens model. At some locations
the magnification can be infinite, and those locations in the image plane trace out
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the "critical curves." Figure 1.5 shows the critical curves for a circularly sym
metric, non-singular, mass distribution. The corresponding curves at the source
plane are known as the "caustics." Figure 1.5 shows the location of two sources
and their corresponding images. Caustics are important in lensing because they
reveal the number of image splitting due to the lens model. If a source is outside
the outer-most caustic only one image will be seen. Each time a source crosses
into another caustic, the number of images increases by two.
Instead of circular symmetry, most lensing mass distributions have elliptical
surface mass distributions, where the image geometry can be a lot more complex.
Figure 1.6 shows two such examples. The outer critical line (the "tangential"
critical line) in the image plane is mapped to the diamond caustics in the source
plane, whereas the inner critical line is mapped to the outer "radial" caustics
in the source plane. As the source crosses into a caustic from the outside, two
more images emerge in the image plane. A source which sits near the caustic
(e.g. object 2), is greatly magnified and the images appear as a merging pair
in the image plane. In lens theory, the number of images that is produced is
in general an odd number. However, if the lensing mass deflection is singular,
the "odd image", which appears near the center of the lens, would be infinitely
demagnified and unobservable.
When a background source, such as a quasar host galaxy, is highly resolved
by the lens, image geometry can be spectacular. Figure 1.7 shows four such ex
amples. When a source sits on the fold (top left) or the the cusp (top right), the
images are strongly magnified, and appear as merging pairs or triplets, respec
tively. Furthermore, if the background source is significantly extended and fills
the diamond caustic, then it may appear as a partial or full Einstein ring.
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Image Plane

Source Plane

Image Plane

Source Plane

Figure 1.6: From Narayan & Bartelmann (1996). The critical lines in the image
plane (left) and the corresponding caustics in the source plane (right) for a nonsingular, elliptical mass distribution. The object number in the image plane maps
to the object number in the source plane.
1.3 Summary: The Goals in Host Galaxy Studies
As we have seen, image stretching by gravitational lensing can greatly aid the
study of quasar host galaxies at a level of detail that is unsurpassed by direct
imaging methods. And the general interest in studying quasar hosts, to en
capsulate, is that AGNs are now playing a central role in our understanding
of galaxy evolution. They are powered by supermassive black holes (SMBHs)
whose masses from A1BH= IO'AIQ to almost lO^°.M0and are now thought to be
ubiquitous. How were the black holes formed? During the adolescent stage of
galaxy formation, was there a single violent event that produced much of the
mass? Or was it a process that involved coalescing smaller black hole seeds dur
ing galaxy mergers? If so, then how much of the black hole mass was forged
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€

0 ®

0 (?::)
Figure 1.7: From Narayan «& Bartelmarm (1996). The image geometry for highly
extended background sources. Top: Large arcs are produced when the source lies
on a folded section or a cusp of a diamond caustic. The images appear as merging
pairs or triplets. Bottom: Nearly full Einstein Rings can be formed if the source
fills most of the diamond caustic.
in the hot furnace of AGNs during the quasar era? Adding to the puzzle are
surprising new discoveries that show A^BHS to be strongly correlated with large
scale properties of the spheroidal component (bulge) of galaxies. These are re
markable because stars located several kiloparsecs from the center should not
"know" about the central SMBH, whose gravitational tug is only strongly felt out
to tens of parsecs. What causes there to be such tight correlations, and was the
relationship imprinted early on in the formation of galaxies or much later? The
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inescapable, yet mysterious, conclusion is that the formation of the galaxy bulge
must somehow be directly coupled with the buildup of the central SMBHs.
Therefore the general goals of the studying quasar host galaxies are to:
1. Establish the underlying parent population of galaxies capable of support
ing AGN activity by quantifying their morphology, luminosity, and size at
z > 1.
2 . Study their evolution.

3. Compare whether that distribution is drawn from the same parent popula
tion of normal galaxies.
4. Understand whether AGN activity and starformation/merger/interaction
activities in galaxies are related, and
5. whether these processes can naturally explain the decline in the number
density of luminous quasars from z ^ 3.
6. Understand whether morphology can explain the different subclasses of
AGNs (radio loud vs. radio quiet, broad-line vs. narrow-line).
7. Explore the connection between black hole mass and galaxy bulge mass,
and ultimately, to
8. Understand the evolutionary thread (or web) that runs from high-z quasars
hosts to galaxies today.
We will start to address some of these issues by first building the machin
ery necessary to analyze the morphology of quasar host galaxies, and galaxies
in general. In Chapter 2 we present an algorithm called GALFIT. And, using it.
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we will study the nucleus of M31 (Chapter 3). Chapter 4 will switch to present
ing the gravitational lens software code LENSFIT, and our technique for tackling
the problem of simultaneous image fitting and gravitational lens modeling. The
lensing code will be applied (Chapter 5) to the CASTLES project to study gravita
tional lenses, our data sample, and finally the results of our model fitting. Using
LENSFIT (Chapter 6), we will first focus on one object, CTQ414 to study it at a
level of detail previously not possible for hosts at z > 1, or even z ~ 1. Putting all
the machinery to work, the main results of the statistical sample will be presented
in Chapter 7. Chapter 8 presents the the .Mm-r/'buige relation for galaxies at z > 1,
for a sample of non-lensed hosts. This is the next obvious study we will do for
our lensed host sample. This work is only a small beginning of a much larger
campaign to study host galaxies and their co-evolution with supermassive black
holes. We summarize a few of the future topics in Chapter 9. Chapter 10 collects
the results from all the chapters into one place.
The program GALFIT is used throughout all the analyses, and on which the
lensing software, LENSFIT, is built. GALFIT is now available to the astronomy
community for free and with user support^. In Appendix A, we present the user
manual for GALFIT, and new updates to the software since the inception. Future
updates will appear in the user manual.

^http://zwicky.as.arizona.edu/~cyp/work/galfit/galfit.html
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CHAPTER 2
GALFIT: DETAILED STRUCTURAL DECOMPOSITION OF GALAXY
IMAGES

We present a two-dimensional (2-D) fitting algorithm (GALFIT)^ designed to ex
tract structural components from galaxy images, with emphasis on closely mod
eling light profiles of spatially well-resolved, nearby galaxies observed with the
Hubble Space Telescope. Our algorithm improves on previous techniques in two
areas, by being able to simultaneously fit a galaxy with an arbitrary number of
components, and with optimization in computation speed, suited for working
on large galaxy images. We use 2-D models such as the "Nuker" law, the Sersic
(de Vaucouleurs) profile, an exponential disk, and Gaussian or Moffat functions.
The azimuthal shapes are generalized ellipses that can fit disky and boxy compo
nents. Some potential applications of our program include; standard modeling
of global galaxy profiles; extracting bars, stellar disks, double nuclei, and com
pact nuclear sources; and measuring absolute dust extinction or surface bright
ness fluctuations after removing the galaxy model. When examined in detail,
we find that even simple-looking galaxies generally require at least three com
ponents to be modeled accurately, rather than the one or two components more
often employed. Many galaxies with complex isophotes, ellipticity changes, and
position-angle twists can be modeled accurately in 2-D. We illustrate this by way
of 11 case studies, which include regular and barred spiral galaxies, highly disky
lenticular galaxies, and elliptical galaxies displaying various levels of complex'The software is available and maintained with user support at the following web address:
http://zwicky.as.arizona.edu/ ~cyp/work/galfit/galfit.html
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ities. A useful extension of this algorithm is to accurately extract nuclear point
sources in galaxies. We compare 2-D and 1-D extraction techniques on simulated
images of galaxies having nuclear slopes with different degrees of cuspiness, and
we then illustrate the application of the program to several examples of nearby
galaxies with weak nuclei.
2.1 Introduction
Galaxies span a wide range of morphology and luminosity, and a very useful
way to quantify them is to fit their light distribution with parametric functions.
The de Vaucouleurs

and exponential disk functions became standard func

tions to use after de Vaucouleurs (1948) showed many elliptical galaxies to have
light distributions, while Freeman (1970) found later-type galaxies to be well
described by a de Vaucouleurs bulge plus an exponential disk. Since then, the
empirical techniques of galaxy fitting and decomposition have led to a number
of notable advances in understanding galaxy formation and evolution. These in
clude investigations into the Tully-Fisher relationship (Tully & Fischer 1977), the
fundamental plane of spheroids (Faber et al. 1987; Dressier et al. 1987; Djorgovski
& Davis 1987; Bender, Burstein, & Faber 1992), the morphological transformation
of galaxies in cluster environments (e.g.. Dressier 1980; van Dokkum, & Franx
2001), the bimodality of galaxy nuclear cusps (Lauer et al. 1995; Faber et al. 1997)
and its implications for the formation of massive black holes (Ravindranath, Ho,
& Filippenko 2002), and the cosmic evolution of galaxy morphology (e.g., Lilly et
al. 1998; Marleau & Simard 1998).
There are two general types of galaxy fitting: one-dimensional (1-D) fitting
of surface brightness profiles (e.g., Kormendy 1977; Burstein 1979; Boroson 1981;
Kent 1985; Baggett, Baggett, & Anderson 1998), and 2-D fitting of galaxy images
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(e.g., Shaw & Gilmore 1989; Byun & Freeman 1995; de Jong 1996; Simard 1998;
Wadadekar, Robbason, & Kembhavi 1999; Khosroshahi, Wadadekar, & Kembhavi
2000), with each its own tradeoffs and benefits.
In 1-D, an important consideration is how to first obtain a radial surface bright
ness profile from a 2-D image, for which there is no universally agreed upon
procedure. A common practice is to use isophote fitting, which is a powerful
technique when performed on well-resolved galaxies because it averages over el
liptical annuli to increase the signal-to-noise ratio (S/N) at a given radius. How
ever, as many galaxies have isophote twists and changing ellipticity as a function
of radius, the galaxy profile is extracted along a radial arc that is ill-defined. An
alternative approach is to use a direct 1-D slice across an image. Burstein (1979)
argues that only cuts along the major axis should be used in bulge-to-disk (B/D)
decompositions. Meanwhile, Ferrarese et al. (1994) point out that galaxies with
power-law central profiles may have different profiles along the major and minor
axis.
Fitting profiles in 1-D is frequently used because it suffices for certain goals,
and is simple to implement. But many studies now resort to 2-D techniques. For
B/D decompositions, a number of authors (e.g., Byun & Freeman 1995; Wadadekar
et al. 1999) have used idealized simulations to show that 2-D modeling can better
recover the true parameter values. In 1-D, while the galaxy bulge and disk may
appear to merge smoothly, which causes non-uniqueness in the decompositions,
in 2-D, isophote twists and ellipticity changes provide additional constraints to
break those degeneracies.
While exponential and de Vaucouleurs functions can model a wide range
of global galaxy profiles, galaxies are generally more complex. Well resolved,
nearby galaxies are often poorly fit by the standard models in detail, especially in
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2-D. Yet, few studies have gone beyond a global bulge and disk decomposition,
except in clear-cut cases where there are nuclear bars (e.g., de Jong 1996) or nu
clear point sources (e.g., Wadadekar et al. 1999; Portal 1999; Quillen et al. 2001;
and many recent studies of quasar host galaxies).
More recently, a growing number of theories and Hubble Space Telescope (HST)
observations show that many clues of galaxy formation lay hidden in the fine
details of galaxy structure. New HST images reveal striking correlations between
nuclear cusps of galaxies with their mass, stellar velocity dispersion, radius, and
other large-scale properties (Jaffe et al. 1994; Lauer et al. 1995; Faber et al. 1997;
Carollo et al. 1997; Rest et al. 2001; Ravindranath et al. 2001; Gebhardt et al. 2000;
Ferrarese & Merritt 2000). Those observations have led to on-going debates about
whether the correlations can be explained by an adiabatic growth of black holes
in isothermal cores and binary black hole mergers (e.g. van der Marel 1999, and
Ravindranath et al. 2002). Other fossil remnants of galaxy formation manifest
as photometrically distinct nuclei, nuclear disks of stars and gas, dust lanes, and
nuclear spiral patterns (e.g., Phillips et al. 1996; Carollo, Stiavelli, & Mack 1998;
Tomita et al. 2000; Iran et al. 2001). If elliptical galaxies form from 3:1 and 1:1
mass mergers, then Naab & Burkert (2001) merger simulations predict that all
ellipticals should contain a significant embedded stellar disk component in order
to explain the kinematic line profiles. Is this seen, and if so, how often? High
resolution and high S/N images now permit this to be tested. Active galactic
nuclei (AGNs) are intimately related to formation of bulges and black holes; their
fuel-starved remnants are common tenants in nearby galaxies (Ho, Filippenko, &
Sargent 1997a). Yet, quantitative investigations of these central sources have often
been hampered by the difficulties encountered in separating the faint nucleus
from the surrounding bright bulge (see, e.g.. Ho 1999; Ho & Peng 2001; Sarzi
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et al. 2001). In order to understand the physical implications of all these clues,
one must be able to extract accurate, quantitative morphological information, via
detailed galaxy decomposition.
Motivated by these and other possible applications, we developed a technique
(GALFIT) to accurately model galaxy profiles. Section 2.2 discusses the mechan
ics of our program and its computational requirements. Section 2.3 provides an
overview of our fitting procedures. Section 2.4 presents a number of case studies
to illustrate the versatility of the program. We then discuss 2-D decomposition
to extract nuclear sources in § 2.5, using simulations to evaluate the recovery of
point sources in 1-D compared to 2-D. Then we apply our method to some nearby
galaxies that contain weak nuclear sources . Conclusions are given in § 2.6. We
make the source code readily available to the public upon request.
2.2

Two-Dimensional Fitting Algorithm

We created a 2-D image decomposition program called GALFIT, written in the
C language. In order to model galaxy profiles with a maximum degree of flexi
bility, GALFIT uses a number of functions and can combine an arbitrary number
of them simultaneously. To use the program the user provides a simple input
file, as shown in Figure 1. In the example we specify a fit using five functions
simultaneously: a Nuker function, a Sersic, an exponential disk, a Gaussian, and
a uniform sky pedestal (see below for details). Additional components can be
added by extending the list without limit, except by the computer memory and
speed available to the user.
2.2.1 Accounting for Telescope and Atmospheric Seeing
All recorded images carry an imprint of the observing set-up, due either to imper
fections or diffraction in the telescope optics, and sometimes by the atmosphere.
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To measure the intrinsic profile of an object, the seeing must be taken into account
either by convolution or deconvolution techniques. Even with HST WFPC2,
whose optics are noted for near perfectly sharp, diffraction-limited, point-source
images, 10% of stellar light falls outside Cf'5 of its core. The point-spread function
(PSF) of NICMOS on HST has even more pronounced structure; the diffraction
wings are extended, and

10% of the flux lies beyond ~1". One way to remove

the seeing is to deconvolve the image. Lauer et al. (1995) show that galaxy images
with high S/N at the center can be accurately deconvolved using 40-80 iterations
of Lucy-Richardson algorithm, if an accurate PSF is available. An alternative ap
proach uses convolution, where one constructs a model image and convolves it
with a PSF before comparing the result to data. While both techniques rely on
knowing an accurate PSF, deconvolution has benefits when the S/N is high —
the observed image needs only to be deconvolved once and one does not have
to assume a particular model for the intrinsic image. However, deconvolution
will not work well for low-S/N or undersampled images because it may amplify
Poisson and pixellation noise. In contrast, the convolution scheme works on im
ages with both high or relatively low S/N. The drawback is that fitting an image
proceeds more slowly because convolution is done repeatedly, which is compu
tationally intensive. Another disadvantage is that one needs to have reasonable
a priori knowledge of the input model.
GALFIT uses convolution, but it can be turned off if not needed. Convolution
is done by using the convolution theorem: we multiply the Fourier transforms of
the PSF and the models, and then inverse transform them. Details of the convo
lution and fitting processes are elaborated below.
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2.2.2 Computing the

xl

The four input images for GALFIT are the CCD image of the galaxy, a noise array,
a PSF, and an optional dust (or bad pixel) mask — all in FITS image file format.
Pixels in the dust mask are rejected from the fit.
During the fit,

xl (the reduced x^) is minimized, defined in the standard way

as
modelx,y)

(2.1)

where
nf

modelx.y — ^

(*^'1 •

•

(2.2)

iVdof is the number of degrees of freedom in the fit; nx and ny are the x and y
image dimensions; and fluXj:^j, is the image flux at pixel {x, y). The model^j^j^ is
the sum of the nf functions

employed, where

are the 2-

D model parameters. The uncertainty as a function of pixel position, a^^y, is the
Poisson error at each pixel, which can be provided as an input image. If no noise
image is given, one is generated based on the gain and read-noise parameters
contained in the image header.
2.2.3 Galaxy and Compact Source Profiles
2.2.3.1

Azimuthal Shape and Pixel Sampling

To fit galaxy and compact source profiles we assume the profiles all are axially
symmetric, generalized ellipses. The form of the generalized ellipse is motivated
by Athanassoula et al. (1990) who originally use it to describe galaxy bar shapes.
When the principle axes of the ellipse are aligned with the coordinate axes, the
radial pixel coordinate is given by
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C-f-2\

c-\-2

r=

(2.3)

An offset of 2 in the exponents is used so that a pure ellipse has c = 0, a boxy
shape € > 0, and a disky shape c < 0. This serves exactly the same purpose as the
cos AO Fourier coefficient frequently associated with isophote fitting (Jedrzejewski 1987). The parameter c differs from the cos 46 Fourier coefficient in that the
latter applies to individual isophotes locally while the former applies to an entire
component. The parameter q is the ratio of the minor to major axis of an ellipse.
Both q and c for each model are constant as a function of radius, although they
are free parameters. Figure 2a and lb show two examples of azimuthal shapes as
a function of c for q — 1.0 and q = 0.5. The PA of a component is defined with
respect to the image pixel coordinate system such that a major axis positioned
vertically is 0° (nominally North if rotated to the standard orientation) and in
creases counter-clockwise (nominally toward the East).
When creating a model image, GALFIT decides whether or not to oversample
the pixels based on their distance from the centroid of a model component. For
pixels far away from the center, the gradient is shallow; it suffices to sample only
at the center of each pixel. But pixels near the center of a component must be oversampled. For many cases dividing the pixels up by square grids then summing
the flux:

(2.4)

model
pixel

is sufficient. However, for the Nuker profile (see below), when 7 is large the
function changes very quickly around r = 0, and the simple method quickly
becomes inaccurate. We devise a technique to integrate the pixels around the
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center (r < 3) by using an elliptical polar grid that adapts to the elliptidty of the
galaxy. Figure 3a and 3b demonstrate the gridding for axis ratios of 0.9 and 0.3.
The angular spacing is a 1-degree interval in a circular polar coordinate, modulo a
tilt by the inclination of the component. The radial spacing of the grids increases
geometrically toward the center following

"

(1 + astep)"

(2.5)

where n increases closer to the center. Empirically, astep = 0.01 works well for
even the steepest Nuker profile, and we keep it as a constant in the fit.
2.2.3.2 Radial Profiles

The Sersic Profile.

The Sersic (1968) profile has the following form;

(2.6)

where re is the effective radius of the galaxy. Eg is the surface brightness at Vg, n is
the power-law index, and K is coupled to n such that half of the total flux is always
within fg. For n ^2, k

2n — 0.331; at low n, K{n) flattens out towards 0 and is

obtained by interpolation. The original de Vaucouleurs (1948) profile is a special
case with n — 4 and K — 7.67. While the de Vaucouleurs profile is well suited for
"classical" bulges, some bulges may be better represented by exponential profiles
(e.g., Kormendy & Bruzual 1978; Shaw & Gilmore 1989; Kent, Dame, & Fazio
1991; Andrekakis & Sanders 1994). The elegance of the Sersic profile is that it
forms a continuous sequence from a Gaussian (n = 0.5) to an exponential (n — 1)
to a de Vaucouleurs (n = 4) profile simply by varying the exponent. It is very
useful for modeling bars and flat disks; the smaller the index n is, the faster the
core flattens within r < re, and the steeper the intensity drop beyond r > rg. The
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flux, integrated over all radii for an elliptical Sersic profile with an axis ratio q is

Ftot = 27rr,'Eee'^n«~'"r(2n)g/i?(c),

(2.7)

r

where (2n) is the Gamma function. Ftot is converted into a magnitude by GALFIT using the standard FITS exposure time parameter (EXPTIME) in the image
header. R{c) is a function that accounts for the area ratio between a perfect el
lipse and a generalized ellipse of diskiness/boxiness parameter c, given by

= 4/3(l/(c + 2),l + l/{c + 2))'
where /?(1/c, 1+1/c) is the "Beta" function with two arguments. In the 2-D imple
mentation, the Sersic model has eight free parameters: Xcent, Vcent, -^tot, fe, n, c, q,
PA. We note that in place of fitting Eg, Ftot is fitted instead, which is more often
a useful parameter. This is also done for all other models below, except for the
Nuker function.

The Exponential Disk Profile.

The exponential profile and the total flux are

simply

E(r) = So exp

(2-9)

and

Ftot = 27rr,%g/J?(c),

(2.10)

where Eg is the central surface brightness and fg is the disk scale length. The re
lationship between the half-light radius, fg, and the scale length,

is fg =

for this profile. Most disky galaxies are not composed of a single exponential
disk, but also have either a central Sersic or de Vaucouleurs component. They
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may also have either a flat core or a truncated disk, which deviates from a simple
exponential (e.g., van der Kruit 1979; Pohlen, Dettmar, & Liitticke 2000).

The Nuker Law.

The "modified Nuker" law was initially proposed by Lauer

et al. (1995) to fit the diverse inner 1-D profiles of galaxies observed with HST. Its
high degree of flexibility makes it an excellent model for fitting most 1-D galaxy
profiles. The functional form of the Nuker law, which can be thought of as a
double power law mediated by a smooth transition, is the following:

(2.11)
This function has five adjustable parameters: h, n, a, P, and 7. Taken to the limits
of large and small radii, the parameter 7 is the slope of the inner power law, and
j3 is the slope of the outer power law. The break radius

is the location where

the profile changes slope, lb is the surface brightness at rj, and a describes how
sharply the two power laws connect. The more positive a is, the sharper is the
break a t rs. I n GALFIT, w e fit t h e surface brightness m a g n i t u d e Hh instead of If,.
Hb is obtained from h via the use of the EXPTIME image header parameter and
the pixel size specified in item K of Fig. 1. Although the profile appears singular
at the center when sampled at r = 0, the integrated flux is finite for 7 < 2. The
2 - D N u k e r p r o f i l e h a s a t o t a l o f 1 0 f r e e p a r a m e t e r s : X c e n t ,V c e n u l^b,T b , P ,7 , c , q ,
PA.
Although the parameters in Equation 1 correlate, the larger a is (i.e. the
sharper the break), the less coupled are a, (5, and 7, when rj is well resolved
(but much smaller than the image radius). The parameter coupling between (5
and 7 is small for a fixed at a value > 1, which is a useful reference point. In this
case, varying (3 across its whole range of typical values (0 < ft < 2.5) would affect
the slope of 7 measured within r < O.lvb by < 0.04, for any given value of 7.
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The Gaussian Profile.

The Gaussian function and its total flux are
^2

E(r) = Eoexp{-—j

(2.12)

Ftot = 271a"Eoq/R{c).

(2.13)

and

The full width at half maximum (FWHM) is 2.355a. The 2-D model has seven
free parameters: Xcent, Vcent,

cr, c, q, PA.

The Moffat/Lorentzian Profile.

The generalized Moffat function has the fol

lowing form,

[1 + (r/rd)2]

(2.14)

with the total flux given by

p
SoTrrJg
tot — 7[n ~7V
D7~T'
— l)R{c)
where

is the dispersion radius and n is the power-law index. The Moffat profile

with n of 1.5 or 2.5 is empirically similar in shape to the observed WFPC2 PSF,
while n = 1 corresponds to a Lorentzian function. It has FWHM = 2rd\/2^/" — 1.
The Moffat model has eight free parameters in 2-D.

The Empirical (Modified) King Profile

The empirical King profile is often used

to fit the light profile of globular clusters. It has the following):

S(r) = Eo

(1 + (r/rc)2)VQ

(1 +

(2.16)

61
The standard empirical King profile has a powerlaw a ~ 2. In GALFIT, a can
be a free parameter. In this model, the flux parameter to fit is the central surface
brightness (limit as rt/vc —>• oo) EQ, but expressed in mag/arcsec^.

Fitting the PSF function

As of GALFIT version 1.9a, one can fit pure stellar

PSFs to an image (as opposed to a narrow function convolved with the PSF).
The PSF function is simply the convolution PSF image that the user provides (in
Item D of the GALFIT menu), hence there is no prescribed analytical functional
form. This is also the only profile that is not convolved. The PSF has only 3 free
parameters: Xc, Vc and total magnitude. Because there is no analytical form, the
total magnitude is determined by integrating over the PSF image and assuming
that it contains 100% of the light. If the PSF wing is vignetted, there will be a
systematic offset between the flux GALFIT reports and the actual value.
Another way to create an approximate point source is to specify a narrow
Gaussian (or Moffat) function with a small width, usually FWHM w 0.5 pixel,
which GALFIT will convolve with the PSF. The benefit of using a functional rep
resentation is to see if an object is truly a point source or a compact source. Flowever, if the FWHM drops below 0.5 pixels, the convergence may be poor.
2.2.3.3 Creating Bars
Spiral galaxies can have embedded bars, and to model them we prefer to use
the Sersic profile with initially a relatively flat inner and a steep outer profile
(n < 1), and a boxy shape (c > 0). The true light distribution of a bar also has a
bulbous component at the center, distinct from the bulge. Therefore one should in
principle use two components. However, the round component may be partially
degenerate with the bulge itself unless the two profiles are significantly different.
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2.2.4 Computational Considerations
One design consideration of GALFIT is to efficiently fit well-resolved galaxies in
large-format images, using an arbitrary number of model components. In our
examples, the nearby galaxies extend beyond the Planetary Camera (PC) chip
of 800x800 pixels. As will be shown, they can be fit accurately with typically
three or more components, involving 20 or more free parameters. Fitting uncropped images is computationally intensive, and convolving entire images can
often usurp > 99% of the computing time and memory. However, in nearly all
cases the seeing has significant impact only near the central few arcseconds of a
galaxy. To make fitting large-format images manageable, we convolve only the
area most affected by the seeing (Fig. 1, parameters H and I); the process is de
scribed below. But the region can be enlarged by the user as required. We find
that a convolution radius of at least 20 to 30 seeing disks away from the center
suffices for a wide range of nuclear profile shapes. For the HST WFPC2, this can
correspond to a region as small as 40 x 40 pixels.
In our implementation, computation time depends on the convolution size,
the number of parameters to fit, and the size of the fitted image. Table 1 shows
the approximate resources used in running GALFIT for Sersic and exponential
disk fits where all parameters are free, as well as more complicated cases. The
total computation time required to reach convergence is estimated for an Intel
Pentium III 450 MHz computer with 128 megabytes of memory.
2.2.5

GALFIT Implementation

We give an overview of the inner working of GALFIT to clarify the use of the
parameters shown in the top section of Figure 1. Although we will go into signif
icant detail, we emphasize that the the actual fitting process is completely trans
parent to the user, who needs only to prepare an input template shown in Fig. 1.
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GALFIT iterates steps 3-8 until convergence, with further explanations to fol
low.
1. Normalize and prepare the PSF for convolution (item D in Fig. 1).
2. "Cut out" a section of the image centered on the object to fit from the origi
nal data image (item G in Fig. 1).
3. Create model images and derivative images based on new or initial input
parameters.
4. "Cut out" the convolution region (item I) from the model and derivative
images in the previous step, and pad them around the edges with values of
the models.
5. Convolve the convolution regions (both model and derivative images) in
previous step with the PSF using a Fast Fourier Transform (FFT) technique.
6. Copy the convolution region back into the model/derivative images of step
3.
7. Compare with data image. Minimization is done using the LevenbergMarquardt downhill-gradient method/parabolic expansion (Press et al. 1997).
8. Iterate from 3 until convergence is achieved.
9. Output images and generate final parameter files.

The Input PSF. For convolution, GALFIT normalizes the input PSF image (item
D in Fig. 1) and rearranges it into a wrap-around order (by splitting a PSF into
four quadrants, then transposing them to diagonal corners). The PSF is then
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Fourier transformed using FFT. In GALFIT, all convolutions are done with FFT,
a technique found in many numerical computation texts (e.g.. Press et al. 1997).
FFT reduces the computation time by a factor proportional to iV^/{N log.^ A") com
pared to brute-force numerical integrations, where N is the number of pixels.
For H S T observations, we obtain the PSF using either the Tiny Tim (Krist &
Hook 1999) software or through the HST data archive. For WFPC2, the plate scale
and PSFs are stable, and a number of studies find that Tiny Tim can model the
core structures of the PSFs, although the fine details of the diffraction structures
may be harder to reproduce. The encircled energy diagrams of the real and ob
served PSFs are very similar. On the other hand, data from the first year of NICMOS suffered from plate-scale breathing and significant focus changes. The small
field of view (FOV) of NICMOS (20" - 40") makes it difficult to find a PSF cali
brator in the same image for nearby galaxies. However, Tiny Tim also allows the
modeling of time-varying plate-scale and breathing changes and can reproduce
the core structure of the PSF. As with WFPC2, the diffraction rings and structures
are more difficult to reproduce. For convolution and deconvolution, the accu
racy mostly depends on the encircled energy curves and general structures of the
diffraction pattern, and to a lesser extent on the fine details. Hence, the use of
Tiny Tim PSFs should be adequate for (de)convolution. The user should supply
a PSF large enough that the flux amplitude around the image edges is negligible
compared to the peak (<C 1%); any sky pedestal must also be removed in the PSF
image.

Extracting a Sub-Image. GALFIT can either fit the entire image or a sub-region
(item H in Fig. 1), allowing reduced computation time for a small object. This is
also useful when one might want to fit the nucleus of a galaxy accurately, before
enlarging the fit to outer regions.
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Creating Model and Derivative Images.

To optimize the galaxy profile pa

rameters, GALFIT uses a down-hill gradient method. Unlike most other meth
ods which create only model images, the down-hill gradient technique requires
both the model and flux derivative images with respect to all free parameters
at each pixel. Because they are stored in memory, the memory usage scales as
A^free X Npiy^ + 1, where Nf^ee is the number of free parameters in the fit and iVpix is
the number of pixels in an image.
Extracting the Convolution Region.

Once the model and derivative images

are created, they are convolved with the PSF to account for the seeing. In order
to minimize the computation time and memory in the convolution, GALFIT re
moves a small region (specified in I in Fig. 1) centered on the model and extends
it with additional padding. Padding is needed because of edge effects resulting
from convolution (see Press et al. 1997). GALFIT performs two padding opera
tions, first by half the size of the PSF all around the user-specified convolution
region. That region is filled with real model values rather than with zeros —
padding with zeros would also corrupt the model around the edges into the con
volution region. The image is then further extended with zero padding up to the
next 2^ (N integer) number of pixels in both width and length. This is the actual
image size used in the convolution. This process is performed for all the models,
as well as the derivative images.

Convolving with the PSF.

The convolution regions removed from the model

and derivative images are convolved with the PSF using FFT. If a PSF is not spec
ified, as when an image has already been deconvolved, the convolution step is
bypassed.

Copying the Convolution Region back to the Model and Derivative Images.
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Once convolution is complete, the model/derivative images are copied back into
the original model/derivative images. The two surrounding layers of (corrupted)
padding regions are discarded.

Minimizing Residuals.

To minimize residuals, we choose the Levenberg-

Marquardt method (Press et al. 1997) as the engine instead of the Simulated An
nealing algorithm. We discuss our decision in § 2.3.1. The process of minimiza
tion repeats until convergence is achieved, which happens, artificially, when the
does not change more than 5 parts in 10'^ for 5 iterations.
In complicated fits as the examples we will perform, there is a non-zero chance
that GALFIT will fail to produce a good solution. One kind of failure is when the
program quits ("crashes") without a solution because the solution matrix is sin
gular, either caused by poor parameter values, or trying to fit more components
into the image than appropriate. GALFIT is generally highly forgiving about
poor initial values and frequently converges to good fits (x^ Ri 1-2), down from
xl as high as 10°-10^. When GALFIT does crash, more often than not it is caused
by numerical overflows when the the power law indices {a and 7 for Nuker, and
n for Sersic) become too big (> 10) or too small (^ 0.01). Another kind of failure
is when the solution settles into a local

minimum and does not get out, but

this will not cause GALFIT to crash. For example, in B/D decompositions, there
are correlations between the scale-length and luminosity parameters (see, e.g.,
Byun & Freeman 1995), while ellipticities, centers, and position angles are gener
ally more decoupled and better constrained by the data. We discuss the issue of
degeneracy in more detail in § 2.3.3.

Output Images.

Upon completion of the minimization, a FITS image block is

created, consisting of three images: the original, the model, and the residual. The
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software provides the option to not subtract a fitted profile, thereby leaving it in
the residual image (item Z).
2.2.6

Parameter Uncertainty Estimation

Once a fit has been optimized, GALFIT estimates the uncertainties analytically.
We assume that the surface of constant Ax^, as a function of n free parameters,
away from the minimum

can be approximated by an n-dimensional ellipsoid.

This allows the uncertainties to be obtained from the covariance matrix, defined
as the local curvature of the

surface at Xmin ^'ith respect to each parameter such

that Cjj = d^\'^/(daj daj), where

and aj are the fitted parameters. The standard

68% bound on the confidence interval of the fitted parameters, individually, is
within a boundary marked by a shell at Ax^ — 1 (e.g. Press et al. 1997). Figure 4
shows an example for a 2-parameter (ai and 02) fit.
When the parameters are uncorrected, the off-diagonal entries of the covari
ance matrix are zero, and the ellipsoid has major axes running parallel to the
unit coordinate axes a. Formally, the parameter uncertainties are related to the
eigenvalues of the covariance matrix, and the standard 68%, 1-a uncertainty is
cGi - v^2/Qj.
However, when some of the parameters are correlated, and the Ax^ ellipsoid
axes are no longer aligned with the parameter axes. Figure 4 shows an example
for a 2-parameter {rii and a-,) fit, where ai and

are correlated. Generalizing to

higher dimensions, to estimate uncertainties in one parameter we first obtain the
eigenvectors and eigenvalues of the «-dimensional hyper-ellipsoid. The semimajor axis vector i is given by:

(2.17)
where Aj is the eigenvalue corresponding to the eigenvector {),. We define the
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uncertainty for parameter Oi by vector summing all the semi-major axis vectors
in such a way that the projection onto a given axis

is largest. In Figure 4, these

are vectors represented by the arrow-tipped dotted lines. We then multiply this
quantity by a factor of \/x^, i.e. we renormalize the errors, to avoid underesti
mating the errors when

xl is not ideally 1. Written explicitly,
crai = \/^ • \vi • ai\.

(2.18)

We verified using artificial data with Poisson noise that our method produces
reasonable uncertainty estimates for simple models consisting of one and two
input components.
2.3 Galaxy Fitting: General Considerations
2.3.1 The Choice of the Minimization Algorithm
The uncertainty estimate described above is only valid when the solution has
reached a global minimum. However, the

topology for galaxy fitting is com

plex with many local minima (degeneracies) because the parameter space is large
(e.g., > 16 parameters for two or more Sersic components). While no algorithm
can guarantee convergence on the global minimum

sophisticated Simulated

Annealing (also known as Metropolis or Annealing for short) algorithms are of
ten the engine of choice for automating B/D decompositions, where they are re
puted to be robust. In contrast, though vastly more efficient, the gradient method
may head downhill blindly, regardless of whether it is going toward a global
minimum. Despite this shortcoming, we use the downhill-gradient/parabolic ex
pansion method of Levenberg-Marquardt (Press et al. 1997) as our minimization
engine, for reasons given below.
An algorithm that uses Simulated Annealing is GIM2D, developed by Simard
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(1998) for two-component B/D decomposition. In this method, the annealing
(i.e., cooling) "temperature" step size controls the rate of convergence on a so
lution. At each iteration, a set of parameters is perturbed randomly by some
amount; high temperatures correspond to large perturbations. Then, the proba
bility Pi that the parameter set is the true one is calculated. If this new probability
is higher than the previous, PQ, the new parameter set is adopted. However if the
new set is less likely, there is nonetheless a finite chance PI/PQ that it is adopted.
At some point the temperature is decreased and the iteration continues until con
vergence. The application of the software is demonstrated in several studies (e.g.,
Marleau & Simard 1998; Simard 1998).
Fitting more than two components dramatically increases the complexity of
the

topology, and extending the Annealing technique to fit more components

would seem to be sensical. However, in practice it is tricky to find an optimum
cooling rate that can generally accommodate the different number, and type, of
components a galaxy might require. Anneal too quickly, the solution settles into
a local

minimum; too slowly, the program converges even more inefficiently.

Efficiency is an issue because increasing the number of parameters makes it ex
ponentially more cumbersome to adequately sample the parameter space for
calculating probabilities. As an extreme example, to fit the double nucleus of
M31 accurately, one needs 6 components, having 41 to 50 free parameters (Peng
2002). Moreover, for highly resolved nearby galaxies, one generally has to cre
ate dust masks and test out the components iteratively. This occasional need for
interaction makes both the speed and the straightforward implementation of the
downhill-gradient method attractive.
The downhill-gradient method may not be quite as well optimized for B/D
decomposition as the Simulated Annealing method. However, a direct compari
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son between the two methods is needed to evaluate their respective strengths and
weaknesses. We discuss below (§ 2.3.3) how to test for degeneracies. It may also
be possible to tailor a hybrid gradient-search and Annealing method, which tries
to climb out from a local minimum by briefly using Monte-Carlo sampling after
the solution has been optimized by the gradient search. This is being considered
for future updates to GALFIT.
2.3.2

Fitting Procedures

Most bulges and late-type galaxy nuclei that are well resolved by HST appear as
smooth and simple spheroids on large scales when one disregards the occasional
dust. But, as we will show below, simple one or two component fits frequently
produce large residuals that have bipolar or quadrupolar symmetry, which can
be reduced with additional components. This subtlety makes estimating the re
quired number of components a trial-and-error process, and Occam's razor sug
gests using the fewest number necessary, based on the goal of the experiment. We
determine the number and types of components iteratively, often by starting out
with a Sersic or a Nuker profile for ellipticals, and a Sersic plus an exponential
for spirals. Based on

and the pattern of residuals, we determine if we need to

replace them with more flexible models or add in more components.
To use GALFIT in a typical manner such as for B/D decomposition, we point
out that there is little to no human interaction beyond preparing an initial param
eter file. However, our task of accurately fitting nearby large galaxies is consider
ably more challenging, thus we outline the steps we normally take:
1. Create a dust/bad pixel mask by hand. We create a mask by outlining the
affected region with a polygon, then feed the list of pixels into GALFIT
either as a text file or a FITS image.
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2. Estimate by eye the number of components needed.
3. Although not needed, it sometimes helps to initially hold the diskiness and
boxiness parameter c fixed until the algorithm has found a plausible solu
tion. The radicands in the radius Equation [1] have absolute value quanti
ties; hence, the derivative images contain regions of discontinuity that cause
the downhill-gradient method to react sensitively unless near a minimum.
4. If convolution is needed, leaving it off initially saves time until a reasonable
solution has been attained.
5. If a galaxy is difficult to fit near the center, we restrict fitting to that region
until a good solution is found, then enlarge the fit.
6. Optimize all the parameters in a

sense.

7. Examine the residuals to decide on whether more components need to be
added, make better pixel masks, free parameter values that have first been
held fixed, or turn on convolution.
8. Repeat previous steps as necessary.
2.3.3 Degeneracy and the Significance of the Components
In this paper and in other related studies (Peng 2002; Ho et al. 2002), we find that
galaxy light profiles can generally be modeled accurately (in a

sense) using

three to five components. The larger-than-usual number of components immedi
ately prompts the question of how unique is the decomposition.
Degeneracy is a common problem in galaxy decompositions, mostly because
the model functions used are not selected based on physical criteria. One can, in
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principle, decompose a galaxy with as many "basis functions" as one might con
trive. Even when a set is well defined, such as in two-component B/D decompo
sitions, the large number of parameters involved makes degeneracy sometimes
an issue, as shown in the simulations of Byun & Freeman (1995) and Wadadekar
et al. (1999). Extending to more components might, at first sight, make the situa
tion unmanageable. One way to reinforce our confidence in parameter uniqueness
is to use Monte-Carlo simulations to search the parameter space, but these say
nothing about whether a given combination of models is the appropriate or unique
set. Moreover, searching randomly may be unfeasible because the dimensionality
is over 20, and occasionally over 40. However, while there are potentially many
local

minima solutions, in practice the situation is not hopelessly degenerate.

Imposing the demand that models fit galaxies with high fidelity (xl

~ 1) severely

reduces the possible solution space for a given set of models; most solutions can
be easily dismissed based on

analysis. Such demand produces components

that have significantly different scale lengths, axis ratios, etc..
While there is no recipe to guarantee uniqueness in the fitting, there are ways
to probe the parameter spaces exhaustively and to satisfy to one's own confidence
that a solution is stable and insensitive to initial conditions. One way is to vary
two parameters at a time on a Cartesian grid of values in order to trace out the
local x^ contours. This technique is very useful when the number of parameters
is low. However, the same technique quickly becomes intractable with increasing
number of fitting parameters. To more effectively explore a wider x^ topology,
we propose the following technique of combining Monte-Carlo simulations and
minimization.
1. Randomly select a full set of parameters, possibly drawing from distribu
tions of parameter values centered on the best-fit values.
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2. Using these as initial values, minimize the
3. Repeat step 1 for many different sets of random initial guesses to see if they
return the same optimized solution or to other equally plausible ones.
The degeneracy situation, together with the use of more than three compo
nents, makes interpretation difficult, leading one to ask: "what do all the com
ponents mean?" or "why use so many components?" The answer depends on
the prior goal: Perhaps the most mundane answer is simply that a bulge is triaxial, or otherwise not well represented by our limited models. In this case two or
more functions may be needed to describe the same entity that has meaning only
when summed, but not individually. A different, but perhaps more interesting
tactic is to explicitly seek out components motivated by theory. A case in point is
the prediction by Naab & Burkert (2001) that there should be disks embedded in
elliptical galaxies formed in galaxy mergers. The use of extra components may
also be motivated by external data, such as evidence for a nuclear point source
based on AGN spectra, or decoupled cores based on kinematic data. To look for
weak AGN point sources, it is especially important to deblend a large portion of
an image accurately, rather than biasing the fit to regions that one can fit well.
Lastly, from a purely empirical standpoint, one can decompose a galaxy simply
to look for structures too subtle to be seen in full light, such as weak nuclear bars,
stellar disks, and nuclear point sources. Again, accurate decomposition here is
crucial so that the residuals do not undermine the detection or believability of
weak sources.
The last scenario brings the discussion back in full circle to the issue of degen
eracy. Despite possible degeneracies in decomposing large-scale components,
smaller structures are better localized, and better defined in size and shape. Even
if there is doubt as to what the exact profile and parameters are, often different
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models can reproduce a component with similar overall characteristics (e.g., pro
file, scale-length, shape, and orientation), even if they are not exactly identical.
That a similar component is repeatedly borne out through different profile as
sumptions is in principle the keystone of its reality, since its inclusion is essential
to achieving a reasonable model fit in that region of the image. We show a few
such cases below.
2.4

Model Fitting: A Case by Case Study

In the discussion to follow, we present GALFIT decomposition of galaxies having
a wide variety of properties and shapes in order to test how well nearby galaxies
can be modeled in 2-D by parameterized functions. We apply GALFIT to images
of 11 galaxies that have a wide range of interesting properties: different shapes,
morphologies, isophote twists, and internal disks. Our WFPC2 data come from
the HST archive. We remove the edges which are affected by CCD readouts, and
fit models to 721 x 721 pixel images. The galaxy nuclei in these images have very
high S/N and are centrally placed in the PC. They often extend well beyond the
WFPC2 FOV, and the exposures are short (several hundred seconds, see Table 1),
making the sky background and image bias level hard to estimate from the Wide
Field chips. Given the typical exposure times of our images, the 26 mag arcsec"^
isophote is about 0.01 - 0.05 ADU. We set the sky to zero in our fitting, unless
specifically mentioned otherwise.
Figures 5 — 13 and Figures 17-18 show the original images as well as the resid
uals in positive greyscale. We show two panels of residuals. The first (panel b)
illustrates the traditional decomposition technique using only a one-component
bulge and disk, occasionally adding a bar and a point source when obviously
needed. We use a Sersic or Nuker function instead of de Vaucouleurs model for
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the bulge. The second residual panel (panel c) shows a more accurate decompo
sition using the components listed in Table 3.
Beneath the images are plots of the surface brightness profile, PA, ellipticity,
and cos 40 obtained by running the IRAF^ task ellipse. The surface brightness
plot shows the observed profile (i.e., without deconvolution) as solid circles with
error bars. The short-dashed line going through those points is a 1-D Nuker law
that best fits the observed profile; this is merely to illustrate the flexibility of the
function, as well as to guide the eye for deviations from smoothness or powerlaw behavior. The long-dashed lines show the intrinsic profile of each component
listed in Table 3 from 2-D decomposition. Finally, the solid line is the net sum
of all the components that make up the intrinsic profile. Therefore, it will rise
above the observed points at the nucleus in cases when there is no point source.
The dotted vertical line in these plots shows the region most affected by PSF
smearing, but in some cases the effect can be seen as far out as Cf'jG (e.g., NGC
221).
The ellipticity is defined as ( = 1 ~ q, where q is the axis ratio, and the cos 46
plot shows whether the isophotes are disky (> 0) or boxy (< 0), similar in defini
tion to the c parameter in GALFIT, but opposite in sign.
Table 3 summarizes all the fitting parameters; the magnitudes have not been
corrected for Galactic extinction. The magnitudes are based on the synthetic zeropoint calibrations by Holtzman et al. (1995), which transform data units onto
the Landolt UBVRI magnitude system. Table 3, column 15, lists the
best fit shown in Figures c, and column 16 lists the increase in

xl for

the

xl for fits shown

in Figures b. We do not quote uncertainties for all the parameters individually.
'TRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astron
omy Observatories, which are operated by AURA, Inc., under cooperative agreement with the
National Science Foundation.
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Instead, in the last row of Table 3, we quote representative uncertainties derived
in the fit (see § 2.2.6) as an ensemble. For most fits, "representative" means a
conservative upper bound on the fitting parameters.
2.4.1

A Caveat on Galaxy Morphology Comparisons

Comparing galaxy morphology/decompositions using inhomogeneous studies
is difficult if they are based on images of limited FOV and S/N. Galaxies in lowS/N images have wings that are barely detectable above the sky noise, often bias
ing scale-length measurements toward lower values, if the noise is not accurately
accounted or the suitable function is unknown. While low S/N in the wings is
offset by a larger number of pixels, there is a practical tradeoff between areal in
crease and the rate of profile decline in the presence of sky and detector noise. In
decomposing nearby galaxies there is an additional concern if they extend well
beyond the FOV of the CCD. Since galaxy profiles tend to change shape, PA, and
ellipticity with radius, in addition to the degeneracies discussed above, it is gen
erally unsafe to extrapolate profiles beyond the FOV.
The galaxies in our examples below were all observed with WFPC2. And
although they have very high S/N in the core, they have short exposure times
(several hundred seconds). Moreover, they show only the central regions of the
galaxies. While they are perfectly suited for studying galaxy nuclei, profile com
parisons with larger FOV images are not straightforward. When we fit compo
nents whose scale-lengths are comparable to, or larger than, the FOV, we do not
necessarily believe the numbers to be accurate. However, the reality of such a
component is often suggested by analysis of the residuals.
We leave further interpretations to future studies (Ho et al. 2002).
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2.4.2

"Simple" Ellipticals

2.4.2.1 NGC 221 (M32)
This E2 galaxy has an apparent axis ratio of 0.72. Michard and Nieto (1991) find
that M32 has pointed isophotes between 1"2 and 5". Color images obtained with
HST and presented in Lauer et al. (1998) show strong surface brightness fluctua

tions, which were studied by Ajhar et al. (1997). The surface photometry of M32
is shown in Figure 5, uncorrected for PSF smearing. Lauer et al. (1992, 1998),
through deconvolution of WFPC and WFPC2 data, find that the ellipticity is con
stant throughout the inner portions of the galaxy. They see no signs of signifi
cantly boxy or disky isophotes, nor evidence for dust, disks, or other structure
down to a few percent in local surface brightness.
In 1-D, the Nuker function fits the surface brightness profile remarkably well
out to r « 20". However, a 2-D Nuker fit leaves behind large residuals near
the center (Fig. 5^). We need two components (see Table 3) to produce a good
fit (Fig. 5c). The requirement of two components is not due to ellipticity and
PA changes; in fact, in agreement with Lauer et al. (1998), the PA, ellipticity,
and diskiness/boxiness parameters all appear to be constant with radius in our
two components. Rather, two components are needed because of a subtle up
turn in the profile in the region Cf'.T - 2". This is nearly indiscernible in the 1-D
surface brightness profile of Figure 5, but much more so in Figure 5b where a
one-component Nuker fit leaves a "doughnut-shaped" residual, with an increase
in xl by 0.13 from the best fit. Fig. 5c.
Much of the structure can be removed by fitting two components to the im
age. Figure 5c shows a Sersic + exponential disk fit. A reasonable fit can also be
obtained with a de Vaucouleurs bulge plus a nuclear disk described by Nuker
profile. We adopt the first set of parameters because formally it is better. De
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spite the excellent fit, the residuals show a very low diffuse positive halo out
to l"3, at a level about 0.1% - 1% of the local flux. The need for two compo
nents point to the intriguing possibility that there might be a nuclear stellar disk
with a semi-major axis of r,

1.5 pc. There are also slight negative residuals

around (20", 18")/ which may suggest the presence of dust at a level ~ 3% — 8%
below the local mean intensity, which is not seen in the region reflected about
the major axis. Hence, this is probably not caused by a profile mismatch because
mismatches would produce bipole or quadnipole patterns. We confirm Michard
& Nieto's (1991) finding that M32 has a slight disky component, as evidenced in
both Figure 5 and in our c parameter {c= —0.06 ± 0.01).
2.4.2.2

NGC 3377

NGC 3377, an E5 galaxy, is one of the nearest elliptical galaxies with a cuspy core.
Kormendy et al. (1998) find that it has a steep kinematic gradient near the center,
with an unresolved central rotation velocity that rises to i; = 110 ± 3 km s~^
and a central velocity dispersion of 178 ± 10 km s~'. Isotropic kinematic models
(Kormendy et al. 1998) and 3-integral models (Richstone et al. 1996) suggest that
NGC 3377 has a central black hole with a mass of M, ~ 2 x IO^MQ.
Although a 1-D Nuker function can fit the radial surface brightness profile
well, in 2-D the fit reveals more structure. The complication is due in part to a
gradient in the ellipticity, which peaks at r

4" and decreases toward the center,

as well as a slight gradient in the diskiness parameter. A simple one-component
Nuker decomposition indicates that there are at least two additional components:
an apparent inner stellar disk with sharp edges and a halo around the disk. A
model using two Sersic functions produces power-law indices intermediate be
tween that of a de Vaucouleurs profile and an exponential disk (n = 2.2 and
n — 3.5), but the model is poor. Figure 6b shows a decomposition using a more
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general Nuker bulge plus an exponential disk, revealing the sharp disky compo
nent in the residuals with a radius of ~ 1".
The best fitting model requires four components, each of which has a Sersic
parameter n between 0.54 and 2.16. The components are all aligned to within
~ 2 degrees. Subtracting the fitted galaxy clearly reveals a circumnuclear dust
lane with two tails that extend out in parallel, with a sharp turn-around near
pericenter. At a distance of ~8 Mpc, 1" corresponds to a physical scale of 39 pc.
The fact that the dust lane is fairly extended (~ 4'9) and that gravitational settling
has not yet produced a disk suggest that a tidal interaction may have occurred
within the past few x 10® to 10'' years.
2.4.3 "Disky" Galaxies
2.4.3.1 NGC 4111
This nearby edge-on SO galaxy is distinguished by highly disky isophotes, a
peanut-shaped nucleus (pinched at the minor axis), and a complex surface bright
ness profile (Fig. 7) having multiple breaks and inflections at large radii. Burstein
(1979) and Tsikoudi (1980) analyze photographic plate scans of NGC 4111 that
cover l'-4' in radius. Upon decomposing it in 1-D, they find several distinct pho
tometric components. Tsikoudi (1980) finds that the inner spheroidal component
with a classic

profile has an effective radius r,. = 15" along the semi-major

axis; it contributes 48% of the total luminosity in the B band. The remainder of
the galaxy luminosity is contained in the "lens" component of the galaxy and in
an exponential disk that extends beyond 102". There are several profile inflec
tions at large radii, in particular at a ^ 30" and 70"; Tsikoudi suggests that the
hump between 30" < a < 102" may be a ring or weak spiral arm. Cross-cuts
perpendicular to the major axis (perpendicular profile) at 10", 30", and 50" from
the center show that the exponential envelope itself is composed of three com
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ponents, where the irmer (which extends out to 12") and intermediate regions
(< 24") are Gaussians, while the outer region is characterized by an exponential
disk with a steep drop-off, extending well beyond 60" (Tsikoudi 1980). Similarly,
Burstein finds that the perpendicular profiles of NGC 4111 can be described by
an exponential disk profile, and that the rounded center can be fitted by a bulge
component. Moreover, the residuals suggest there is a "thick disk" component,
which is also seen in other SOs in his sample.
The innermost 20" of NGC 4111, as seen with H S T , proves to be just as com
plicated as the region exterior, with several breaks in the light profile (Fig. 7).
2-D decomposition reveals that much of the dip at r = 1" is caused by a circumnuclear dust ring. The dust lane bisecting the nucleus is not fully symmetric in
shape, and gives rise to the peanut appearance. The two-component B/D decom
position (Nuker and exponential) presented in Figure 7b shows large over- and
under-subtractions. There is a prominent disky component with a boxy nucleus
in the residuals. Moreover, at the junction between the two, the disk appears to
be pinched.
A more accurate decomposition of the nuclear region requires four disky com
ponents and a boxy component. The five components give an excellent fit to the
nucleus, despite all the complexities, and we claim that at least four are real and
photometrically distinct. Of the two dominant components, one is an exponential
disk (ts = 2l"4) with a disky shape (c = —0.65). The other is a Sersic (vg — 7".85)
with n = 2.51 and a boxy shape (c = 0.28), giving rise to the peanut-bulge appear
ance. There is also a nuclear stellar disk that stands out very prominently in the
decomposition. It consists of two components that have nearly identical half-light
radius of r,, = 4"j5: a Gaussian halo (n — 0.48) of g = 0.23, and a thin (q = 0.14), flat
disk with a steep fall-off (n — 0.19) in the profile beyond rg. Together these two
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components add up to a total apparent magnitude of TTIYMIU = 13.1, or roughly
10% of the entire V'-band output of the galaxy. In the disk plane, about 5" on
both sides from the center, there appears to be over-subtractions perpendicular
to the major axis of the galaxy. Because they are not fully symmetric across the
galaxy plane nor across the semi-minor axis, its suggests that there is another set
of dust lanes that gives rise to the pinched appearance in the disk in Figure 7b.
Our decomposition shows that the bulge does not have a spherical component
with a de Vaucouleurs profile, as suggested by Tsikoudi (1980), but rather is a
complicated blend of several disky and boxy components.
2.4.3.2

NGC 4621

NGC 4621 is an E5 galaxy with a very steep nucleus where (7) = 0.8. The nuclear
cusp slope is defined by (7) = dlog(/)/dlog(r) within r < C('.l. The isophotes are
disky but become gradually less so at large radii; the axis ratio decreases outward
from 0.88 to 0.64 in the same regime, and the PA remains essentially constant with
radius. There are a number of globular clusters in the WFPC2 F555W image, but
there is no evidence for nuclear dust. Mizuno & Oikawa (1996) perform 2-D de
composition of a ground-based image of this galaxy and find that it is made up
of three distinct photometric components: an exponential disk, a de Vaucouleurs
bulge, and an outer envelope. The exponential disk and de Vaucouleurs bulge,
which account for 16% and 62% of the total light, respectively, are both disky in
shape, while the outer envelope is spherical and contains 22% of the galaxy lumi
nosity. Scorza & Bender (1995) and Simien & Michard (1990) use two-component
models, but they arrive at different conclusions regarding the galaxy structure.
Simien & Michard (1990) find the disk scale-length to be 28", while Scorza & Ben
der (1995) obtain 7'5. The discrepancy between the two studies may be due in
part to the use of different size images in the decomposition.
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Figure 8b illustrates a fit using a Nuker bulge and an exponential disk (r^ —
•f.7). The fit produces residuals that have high symmetry. Their diffuseness
and symmetry, suggest there is an intrinsic profile and shape mismatch rather
than there being additional components, in contrast to the sharp features seen in
Fig. 7b of NGC 4111.
Despite the changing galaxy shape and inflections in the surface brightness
profile, the entire image of NGC 4621 on the PC chip (inner 25" radius) can be
subtracted remarkably well by employing two Sersic components and a Nuker
component (Fig. 8c). The two innermost components have similar scale-lengths,
even though one is disky (c = -0.35) and steep (n = 5.98) at the center and the
other is boxy (c = 0.78) and flat (n = 0.89). Both are required to fit the "eyeshaped" nucleus well, but our combination may not be unique. Hence, it is pos
sible that the two may add to be a single photometric component. The outer
envelope is characterized by a disky (c = -0.16) Nuker profile with q = 0.70.
This component is not the spherical halo component found by Mizuno & Oikawa
(1996) because our FOV is much smaller. In conjunction with their finding of
a round galaxy halo, we support the notion that NGC 4621 has ~3, possibly 4,
photometric components.
Upon casual visual inspection, the nucleus of NGC 4621 may appear to be
pointlike because the isophotes are round and the profile is steep ((7) = 0.8). But
the three-component model fits the nucleus cleanly without the need to add in an
unresolved point source.
2.4.4
2.4.4.1

"Boxy" Galaxies
NGC 4589

NGC 4589 is an E2 galaxy with a LINER nucleus. The isophotes are boxy and
a prominent dust disk runs through the semi-minor axis (Fig. 9). Although the
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1-D profile appears to be a double power law, breaking sharply and flattening
out at r ^ Cf'2, the outer profile has a gentle curvature that cannot be fitted with
a single Nuker component at large radius. The fluctuations in the isophote PAs

and ellipticitzes are all caused by the dust disk seen in the 2-D residual image.
Nevertheless, the galaxy can be fit fairly accurately using 2-3 Sersic components.
The dominant component, embodying 89% of the flux, is boxy and has an inner
steepness {n = 1.58) intermediate between that of an exponential and a de Vaucouleurs profile.
Although the galaxy appears symmetric on large scales, the three-component
model suggests that one component is significantly offset from the galaxy center.
Part of the displacement may be caused by an incomplete masking of the dust
lane. A two-component model without the faintest component shown fits nearly
as well; xl increases only by 0.02. Figure 9b shows the fit with only a single Nuker
profile. Subtracting the best-fit model (Fig. 9c) reveals a dust lane of ~ 12" that
runs directly through the photometric center of the galaxy. Mollenhoff & Bender
(1989), using V - I color images and spectroscopy, find it to be a dust disk with
a mass of 4 x lO^M©, rotating with a velocity amplitude of 200 km s"^ about the
major axis. The major axis of the galaxy is along PA = 90°, while the stellar ro
tation axis is positioned at PA = 45°. Mollenhoff & Bender (1989) conclude that
only models with complex streaming motions can explain the observed kinemat
ics. The most likely scenario for forming the dust disk is a gas-rich merger. Two
striking features of the dust lane are the sharpness of the "V"-shape near the pericenter and a noticeable shear on the other end. The size of the dust lane suggests
that an accretion event has occurred at least 10® years ago.
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2.4.4.2

NGC 5982

The nuclear region (within 30") of this E3 galaxy has boxy isophotes that become
increasingly round at r < 3", but is otherwise uniform with no sign of dust lanes
(Figure 10). The kinematics of this galaxy have been studied in detail because the
stellar velocities reverse direction 2" — 3" from the center, appearing as though
the galaxy has a kinematically distinct core with minor-axis rotation (Wagner,
Bender, Mollenhoff 1988). One scenario to explain kinematically distinct cores
invokes mergers of galaxies that preserve their initial angular momentum vec
tors. An alternative is proposed by Statler (1991), who shows that dynamically
smooth, circulating orbits in a triaxial potential can, in projection, cause the ap
pearance of kinematic twists such as those observed in NGC 5982. To distinguish
between the orbital projection model from the merger model, Statler (1991) pre
dicts that the former should produce a minimum in the velocity field along a
direction somewhere between the minor and major axis. Moreover, there should
be a photometric core that is similar in size to the kinematic core. Observations
by Oosterloo, Balcells, & Carter (1994) indeed suggest that there is such a trough
present in the velocity field at PA = 78°. But the ground-based surface photome
try of this galaxy published by Michard & Simien (1988) and Bender, Dobereiner,
& Mollenhoff (1988) do not reveal a photometric core down to at least 3". Al
though the kinematic peculiarity may be due to projection, Oosterloo et al. (1994)
suggest that the two effects: orbital projection and the merger of a small clump,
may not be mutually exclusive events.
With HST images, we find that the radial profile nearly flattens off into a core
interior to Cf'fi (Fig. 10). There also appears to be a subtle break at r ^ 3", where the
nucleus becomes significantly rounder. The 3" radius also corresponds closely to
the peak of the rotation curve. The finding that the photometric core is at least an
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order of magnitude smaller than 7" rules out Statler (1991) models (T. S. Statler,
2002, private communication). However, while the kinematically decoupled core
may not be best explained by those models, the orbital projection effects proposed
by Statler (1991) may still play a role.
Fig. 10b shows a one-component Nuker fit that produces large quadrupole
residuals at the center, but a relatively good fit farther out. The decomposition of
this galaxy is complex and requires four components because of the large ellipticity gradient that tends toward zero near the center. Nonetheless, the galaxy can
be accurately decomposed (Fig. 10c); the slight quadrupole residual pattern (with
RMS fluctuations l%-3% of the galaxy peak). The ellipticity gradient in Figure 10
might be due to triaxiality. However, purely triaxial galaxies should also have
confocal isophotes, but we find that the first component is significantly displaced
from the rest by (ARA, A DEC) = ((f38, (/'.16), suggesting there may have been a
merger event proposed by Oosterloo et al. (1994). Forcing all the components
to have the same position produces asymmetric residuals near the center, and
increases xi by 3 x 10

with A'dof = 5.2 x 10\

About li'Q (2.6 kpc in projected separation) from the center of NGC 5982, there
is a galaxy that appears to have a double nucleus, although there is a remote
chance it may be caused by dust. The dwarf galaxy's orientation points nearly
directly toward the center of NGC 5982. If this galaxy is indeed within the halo
of NGC 5982, not just due to projection, one is tempted to speculate that the dwarf
companion is in the process of being tidally disrupted by the larger galaxy.
To summarize, the profile of NGC 5982 flattens out into a core at« Cf'6, which
is ~ 10 times smaller than that predicted by Statler (1991). Although this find
ing rules out Statler (1991) models, similar projection effects may still play a role
in explaining the kinematically decoupled core. Our finding of an off-centered.
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luminous, component at the core is probably evidence that this galaxy has had a
recent merger episode.
2.4.5 Spiral Galaxies
While early-type galaxies can be modeled well by ellipsoids, the obvious compli
cation when fitting spiral galaxies is the presence of spiral arms and large-scale
bars that are embedded in at least 50%-60% of the objects (e.g., Eskridge et al.
2000). Spiral arms cannot be easily parameterized with our models, but often
there is a diffuse disk of older stars underneath the arms that can be well de
scribed by an exponential disk (e.g., de Jong & van der Kruit 1994; Prieto et al.
2001), whose contrast with the arms is smaller in the near-infrared. The situation
is different for galactic bars, as they can be fitted with a superposition of one or
more analytic functions. We show a decomposition of two ordinary spirals and
one barred galaxy.
2.4.5.1

NGC 2460

Carollo et al. (1997) comment that this low-inclination Sa galaxy has a small bulge
that can be fitted by a regular de Vaucouleurs profile. Baggett et al. (1998), using
1-D decomposition of wide-field, photographic plate data, find the exponential
disk to be weak or absent. Indeed, our 2-D fit (Fig. 11) to the PC chip using a
classic de Vaucouleurs profile plus an exponential disk shows the bulge to be sig
nificant, comprising ~ 50% of the total brightness. On the other hand, fitting the
same two components to the entire, mosaic WFPC2 image shows that the B/D ra
tio is ~1.1, consistent with the Sa classification. In order to fit the WFPC2 mosaic,
we first have to mask out the echelon region missing in the WFPC2 FOV, and
then fit the remaining three quadrants plus the PC chip by assuming the com
ponents are individually axisymmetric. The need for a separate bulge and disk
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component is visually apparent in 2-D, despite evidence to the contrary in 1-D.
Even without subtraction there appears to be a large difference in the position
angle (APA=36°) and ellipticity (Ae = 0.25) between the bulge and disk as mea
sured directly from the original image. The discrepancy between this and other
studies only highlights the differences between using 2-D decomposition and 1D, the sensitivity of the fitting results to the image FOV, and the innate difficulty
in fitting spiral galaxies.
A number of solutions is possible for fitting this galaxy because the small PC
FOV (r ~ 1.5 kpc) does not probe the disk component where it is dominant,
complicated by the presence of heavy dust obscuration and the nuclear spiral
arms. Thus, in order to realize a more plausible solution, we first fit the entire
mosaic image, as described above. Then, holding the parameters of the disk fixed,
we fit only the PC chip while allowing the nuclear components to optimize. We
find that the traditional bulge and disk components fit adequately. But three
components, ranging in profile steepness from shallow {n — 0.98) to steep (n =
6.43), do a better job (Fig. 11c). One of the components is a bar. Figure lib shows a
fit using the same components but without a bar; there are larger residuals along
the NW-SE direction. The reality of the bar is questionable, however, because
of the structural complications. Our best fit shows that the bulge is only fainter
than the disk by about 25% - 30%, and the nuclear profile is steeper than that of
a de Vaucouleurs law.
2.4.5.2

NGC 4450

NGC 4450 (Fig. 12) is an Sab galaxy viewed at a low inclination angle; its LINER
nucleus exhibits broad emission lines (Stauffer 1982; Ho et al. 1997b), which ap
pear double-peaked in HST spectra (Ho et al. 2000). We will later revisit NGC
4450 in the context of point-source extraction (§ 2.5.2), but for now we focus only
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on the global galaxy morphology. The 1-D decomposition by Baggett et al. (1998),
assuming a spherical bulge and a circular disk, gives a B/D ratio of ~ 0.3.
We proceed much like with NGC 2460, by first fitting the entire mosaic WFPC2
image in order to get a better constraint on the disk component. Decomposing the
galaxy using the classic two-component model (de Vaucouleurs and exponential
disk) gives B/D = 0.23, with

= 24'D and Vg — 7'1'2, but the fit is poor. In com

parison to Baggett et al. (1998), our scale-length measurement is about twice as
large. Part of this large difference may be attributed to our inability to determine
an accurate background sky value because of the limited FOV of WFPC2; we set
the sky level to 26 mag arcsec'^ (0.07 ADU).
An initial two-component decomposition of the WFPC2 mosaic reveals what
appears to be a bar. This identification is reinforced in a three-component fit
(Sersic bulge, exponential disk, and a bar) that shows the bar to have a flat profile
within Te but steep fall off beyond it (n = 0.11). However, the identification may
not be secure because of the missing quadrant in the mosaic. For the purpose of
decomposing the PC chip, this is not crucial, so we assume that such a compo
nent exists. After optimizing the parameters for the disk and bar, we hold them
fixed when fitting the bulge on the PC chip. Through trial and error, we find that
the bulge itself is better fit by summing two Sersic components; neither one alone
should be regarded with high significance because the bulge is severely affected
by dust. If one were to fit the bulge with a single component. Figure llh shows
that the northern and southern regions of the nucleus would be oversubtracted.
The central dark patches are probably oversubtractions, rather than dust obscu
ration, because the round and bipolar shape of the residuals contrasts sharply in
appearance with the irregularity of the surrounding dust lanes. With some con
fidence in the global components, we fit the remaining point source on top of the
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nucleus, and the result of the fit is listed in Table 3.
To summarize, we use five components for NGC 4450: a bar, a disk, a nuclear
point source, and a bulge made up of two Sersic functions. In this decomposition,
the bulge is somewhat fainter than the standard B/D analysis, in part because of
the contribution of the bar, but also because the nucleus is steeper than a de Vaucouleurs profile. We find B/D ^ 0.09 if the bar is left out, or

B/D PA 0.13 if it is

included with the bulge.
2.4.6

Barred Galaxy NGC 7421

NGC 7421 is an SBbc galaxy seen at low inclination. The bulge and the bar are
displaced from the center of the disky envelope, while the western bar truncates
in a "bow-shock"-like spiral arm. H I column-density maps show a "wake" that
suggests that NGC 7421 is plowing through, and interacting with, the intracluster
medium in which it is embedded (Ryder et al. 2000).
Decomposition of this galaxy in 2-D requires at least four components in order
to fit a bulge, a disk, and a bar (Fig. 13). As with other spiral galaxies, obtaining
a plausible disk contribution requires using a FOV beyond that of the PC. So we
proceed in a similar fashion to NGC 2460 and NGC 4450, by first fitting the mo
saic image, followed by optimizing over the PC region separately while holding
the large-scale disk component fixed. A sky pedestal of 21.6 mag arcsec"- (1.1
ADU) was determined from the edges of the mosaic. Removing the model of
the galaxy reveals a faint dust lane that runs along the bar through the nucleus.
Moreover, there is an unresolved compact nuclear component that can be char
acterized by a Gaussian; this component has also been noted by Carollo et al.
(1998). The "bulge" is composed both of an intrinsic galaxy bulge plus the round
component of the bar (components 2 and 3); the two are difficult to distinguish.
Without the fainter of the two bulge components. Figure 13b shows doughnut-
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shaped residuals. The luminosity of the summed components of the "bulge"
rivals that of the bar (component 2), while the single most luminous component
is the exponential disk. The bulge-to-disk ratio, excluding the bar component, is

B/D Rs 0.06; including the bar with the bulge, B/D
2.5

0.15.

Extraction of Nuclear Point Sources

Note that the discussion in this section is presented "as is" from Peng, Ho, Impey
& Rix (2002) without modification. The technique to generate to fit point sources
back then was to convolve the PSF with a narrow Gaussian. That technique has
been superseded by more recent GALFIT versions (v. 1.9a+).
2.5.1 General Considerations
A common application of galaxy decomposition is to extract reliable measure
ments of nuclear point sources embedded in a host galaxy. While luminous
quasars can overpower the light of the host galaxy, the opposite extreme is the
case for the more garden-variety AGNs in nearby galaxies, where the nucleus
is overwhelmed by the glare of the galaxy bulge. Photometric decomposition is
absolutely crucial to properly disentangle the nuclear component. To do so, a
central compact source or point source can be added on top of the normal galaxy
profile to represent the AGN (e.g., Kotilainen et al. 1992; Portal 1999). Implicit
in this technique is the assumption that the galaxy profile can be extrapolated
all the way into the center by fitting the asymptotic galaxy wings using standard
functions such as the de Vaucouleurs plus exponential (Portal 1999) or Gaussian
profiles (Carollo et al. 1997).
When fitting faint nuclear point sources, the adopted form of the galaxy pro
file is crucial because all functions differ widely in steepness near r = 0. This is
compounded by the fact it is difficult to fit profiles accurately on large and small

91
scales simultaneously; most of the weight is dominated by outer regions where
there are more pixels, at the expense of few pixels in the center. To overcome these
complications, it is tempting to simply exclude the outer regions. But in so doing
the intrinsic steepness of the galaxy profile is less well constrained. As galaxy nu
clei continue to rise as a power law even in the absence of central sources (Lauer et
al. 1995), this practice easily produces fake compact source detections - a power
law profile can always be artificially decomposed into a steeply rising line plus a
compact source. Finally, if even the slowly varying region surrounding the bulge
cannot be well fit, the harder task of fitting the steeply rising inner region should
be even more dubious. Therefore, the desired goal should be to fit the entire nu
clear region as accurately as possible when trying to interpret and extract faint
compact sources at the central few pixels.
We first compare the merits of 1-D and 2-D point-source extractions. Some
arguments made in favor of 2-D techniques in the context of B/D decomposition
are directly applicable here. The 1-D profile extracted from images is affected by
several factors: the seeing, the different ellipticities, profiles, and shapes of the
various galaxy components, a possible point source, and other nuclear features
such as dust. There are few pixels near the nucleus, so the inner isophotes are sen
sitive to small-scale features such as dust, which can affect the centroiding and
the shape of the nuclear profile. Miscentering can lead to uncertainties in the cen
tral source profile in images where the PSF may be undersampled, as is the case
with WFPC2. As an example of the ambiguity that can be encountered in extract
ing a weak nuclear point source in 1-D, Figure 14 shows fits of the azimuthally
averaged profiles (without deconvolution) of NGC 4143 and NGC 4450. Different
assumptions can also lead to conflicting evidence for a compact source. In 1-D,
for example, it is impossible to tell whether the inflection at r

(j'2 is caused by
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circumnuclear dust or is a true sign of a photometrically distinct compact com
ponent. It is far easier to gauge the reality of compact sources in 2-D based on the
residuals of the model-subtracted image.
To compare the relative effectiveness of 1-D versus 2-D recovery techniques,
we added point sources to three real galaxies used in this study. A point source
has only three free parameters {x and y position and brightness), thus is easier to
simulate and recover uniquely than compact sources, providing the PSF is accu
rate. Our simulations give only qualitative guidelines for comparing the relative
merits of 1-D and 2-D decompositions; we do not cover all possible scenarios.
Other simulations of point-source recovery have been done by Wadadekar et al.
(1999), who use idealized galaxies with exponential disks and Sersic profiles to
explore a much wider range of parameter space.
We simulate faint nuclear sources by placing a PSF on top of NGC 221, NGC
4621, and NGC 5982. Figures 5a, 8a, and lOfl show the original 2-D images of
the galaxies with contours overlaid; Figures 5c, 8c, and 10c give the 2-D model
residuals. As shown in Fig. lOd NGC 5982 has a global axis ratio of q = 0.68, a
slightly boxy isophote shape, and a flat nuclear cusp of (7) = 0.04. For NGC 221,
q = 0.72 and (7) = 0.5. For NGC 4621, q = 0.70 at large radius and is disky at
r ^ 8"; the nucleus is rounded by the seeing {q — 0.9) and has a steep powerlaw cusp of (7) = 0.8. These examples have no apparent compact source at the
nucleus, no dust features, and span a wide range of nuclear slopes. NGC 4621
appears to have a pointlike nucleus only because it has a very steep cusp and
because the nucleus is round. We have shown in § 2.4.3 that NGC 4621 can be
fit accurately without requiring a nuclear point source. We can model all three
galaxies quite well in both 1-D (using a single Nuker profile) and 2-D.
We add Tiny Tim PSFs with brightnesses 2 to 7 magnitudes fainter than the
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bulge, in 1 magnitude intervals, then extract them with the same PSF. The bulge
magnitude is defined here as the flux within r < Cf'5. Figure 15a-15c illustrate the
projected profile resulting from adding the point sources. Figure 16 compares the
results of the extractions in 1-D versus 2-D, showing deviations between input
and recovered magnitudes. The S/N of the images are as high as ~ 70 — 80 at the
peak. When the point source is bright and the nucleus is moderately flat, the 1-D
technique can recover the point sources well. But the recovery in 1-D becomes
poor very quickly for a moderately dim source and a steep profile. For (7)

0.5

there is little accuracy even for relatively luminous sources. At the steep end of

(7), the technique is completely unreliable.
By comparison, 2-D modeling can recover much fainter nuclear sources, al
though there is a slight systematic offset. The recovered magnitude in most cases
is slightly fainter than the input magnitude, a consequence of the degeneracy be
tween a steep galaxy profile (parameterized using a Nuker function) and a point
source. The use of the Nuker function can overfit a steep cusp at the expense of a
point source. For faint point sources and steep cusps, the opposite scenario may
occur; the recovered magnitude may be brighter than the input at the expense of
a shallower cusp.
In AGN studies, it is often informative to know the spatial extent of the nu
clear source. Direct non-stellar emission from a central engine is expected to be
unresolved, even for the nearest AGNs, whereas reprocessed non-stellar light or
a nuclear star cluster may be resolved. To test the source extent, one can fit an
analytical PSF function, such as the Moffat profile described in § 2.2.3.2, with
an adjustable width. In our simulations in 1-D, we find that the luminosity and
width of the compact source depend sensitively on initial parameters because of
degeneracies in the fits. We conclude that 1-D fitting generally gives unreliable
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measures of compactness for central sources. In our 2-D simulations, the widths
converge to that of a point source in every case, except for the faintest test sources.
For the purpose of extracting faint compact sources, we can constrain their
parameters by exploring the degeneracies of the local minima in

and by fit

ting different nuclear models. In fact, the latter is a necessary exercise because
different model assumptions may produce contradictory results because of pro
file ambiguities. For instance, a compact source on top of an exponential bulge
may, in some cases, be mimicked by a single Nuker profile without a compact
source. In the next section we give some examples of the 2-D technique of fitting
point sources.
2.5.2
2.5.2.1

Examples
NGC 2787

The SBO galaxy NGC 2787 contains a LINER nucleus with broad Balmer lines (Ho
et al. 1997b). The association of this object with AGN activity is corroborated by
the recent HST detection of a central dark mass of 7 x WMQ, presumed to be a
massive black hole (Sarzi et al. 2001). The smooth and otherwise featureless bulge
is beautifully adorned by a circumnuclear dust disk with ripples that lie nearly
orthogonal to the major axis of the bulge (Fig. 17). Isophotal analysis shows a dip
between 1" — 6" in the profile cut and shape parameters, caused by the dust disk.
The bulge itself has an ellipticity of 0.32 at large radii with a large and fluctuating
gradient; the gradient is due in part to dust.
In 2-D, the bulge can best be fit by an exponential and a Nuker component.
Although the bulge component can also be well fitted by a superposition of a
Sersic (mF547M = 12.43 mag, n = 2.71, and
11.56 mag,

= 7''43) and an exponential (mF547m =

= 11".74), overall the first combination gives formally a better fit. We

list their parameters in Table 3. Figure 17ib shows a fit where we use a single
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Nuker component. Although most of the bulge is removed, considerable overand under-subtractions remain.
Various trials suggest that there is a compact source at the center of the nu
cleus, but there is considerable ambiguity as to whether it is resolved. While
we can force the object to be a true point source in the fit, there is a small but
significant pedestal in the residuals. The compact source is resolved in an un
constrained fit. However, we cannot rule it out as being unresolved because of
its faintness and because the excess pedestal may be caused by model mismatch
near the galaxy core. If a point source is present, we can limit its magnitude to
WF547M

19.8 mag, or My

-10.8 mag.

Another interesting component that remains in the residuals is a luminous
stellar disk at the center of the dust disk. The stellar disk is flat and has sharp,
truncated edges of 100 pc (1"£) in semi-major axis. The sharpness of the disk trun
cation, the uniformity of the disk, and the clean subtraction around its immediate
surroundings all suggest the disk is likely to be real, rather than an image artifact
created by a model mismatch.
2.5.2.2

NGC 4278

NGC 4278 is an elliptical radio galaxy with a LINER nucleus. A relatively broad
Ha emission line has been detected in ground-based spectra (Ho et al. 1997b),
which suggests the central engine responsible for the line emission may be nonstellar in origin. Figure 18 shows the inner 17" radius around the nucleus. A very
distinctive pointlike source appears at the nucleus. The galaxy nuclear profile,
extrapolated to the center, is nearly flat. After removal of the point source and
the galaxy, which we modeled with three Sersic components, the residual im
age (Fig. 18c) reveals a large circumnuclear, fan-shaped dust pattern. The singlecomponent Nuker fit is shown in Figure I8b. The point source has my = 20.0±0.2
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mag, or My = —9.9 ± 0.2 mag. The uncertainty in the apparent magnitude is es
timated by evaluating fits done with the Nuker and Sersic profiles.
2.5.2.3

NGC 4450

The overall fit of NGC 4450 was discussed in § 2.4.5. Surface photometry of this
object (Fig. lid) shows a double power law with a break at r ^ (l'7. The apparent
power-law behavior of the inner region is only slightly violated by an inflection
at r = {f2, which hints at the presence of a compact central source. However, Fig
ure 12c shows that the inflection in the 1-D profile may be caused by the extensive
dust present at small radii. The situation is much clearer in 2-D. Our modeling
finds a nuclear point source with my — 18.9 ± 0.2 mag, or My = -12.2 ± 0.2 mag.
2.6 Summary
We have presented a general algorithm to decompose a galaxy into components
in two dimensions. To illustrate its merits and flexibility, we have applied it to
high-resolution optical HST images of 11 galaxies of various shapes and morpho
logical types. As another example, Peng (2002) presents a detailed decomposition
of the double nucleus of M31. We show that we can model the central regions of
galaxies accurately, even for difficult cases that show large isophotal twists and
changes in shape. These morphological complexities are often signatures of dis
tinct galaxy components. After the major components are removed, in a number
of systems we discover evidence of galaxy substructures too subtle to be seen in
the original image. These include features such as nuclear point sources, lowlevel dust patterns, stellar disks, stellar bars, and other distinctive large-scale
components. Despite the featureless appearance of some giant elliptical galax
ies (e.g., NGC 4621, NGC 5982), in detail they reveal unusual shapes and slight
misalignment of the sub-components. The physical interpretation of these subtle
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features is not yet clear. In theory, the amount of distortion in a galaxy — as evi
denced, for example, by the need for fitting multiple components, their different
shapes and displacements — may give clues to its evolutionary history. Substruc
ture may also signal triaxiality in the bulge potential. A fruitful avenue of future
research would be to compare the structural decomposition of real galaxies with a
similar analysis applied to high-resolution N-body simulations of galaxy forma
tion. Another is to couple the 2-D structural analysis with integral-field kinematic
maps.

Table 2.1. Computational Requirements for 2-D Galaxy Modeling^

Fitting Region Size

Convolution Size

Memory

Total Time

(pixxpix)

(pixxpix)

(Mbytes)

(minutes)

(1)

(2)

(3)

(4)

(5)

55

6-10

Sersic, Expdisk, sky

750

Functions Used

X

750

128 X 128

350

X

350

128 X 128

20

3-5

S&sic, Expdisk, sky

200

X

200

128 X 128

14

< 1-3

Sersic, Expdisk, sky

750

X

750

256

X

256

60

10-15

Steic, Expdisk, sky

350

X

350

256

X

256

30

6-10

Sfeic, Expdisk, sky

200

X

200

256

X

256

20

4-7

Sersic, Expdisk, sky

750

X

750

128 X 128

70

20-30

Nuker, Sersic, S&sic, sky

350

X

350

128 X 128

30

10-20

Nuker, Sersic, Sersic, sky

128

20

3-10

Nuker, Sersic, sky

200

X

200

X

128

"Estimated computation requirements on an Intel Pentium 450 MHz computer.
Note. — Col. (1): The size of the data image being fitted. Col. (2): Size of the convolution box,
including an the necessary padding (see text). Col. (3): The amount of memory used by GALFIT.
Col. (4): Cumulative fitting time. Col. (5): Functions fitted simultaneously.

# IMAGE PARAMETERS
A) f547in.fits
B) f547ra-out.fits
C) none
D) f547in-psf. fits
F) dust
G) none
H) 47 800 57 800
I) 60
60
J) 21.689
K) 0.046
0.046
0) both
P) 0
S) 1

#
#
#
#
#
#
#
#
#
#
#
#
#

Input data image (FITS file)
Name for the output image
Sigma image name (made from data if blank or "none")
Input PSF image for convolution (FITS file)
Bad pixel mask (FITS image or ASCII coord list)
File with parameter constraints (ASCII file)
Image region to fit (xmin xmax ymin ymax)
Size of convolution box (x y)
Magnitude photometric zeropoint
Plate scale (dx dy). Relevant only for Nuker model.
Display type (regular, curses, both)
Create ouput only? (l=yes; O=optimize)
Modify/create objects interactively?

# INITIAL FITTING PARAMETERS
#
#
For object type, allowed functions are: sersic, nuker,
#
expdiskj devauc, moffat, gaussian.
#

# Obj type:

Fit?

Parameters

0)
1)
3)
4)
5)
6)
7)
8)
9)
10)
Z)

nuker
427.17
12.16
4.45
1. 62
1.26
0.21
0.72
39.48
0.00
0

# Object type
435.46 0 1 # position X, y
#
mu(Rb)
1
#
Rb
1
#
alpha
1
#
beta
1
#
gainma
1
# axis ratio (b/a)
1
# position angle (PA)
1
# diskiness/boxiness
0
# Output image type (0

0)
1)
3)
4)
5)
8)
9)
10)
Z)

sersic
427.17
15.22
39.70
3 .03
0.9
-18.75
-1.70
0

# Object type
435.46 1 1 # position X, y
# total magnitude
1
#
R_e
1
# sersic index (deVauc^=4:
1
# axis ratio (b/a)
1
# position angle (PA)
1
# diskiness/boxiness
1
=
residual, 1 = Don't subtract)
# Output image type (0

0)
1)
3)
4)
8)
9)
10)
Z)

# Object type
expdisk
427.17 435.46 0 0 # position X, y
# total magnitude
14.96
1
#
Rs
63 .76
1
# axis ratio (b/a)
0.75
1
# position angle (PA)
1
-34.03
# diskiness/boxiness
1
0.30
# Output image type (0
0

0) sky
1) 0.60
Z) 0

1

# sky background
# Output image type (0

=

Don't subtract)

=

Don't subtract)

=

residual, 1 = Don't subtract)

Figure 2.1: Example of an input file for GALFIT.
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Figure 2.2; The azimuthal shape of ellipses based on Equation 1 for two different
axis ratios q — 1 (left) and q = 0.5 (right), as a function of the diskiness/boxiness
parameter c
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Figure 2.3: Elliptical polar-grid ding method of integrating pixel values near r = 0
for axis ratio (a) q — 0.9 and (b) q = 0.3. The angular and radial spacing of the
grids are arbitrary in these pictures.
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€h

Oa

-JL
Best fit

Figure 2.4: Estimating uncertainties for a fit of two correlated parameters, with
best fit values ai and 02. The

= 1 ellipse has principle axes vi and V2, and

bounds a 68% confidence region on individual parameters, aai and aa2 are the
projected vector of vi and V2 onto fii and 0.2, respectively; they are the uncertain
ties we quote for ai and 02-
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Table 2.2.

Galaxy

D

Basic Galaxy Data

Hubble Type Spectral Class

Filter

^exp
(s)

(Mpc)
(1)

(2)

(3)

(4)

(5)

(6)

NGC 221 (M32)

0.7

E2

A

F555W

104

NGC 2460

23.6

Sa

F606W

600

NGC 2787

13.0

SB0+

LI.9

F547M

360

NGC 3377

8.1

E5-6

A

F555W

280

NGC 4111

17.0

S0+

L2

F547M

300

NGC 4278

9.7

El-2

L1.9

F555W 1000

NGC 4450

16.8

Sab

LI .9

F555W

NGC 4589

30.0

E2

L2

F555W 1000

NGC 4621

16.8

E5

A

F555W

NGC 5982

38.7

E3

L2

F555W 1000

NGC 7421

24.4

SBbc

F606W

520

330

600

Note. — Col. (1): Galaxy name. Col. (2): Adopted distance as given in
Tully 1988 or otherwise derived from the heliocentric radial velocity and
Ho = 75kms~^Mpc~\ Col. (3); Hubble type from de Vaucouleurs et al.
1991. Col. (4): Spectral class of the nucleus from Ho et al. 1997a, where
A = absorption-line nucleus and L = LINER. Type 2 objects have no broad
emission lines and "type 1.9" objects have weak broad Ha emission. Col.
(5): HST filter. Col. (6); Exposure time.

Table 2.3. Two-Dimensional Image Fitting Parameters

Galaxy

FMter

Func.

/ / /tot

Mag (r < 10")
(1)

(2)

NGC 221

F555W

9.95
NGC 2460

F606W

12.58

Aa

A(5

(")

(")

F547M

12.24

NGC 3377

F555W

11.92

NGC 4111

F547M

11.46

NGC 4278
11.75

F555W

'T7,e,s

a, n

/3

7

1

(10)

(11)

(12)

(13)

(14)

(15)

(16)

0.72

-20.4

-0.06

1.00

0.13

2.56

0.14

(")

PA

c

(4)

(5)

(6)

(7)

(8)

(9)

S«sic

0.94

S 0.

= 0.

7.51

138.97

6.69

Exp't

0.06

0.01

-0.01

12.96

0,41

0.72

-21.2

-0.05

Exp't

0.45

= 0.

= 0.

12.33

10.49

0.60

39.4

0.0

SOTsic

0.41

-0.80

0.25

12.69

17.17

6.43

0.74

24.2

0.59

Sersic

0.14

-0.51

-0.07

14.31

6.88

0.98

0.57

-41.6

1.99

S 0.

= 0.

12.56

7.11

Nuker

0.68

0.56

-0.33

16.92

1.10

Gauss

0.001

0.58

-0.35

19.78

0.07

Sersic

0.58

= 0.

E; 0.

10.91

29.18

Sersic

0.30

0.00

0.11

13.14

Sersic

0.08

-0.03

0.07

Sersic

0.03

-0.04

0.60

-62.8

0.32

0.77

-67.1

-0.16

1.0

0.0

0.0

1.68

0.52

40.6

-0.13

3.64

1.31

0.45

41.1

-0.18

14.67

0.39

2.16

0.63

40.2

-0.10

0.06

15.75

0.93

0.54

0.35

42.4

-0.06

11.05

21.39

0.12

-31.6

-0.65

11.58

7.85

2.51

0.56

-32.0

0.28

0.48

0.23

-31.1

-0.58

Exp't

0.20

s 0.

= 0.

Sersic

0.60

0.16

-0.22

0.42

1.57

0.44

Sersic

0.18

0.16

-0.15

13.33

4.49

Sersic

0.36

0.17

-0.18

14.84

4.52

0.19

0.14

-31.7

-0.75

Sfeic

0.003

0.17

-0.14

17.82

0.46

0.19

0.42

-21.6

-1.68

0.76

= 0.

= 0.

10.91

15.11

1.57

0.91

17.8

0.12

0.55

17.0

-0.02

0.15

-0.37

0.57

13.76

Comments

(17)

Bar?
mag/arcsec^

0.38

Sersic

Ax?

22.00

Exp't

Sersic

xl

(deg)

(3)

Sky
NGC 2787

Mag

5.82

1.13

0.81

0.01

0.99

1.78

1.73

0.31

2.07

0.20

Table 2.3—Continued
Galaxy

Filter

Func.

/ //tot

Mag (r < 10'')
(1)

NGC 4450

(2)

F555W

12.42

Act

AS

(")

(")

F555W

12.44

NGC 4621

F555W

11.66

NGC 5982

F555W

12.45

NGC 7421
13.89

F606W

'"b,e,s

a, n

13

7

g

(10)

(11)

(12)

(13)

(14)

0.92

(")

PA

c

xi

Ax?

Comments

(deg)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Sersic

0.13

-0.16

0.34

13.90

1.65

0.94

-6.5

-0.16

PtSrc

0.001

-0.13

0.26

19.97

0.02

1.00

0.0

0.00

Exp't

0.15

S 0.

S 0.

9.44

93.55

0.57

-7.4

-0.20

Sersic

0.74

-0.10

0.04

12.08

10.40

2.06

0.74

3.3

-0.01

Sfeic

0.07

0.02

-0.01

15.19

0.90

2.24

0.83

46.3

0.38

Bulge

Sersic

0.07

S 0,

= 0.

12.98

31.74

0.11

0.40

12.8

0.89

Bar

PtSrc

0.003

0.0

0.0

18.86

0.01

1.0

0.0

0.00

Sky
NGC 4589

Mag

(15)

(16)

1.59

0.19
Bulge

mag/arcsec^

26.00
0.82

86.3

0.17

2.78

0.75

-71.8

-0.11

-70.1

-0.65

Sersic

0.73

S 0.

S 0.

11.38

19.53

1.58

Sersic

0.26

0.05

0.09

13.72

3.61

Sersic

0.03

0.59

0.52

16.43

2.33

0.58

0.97

Sersic

0.12

= 0.

S 0.

13.74

2.90

5.98

0.78

-17.5

-0.35

Sersic

0.04

0.03

-0.11

15.50

3.57

0.89

0.20

-16.1

0.78

Nuker

0.85

-0.01

0.03

18.84

12.13

1.10

0.70

-16.5

-0.16

13.46

13.21

0.67

0.94

-64.3

0.67

14.48

3.52

0.58

0.91

-69.6

0.62

0.96

0.83

14.2

0.52

1.29

0.59

-72.6

0.23

0.91

-82.3

0.0

0.21

-90.4

-0.71

Sersic

0.15

S 0.

= 0.

Sersic

0.16

0.38

-0.16

(17)

Sersic

0.06

0.38

-0.18

15.45

0.79

Nuker

0.63

0,37

-0.17

17.15

1.22

Exp't

0.43

S 0.

S 0.

12.00

23.00

S&sic

0.23

-3.65

-1.46

14.63

20.34

0.40

1.87

1.51

0.70

0.00

1.38

0.02

1.02

0.02

1.27

0.82

1.18

1.97
Bar

Table 2.3—Continued
Galaxy

Filter

Func.

/ / /tot

Mag (r < 10")
(1)

(2)

Aa

AS

(")

(")

''b,e,s

a,n

7

Q

PA

c

(4)

(5)

(6)

(7)

(8)

(9)

Sersic

0.25

-2.57

-1.43

15.42

3.14

Sersic

0.08

-2.34

-1.39

16.57

1.05

Gauss

0.030

-2.34

-1.40

20.07

0.02

(10)

(11)

0.01

0.05

Axl

Comments

(12)

(13)

(14)

0.74

0.73

-90.5

0.32

Bulge

2.90

0.92

-97.8

-0.10

Bulge

1.0

-90.4

0.0

(15)

(16)

(17)

mag/arcsec^

21.58
0.01

xi

(deg)

(")

(3)

Sky
Uncertainties

Mag

1%

0.05

0.05

0.05

0.01

0.2

0.01

Note. — Col. (1); Galaxy name and total aperture magnitude within r = 10" of galaxy center. Col. (2); HST filter. Col. (3): Galaxy components used in the fit.
Col. (4): The ratio of component flux to the total flux within ar = 10" aperture of the galaxy center. Col. (5): R.A. offset. Col. (6): Dec. offset. Col. (7): For Nuker, it
is the surface brightness at the breaking radius. For all else, it is tlie total brightness of that component. The magnitudes are not corrected for Galactic extinction. Col.
(8):

is the break radius for the Nuker power law; re is the effective radius of the Sersic law; rs is the scale-length of the exponential disk; for a Gaussian it, is the

FWIiM. Col. (9): For Nuker, a parameterizes the sharpness of the break. For Sersic, n is the Sersic exponent1/n. Col. (10): Asymptotic outer power-law slope of the
Nuker law. Col. (11): Asymptotic inner power-law slope of the Nuker law. Col. (12): Axis ratio. Col. (13): Position angle. Col. (14): Diskiness (negative)/boxiness
(positive) parameter. Col. (15): Best xl for fits shown in image panels c. Col. (16): xi increase from best fit, for fits shown in image panels b. Col. (17): Comments.
The last row gives a "representative" uncertainty estimate (as described in § 2.2.6) for the ensemble. For most parameters, the imcertainties cited are coi\servative
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Figure 2.5: Top: Decomposition of NGC 221 (M32). (a) Original image, ( b ) and
(c) residuals from GALFIT in positive greyscale. The contour interval is arbitrary.
Bottom: Isophotal analysis of the data image. The long-dashed lines are profiles
of individual components. The solid line is the net sum of the sub-components.
Both the solid and long-dashed lines are seeing-removed profiles. The shortdashed line that runs through the profile data points is a Nuker fit to the observed
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CHAPTER 3

GALFIT APPLICATION: THE FORMATION SCENARIO OF THE M31
DOUBLE NUCLEUS

The double nucleus geometry of M31 is currently best explained by the eccen
tric disk hypothesis of Tremaine, but whether the eccentric disk resulted from
the tidal disruption of an inbounding star cluster by a nuclear black hole, or by
an rn — 1 perturbation of a native nuclear disk, remains debatable. We perform
detailed 2-D decomposition of the M31 double nucleus in the Hubble Space Tele
scope V'-band to study the bulge structure and to address competing formation
scenarios of the eccentric disk. We deblend the double nucleus (PI and P2) and
the bulge simultaneously using five Sersic and one Nuker components. PI and
P2 appear to be embedded inside an intermediate component (r^, = .3f'2) that is
nearly spherical {q = 0.97 ± 0.02), while the main galaxy bulge is more elliptical
{q — 0.81 ± 0.01). The spherical bulge mass (2.8 x WMQ), being coincident with
the supermassive black hole mass (3 x lO^M©), conjoined with a shallow bulge
cusp, are consistent with the scenario that the bulge was scoured by spiraling bi
nary supermassive black holes. In the 2-D decomposition, the bulge is consistent
with being centered near the UV peak of P2, but the exact position is difficult to
pinpoint because of dust in the bulge.

PI and P2 are comparable in mass. Within

a radius r = 1" of P2, the relative mass fraction of the nuclear components is
M, : Mbuige '• PI '• P2 = 4.3 ; 1.2 : 1 : 0.7, assuming the luminous components
have a common mass-to-light ratio of 5.7. The eccentric disk as a whole (P1+P2) is
massive, M

2.1 x 10'^MQ, comparable to the black hole and the local bulge mass.
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As such, the eccentric disk could not have been formed entirely out of stars that
were stripped from an inbounding star cluster. Hence, the more favored scenario
is that of a disk formed in situ by an rn = 1 perturbation, caused possibly by the
passing of a giant molecular cloud, or the passing/accretion of a small globular
cluster.
3.1 Introduction
M31 is the nearest galaxy with a normal bulge where there is good evidence for
the existence of a supermassive black hole (SBH) of M, ^ 3 x lO^M© (e.g. Kormendy & Bender 1999; Kormendy 1987; Dressier & Richstone 1988; Richstone,
Bower, & Dressier 1990). Early Stratosphere II balloon observations (Light et al.
1974) saw that M31 appeared to have a dense nucleus embedded on top a galaxy
bulge. Nieto et al. (1986) showed that the nucleus was off centered slightly from
the bulge and asymmetric, which was hinted at in Light et al. (1974). It was
not until HST (Hubble Space Telescope) WFPC (Wide Field and Planetary Camera)
and FOC (Faint Object Camera) observations, that the nucleus was resolved into
double components (Lauer et al. 1993 [L93]; King, Stanford, & Crane 1995 [K95];
Lauer et al. 1998 [L98]).
Figure 3.1 shows a grey scale F-band (F555H'') image of the nucleus from
HST WFPC2 in V, which was deconvolved and kindly provided by T. Lauer (see
L98). The brighter of the double peak in the V'-filter is designated as PI, and it
is separated from the fainter P2 by Of'49, or 1.8 pc (L93). In the far-UV, however,
K95 discover that P2 is actually more luminous than PI. There is a striking UV
peak (upturn) on top of P2 which stands apart in color from both P2 and PI. In
literature, P2 is synonymous with the UV peak, but here we make the distinction
because the peak is not centered on P2, as shown later. In the infrared, the contrast
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! \ I'i \K

X(arcsec)
Figure 3.1; A deconvolved (L98) grey scale image of the M31 double nucleus in
the V(F555Ty) band. The intensity stretch is logarithmic, and the contour interval
is 0.2 mag.
between the two nucleus is not quite as strong as in the optical, and the peak seen
in UV-light all but disappears, either because it is intrinsically faint or is smeared
away by the PSF (Corbin, O'Neil, & Rieke 2001). Dust is ruled out as being the
cause for the appearance and asymmetry of the double nucleus based on color
images of the optical, far-UV, and near-infrared H-K (Corbin, O'Neil, & Rieke
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2001; Mould et al. 1989), as well as a two-dimensional decomposition by K95,
who impose the assumption that both PI and P2 components are smooth.
Despite the prominence of PI in optical images, L93 and L98 show that it is
the UV peak which corresponds more closely to the center of the galaxy bulge,
using isophotal centroids. They also suggest it is the location of the SBH. From
rotation curves, Kormendy & Bender (1999 [KB99]), Bacon et al. (2001 [BAOl]),
and Statler et al. (1999 [S99]) find that the UV peak of P2 also lies dose to the
dynamical center. The most precise measurements put the zero-velocity center at
(y'i)51 ± Of'DM (KB99) and (t'DSl (BAOl) from the UV peak of P2, in the direction
of PI. However, the peak of the velocity dispersion is if2 from P2, away from PI
(KB99, BAOl). KB99 locate the SBH near the center of the UV peak.
K95 speculate that the strong UV peak may be due to a non-thermal, lowlevel, active galactic nucleus (AGN), coincident with X-ray and radio emissions,
but acknowledge it is unclear whether it is truly resolved in pre-COSTAR HST
images. Moreover, it has the energy output of only a single post asymptotic giant
star (K95). L98 find that the UV peak is resolved by HST WFPC2, leading them
to hypothesize that the bluish color may not be an AGN, but instead is caused by
a population of late B to early A-type stars in a cluster, possibly in a region with
high metallicity abundance (e.g. Burstein et al. 1988, and K95). Forming such
a cluster may be difficult, however, because of the tidal influence of a nearby
3

X

lO^M© black hole. The AGN speculation about the UV peak has not been

clarified despite Chandra observations. Garcia et al. (2000) discover X-ray emis
sion in proximity to P2 with an unusual spectrum indicating possible relation to
an active nucleus. The error circle, however, is l"(twice the separation between
PI and P2), and is not alone - there are a number of other X-ray sources farther
away around the bulge. If the UV peak is in fact AGN related, it is curious that
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it does not have a counterpart in the near-IR where the emissions are often seen
more clearly than in the optical due to a typical rise in the AGN spectrum and
diminished extinction (Quillen et al. 2001).
Several empirical evidences indicate that the nucleus and the bulge have a
different formation history. Within d'A x t/!4 of PI, L98 show that the color is
redder inV — I {= 1.41) than the surrounding bulge (V — I = 1.34). But in U - V,
PI (=2.29) and its anti-P2 direction {U — V=2.18) appear to be bluer than the bulge
{U - V=2.39). This is in contrast to BAOl who find both PI and anti-P2 to also
be redder. Nonetheless, both their findings indicate that the nucleus has a stellar
population, metallicity, and perhaps origins, different from that of stars in the
bulge. Sil'chenko, Burenkov, & Vlasyuk (1998 [SBV98]) show that the nucleus is
more metal rich than the surrounding. In the two regions, the spectral indices
differ by, AMg^ = 0.86 ± 0.1 and A (Fe) = 0.53 ± 0.08. KB99 confirm that PI
and P2 have a similar stellar population, have higher metal line strengths, and
are more similar to each other than to the bulge or to any globular cluster. SBV98
also use [H/5/ (Fe)] to show that stars in the nucleus are younger by roughly ^ 8
Gyrs.
The compactness of the PI and P2 peaks is particularly interesting and chal
lenging to explain from the standpoint of galaxy formation and dynamical evo
lution. KB99 determine the combined mass of the double nucleus to be

—

3.5 X 10''Mq, comparable to the mass of the SBH. That such a configuration exists
at all with such close separation (1.7 pc) is surprising, and a natural interpreta
tion is that PI is either a merger remnant or a captured star cluster. Emsellem &
Combes (1997) model this scenario with N-body simulations in a SBH potential
and find that, although they can reproduce the geometry, the lifetime is on the
order of 0.5 Myr. If the cluster is massive enough to survive disruption, in most
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cases, dynamical friction would cause PI to spiral in and coalesce with P2 within
several dynamical times, unless somehow PI co-rotates with the bulge (K95). Al
though the short life span of an accreting scenario is not in itself conclusive proof,
the discovery of other similar such systems (e.g. NGC 4486B, Lauer et al. 1996)
favors a scenario which has a much longer lifespan. Moreover, S99 find that the
sinking star cluster of Emsellem & Combes (1997) model does not reproduce ei
ther the rotation curve or the dispersion profile.
Tremaine (1995) proposes an eccentric disk model to explain the nuclear con
figuration which currently stands as the favorite model. The thick eccentric disk,
nearly Keplerian, is composed of stars in ring orbits around a black hole, and PI
is caused by a bottleneck of stars slowing down at the turnaround radius (apocenter). This model also predicts that the velocity center is displaced by ~ (f2
from P2 in the direction of PI. Moreover, it predicts that the stars in PI and P2
should have a similar stellar population because they belong to the same system,
which might not be the case if PI is a merger remnant. With spectroscopic data,
KB99 show that the shift of the rotation center is in the right sense of the predic
tion, even if the amount is somewhat lower than prediction. Moreover, PI and
P2 have more similar stellar populations to each other than to the bulge in accord
with the model prediction. However, the missing element in the Tremaine model
is an explanation for how the ring orbits maintain alignment under precession:
the original model has no self gravity. Since then, several workers have proposed
enhancements. Among them, Salovv & Statler (2001) propose a semi-analytic ec
centric disk with self-gravity around a black hole, where the disk is made up of a
superposing set of Keplerian orbits dispersed in eccentricity and orientation ac
cording to a certain distribution function. It predicts that the line-of-sight veloc
ity distributions of the disk near the black hole should have a distinctive double

127
peak, which provides a further observational constraint to test the eccentric disk
model. Using a different formalism, with integrable models, Jalai & Rafiee (2001)
show that the double nucleus geometry can be sustained with four general types
of regular orbits in a Stackel potential, even in the absence of a SBH. However, the
requirement that the nuclei be cuspy, with surface density E oc r"'^ is a stringent
requirement, and is not seen in M31. Furthermore, it is not clear why the nucleus
would be asymmetric.
Bekki (2000 [BEOO]), BAOl, and Sambhus & Sridhar (2001 [SSOl]), propose sce
narios for how such an eccentric disk might be formed and sustained under pre
cession with self-gravity. In BEOO N-body simulation, an inward bound lO^M©
star cluster is completely disrupted by the tidal shear of a 10^M© black hole, con
sequently forming a thick, eccentric, stellar system. The alternative scenario by
BAOl involves a circular disk, already present in the bulge, that gets excited into
an eccentric disk by a natural rn = 1 perturbation. The excitation may either
be caused by a passing giant molecular cloud or globular cluster, which can in
duce the lopsidedness in the disk (seen in Fig. 3.1) that persists for 7 x 10'^ years in
their simulations. However, for the non-axisymmetric waves to develop, the disk
needs to be thin. They furthered considered a model in which a black hole was
shifted from the center of the potential, and another where its velocity was per
turbed. Too many particles escaped in the simulations for them to be viable. The
model proposed by Sambhus & Sridhar (2001) extends Tremaine's (1995) eccen
tric disk to simulate a larger disk mass (2 x 10^M©) which involves a shredding
of lO^M© globular cluster near the vicinity of the SBH. Subsequently, the cluster
stars merge into a pre-existing disk of few lO^M©, orbiting the central black hole
on both prograde and retrograde, quasi-periodic, loop orbits. The rn ~ 1 insta
bility which causes the large eccentricity is induced by resonant response to the
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counter-rotating orbits. In this model, lopsidedness of the eccentric disk geome
try is created in response to the presence of retrograde orbits. All three models
roughly reproduce the double nucleus geometry and the dynamics, such as the
offset in the velocity dispersion profile from P2 by

(f'2, to varying degrees of

accuracy. However, one important difference between BEOO and BAOl + SSOl
scenarios is that the BEOO model requires the stellar cluster be much less massive
than

10%) the black hole so that it can be disrupted. By contrast, the BAOl and

SSOl models are constructed to have a much larger disk, about 20% — 40% of the
total central mass concentration. These two scenarios can be directly tested if a
mass estimate of the disk can be robustly measured, and the imcertainty can be
quantified. The ambiguity in the bulge decomposition is reflected in the avail
able photometry of PI, which can significantly differ in brightness from different
studies. Furthermore, thus far it is not clear how much of P2 is part of the bulge
or the eccentric disk.
In addition to the eccentric disk, the bulge structure of M31 and how it fits
into the developing picture of galaxy formation are interesting on their own mer
its. However, their studies have been complicated by the double nucleus. The
steepness of galaxy nuclei and correlations with other structural parameters (e.g.
Faber et al. 1997) reflect the manner by which bulges are formed. Numerical sim
ulations show that black hole mergers can flatten galaxy cores by ejecting stars
from the center (e.g. Ebisuzaki, Makino, & Okumura 1991; Nakano & Makino
1999; and Milosavljevic & Merritt 2001). This scenario appears promising for
explaining the correlation found between large bulges and low central surface
brightness. In this paper, we study the detailed properties of the M31 bulge by
decomposing optical images to provide new structural parameters. With detailed
decomposition one can address the following issues: Are there subtle structures
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in the bulge that are not obvious in full light? What are the relative contribu
tions of the bulge, PI, and P2 components? What are their shapes? What is the
bulge profile and how sharply is it peaked? Finally, we discuss what the new
photometry of PI and P2 reveal about the two competing scenarios that explain
the formation of the eccentric disk. Although some of these questions can be ad
dressed from other data in previous studies, this new analysis provides a unique
look at the double nucleus based on a more flexible range of assumptions than
foregoing studies.
In the sections to follow. Section 2 discusses the data. Section 3 briefly de
scribes the analysis algorithm used to deblend the bulge. Section 4 discusses the
decomposition, followed by the environment of the bulge in Section 5. Section 6
compares the eccentric disk formation models. Conclusions follow in Section 7.
Throughout the discussion we assume that the distance to M31 is D = 770
kpc, following KB99. We also assume that the Galactic extinction is Ay = 0.24
(Burstein & Heiles 1984), which is similar to Ay = 0.21 determined by Schlegel
et al. (1998). Kormendy (1988) and KB99 dynamical models also suggest that

M/L « 5.7 for the bulge stars. This is similar to star formation models of Bell &
de Jong (2001), from which one can derive M/L ^

G based on the V -

/ color of

the bulge.
3.2 Data
We obtain V'-band

F o o b W ) data (GO 5236, Westphal) from the HST archive, as

well as the deconvolved version from T. Lauer. The two sets of images are used
for different purposes. The deconvolved version has been trimmed to a smaller
field of view (FOV) of if8" x ll".8. While ideal for studying the nucleus, there
is not enough realty for measuring the bulge profile and its shape. Therefore we
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also create a mosaic image with a FOV of 150" x 150", with a missing echelon in
the Planetary Camera (PC) quadrant. The net exposure time is 300s, which has
sufficiently high signal-to-noise (S/N) to measure the bulge profile. In addition
to the deconvolved and mosaic images, we create a dithered image of the PC chip
(FOV = 35"

X

35") by combining four exposures of 300 second images. This will

be used later for comparisons with the deconvolved image.
3.3 Technique
3.3.1 Algorithm
We use a general galaxy fitting program called GALFIT to do the 2-D decomposi
tion. Detailed information on the software and how it is implemented are found
in a companion paper by Peng, Ho, Impey, & Rix (2002), but here we describe
it briefly. One of the design capabilities of GALFIT is to accurately decompose
nearby galaxies that are highly resolved to study them closely and uncover or ex
tract galaxy sub-structures, such as nuclear disks, bars, and double nuclei. To be
highly flexible, GALFIT allows simultaneous fitting of standard function types
such as Sersic (1968), Gaussian, exponential, and Nuker. The program has the
option to either convolve the models with the PSF to simulate the seeing, or not
convolve if the image has already been deconvolved. The number of compo
nents to fit is not limited a priori. GALFIT minimizes

residuals using a down

hill gradient/parabolic expansion method called Levenberg-Marquardt (Press et
al. 1997) by iteratively creating model images, convolving them with the PSF,
and subtracting them from the data. Even though the gradient method is not as
"smart" as alternative Simulated Annealing or Metropolis algorithms, it has the
virtue of being fast. As an example, fitting 6 components with 41 free parameters
over the entire 400 x 400 pixel image, while doing convolution, takes roughly one
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minute per iteration on a Pentium 450 MHz computer, and converges in 30 — 50
iterations. Speed is desirable because the

topology of the fit is complex; to

adequately explore it and find an optimal fit thus requires testing various model
combinations and initial parameters.
The merit function to minimize is the -y^, or in normalized form,

— X^/^dof/

defined as:
model,.,y)

where

(3.1)

is the uncertainty, or weight, at each pixel; A^dof is the degree of free

dom; nx and ny are the dimensions of the image in x and y direction. Models ,, is
the sum of all the model components fitted.
Traditionally, 2-D models use purely elliptical azimuthal shapes, but most
galaxies are somewhat disky or boxy depending on whether they are more rotationally or pressure supported, respectively. GALFIT can fit them by replacing
the ellipses with a shape of.

which can be rotated to any position angle (PA). The component shape is boxy if
c > 0, disky if c < 0, and pure ellipse when c = 0. This azimuthal function was
motivated originally by Athanassoula et al. (1990) to characterize the shapes of
galaxy bars. The parameter q is the axis ratio of each component.
In the radial direction, the 1-D Sersic light profile is defined as.

(3.3)
where

is the effective radius of the galaxy, Eg is the surface brightness at re.
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n is the power-law index, and k is coupled to n such that half of the total flux
is within r^. The original de Vaucouleurs (1948) profile is the special case with
n = 4 and k = 7.67. The usefulness of the Sersic function is that it can fit a contin
uum of profiles ranging from a Gaussian, to exponential, to a de Vaucouleurs, by
smoothly varying the exponent: n = 0.5 for a Gaussian, n — 1 for an exponential
disk, and n = 4 for de Vaucouleurs. In GALFIT, the flux parameter that is fitted is
the total magnitude, instead of E,,. The translation between the total magnitude
of a component and Eg is given in Peng et al. (2002).
Bulges that are modeled with the Sersic profile have flat cores, but most galax
ies have profile rise that extend into the resolution limit (e.g. Lauer et al. 1995,
Carollo et al. 1997, Rest et al. 2001, and Ravindranath et al 2001). A function
which can describe many double power-law and core type galaxy bulges in 1-D
was introduced by Lauer et al. (1995), known as the Nuker law:

There are five adjustable profile shape parameters: /&,

a, (3, and 7. Taken to the

limits of large and small radii, the parameter 7 is the slope of the inner power
law, and P is the slope of the outer power law. The break radius rj is the location
where the profile changes slope, lb is the surface brightness at n, and a describes
how sharply the two power laws connect. GALFIT fits the surface brightness
magnitude fib instead of the intensity lb- We generalize this profile to 2-D, hence
there are 5 additional parameters: Xcent, Vcent, <1/ PA, and c.
To account for the PSF seeing when fitting models to the dithered image, GAL
FIT convolves a doubly oversampled PSF, created using Tiny Tim (Krist & Hook
1997), with the models. The Tiny Tim software can reproduce the core of WFPC2
PSFs well, even if the diffraction spikes are harder to reproduce. For convolution
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purposes this should suffice. Later in the paper. We will compare these results
with fits to the deconvolved image of L98.
3.3.2

Noise Image and Parameter Uncertainty Estimates

Locally, the bigger of the two contributors to the root-mean-square (RMS) fluctu
ation of the data image is the surface brightness fluctuations (SBF) of star clus
ters resolved by the HST, rather than the Poisson noise. Unlike Poisson noise
where the noise-to-signal ratio decreases as Vtime, the ratio of the SBF noise to
the galaxy background asymptotically approaches a constant value. Thus, in this
regime, the derived uncertainties in the fitting parameters remains constant with
increasing exposure time. Moreover, while the Poisson noise correlates on scale
of ^ 1 pixel in the dithered image, the SBF noise correlates on scales of a few
pixels. To get realistic error bars from model fits thus requires having a reason
able estimate of the pixel weights, a^^y, that account for the SBF in a steeply rising
galaxy bulge.
A Poisson map of the image bears an imprint of the SBF variance because the
same star clusters that produce the Poisson signal are responsible for the SBF.
We assume that the SBF RMS can be approximated by a scaling of the Poisson
noise. To do so, we compute the ratio of the total RMS to the Poisson noise in
30

X

30 pixel boxes sampled randomly around the bulge in the dithered image.

Then, multiplying this factor (1.9) to the Poisson map of the image, we obtain an
approximate SBF noise image to use as pixel weights. The exact scale factor does
not affect the estimated uncertainties because they are renormalized by ^/^ (see
below). This scale factor appears reasonable, and for visually good fits,

comes

out close to unity.
It is worth noting that the intrinsic galaxy SBF amplitude is higher than in
the observed image because of PSF convolution. Moreover, because the SBFs are
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spatially resolved, PSF smearing correlates the SBF noise so that the pixels are
not statistically independent. However, in scaling the pixel weights as described,
the PSF correlation of the SBF is implicitly taken into account in the

statistics.

To first order, the PSF smearing effectively reduces the A^dof in the observed im
age by a factor C. This factor is C ~ var,„,(/var„ft^, where varint is the intrinsic
variance (i.e. without PSF filtering) and vavobs the observed variance (i.e. PSFfiltered). Furthermore, the effective pixel weights al ^ have the same factor C,
which cancels out of Equation [1] in calculating xlOnce GALFIT converges on a solution, it estimates the fitting uncertainties by
using the covariance matrix of the parameters. For a more detailed discussion,
see Peng et al. (2002), but here we give a brief description. Since
of the fitting parameters, the surface of constant

is a function

centered around the best

fit Xmin can be roughly approximated as an n-dimensional ellipsoid, where n is
the number of free parameters in the fit. Defined as the local x^ curvature with
respect to all pairs of parameter combinations

and aj, i.e. d'^x^/(dfA, dcj), the

covariance matrix of the fit provides a handle on the correlation between parame
ters. To estimate parameter uncertainties accounting for correlation, we consider
an ellipsoid which encloses a region up to

= 1, which is the 68% confidence

region for a single degree of freedom. The ellipsoid semi-major axes and their
lengths are calculated from the eigenvectors and eigenvalues of the covariance
matrix. We determine the uncertainty aa-i for parameter G by projecting the vec
j

tor sum of all the major axes vectors onto the unit coordinate axis Oj. In cases
when the fit does not produce a reduced
by

~ 1/ We also scale the uncertainties

to avoid under-estimating them. Strictly speaking, while this method of

estimating uncertainties is fair, it may produce uncertainties that are equal to or
greater than the true uncertainties. This over-estimate is probably not a serious
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concern because, ultimately, the limitation is that we do not know how well the
local

topology may be represented by an ellipse. Furthermore, the parameter

values may not be normally distributed around the mean.
In the discussions to follow, we quote xl and parameter values based on fits
to dithered images rather than deconvolved images. Although the image of M31,
with a very high S/N, has been deconvolved accurately, the process introduces
an additional correlation by the PSF, which is hard to interpret in the presence
of SBF. In comparison, the noise property of the unrestored image is easier to
interpret. While the signal in individual, unrestored, images are correlated by
the PSF from pixel to pixel, the Poisson noise is uncorrelated. Combining dithered
images introduces at most a sub-pixel correlation which is small compared to
the SBF. The correlation in the signal is accounted for in the fitting process by
convolving the models with the PSF.
3.4 Decomposition
Our attempt at decomposing the double nucleus is not the first of its kind, but is
motivated by previous studies of L93, K95, and BAOl, who perform 2-D image
decomposition using iterative techniques. K95 fit the [/-band image by first sub
tracting a smooth model of P2 from the data. Then, fitting isophotes to PI and
obtaining a smooth model, they use it to get a better estimate of P2. The pro
cess is then repeated. BAOl decompose the WFPC2 /-band image by assuming
the bulge can be fitted by three Gaussians after masking out the central 2" of the
image. In so doing, there is an implicit assumption that the galaxy core flattens
out. The fit is then applied to V and [/-band images after proper normalization.
L93 use a nonlinear least-squares routine to deblend the nuclear region simul
taneously with two components, assuming that P2 is indistinguishable from the
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bulge. Each component is concentric, with otherwise arbitrary position, bright
ness, elliptidly, and position angle.
Our procedure is similar to L93 study, but with a more general set of assump
tions: We relax the restriction that PI and P2 are symmetric, and the number of
components needed to fit them. The steepness of the bulge is a free parameter.
3.4.1 Fitting Procedures
3.4.1.1 General Outline
M31, being an Sb-type galaxy, has a large galactic disk component that spans 3.5°
in diameter, with a bulge that has an effective radius of 4'5 (KB99). Although the
PC chip has twice the angular resolution to resolve the double nucleus compared
to the Wide Field chips, the combined WFPC2 mosaic, with ft; 3*5 FOV, is better
suited for measuring the large bulge. To take advantage of the capabilities of both
PC and WFPC2, we perform fitting in two separate steps.
First we fit the bulge with a Nuker profile using the entire \ '-band mosaic im
age. To do so, we mask out the echelon-shaped region outside the PC, the dust
lanes in the mosaic image, as well as inner 3" of the nucleus. Masking the nu
cleus does not seriously bias the bulge measurement because, in the second step,
we take the fitted parameters for the bulge, and optimize it simultaneously along
with other components for the nucleus in the PC chip. In this step the bulge posi
tion and inner slope parameter, 7, can vary freely, but all other bulge parameters
are fixed at their optimal values. All the other nuclear components can change
freely without constraints. The results are discussed in § 4.4.3, and summarized
in Table 1. As an independent check on the decomposition, we perform a similar
fit by replacing the Nuker bulge with a Sersic bulge, presented in § 4.4.4.
We note that even though M31 has a large disk component, using 1-D decom
position, KB99 show that the extrapolation of the disk into the center, and within
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the WFPC2 FOV, is nearly constant at

~ 20.4 mag/arcsec^. Henceforth we

adopt this value as a sky level in all fits.
3.4.1.2

Determining the Number of Components

We determine the number of components to fit iteratively by starting with the
bare-minimum assumption, then increase that number to see how the fit im
proves x^- L93 has already found that two components failed to fit the M31
nucleus. Therefore, our first trial starts with three, representing PI, P2, and a
bulge. For a three component fit, the xl is 1.57, with N^of = 1.6 x 10^. In compar
ison, an excellent fit to the bulge in the PC image, after masking out the double
nucleus, produces a significantly lower xl = 1-25. The reason for the bad fit is
that PI is asymmetric (L93, K95, L98, and BAOl), moreover, the UV peak is not
centered on P2 (BAOl). This can be gleaned from Figure 3.1 where the bright UV
peak is displaced to slightly south-east of P2, and PI is not purely ellipsoidal. To
model asymmetry, each nucleus requires at least another component nearby, to
taling five. We use the Sersic profiles for most components, except for the bulge.
For the bulge, we choose from either a Sersic or Nuker component.
Fitting five components to just the PC image and not the mosaic, allowing
all parameter to optimize (40-42 parameters, depending on whether a Sersic or
Nuker function is used), one can obtain a good fit with a xl = 1-31. A closer
examination reveals that the dominant component, i.e. the bulge, in this trial
has an axis ratio q = 0.90 with uncertainty < 0.01. The fit might initially be
deemed acceptable except for the fact that the bulge is noticeably elliptical in the
mosaic image, with an axis ratio q ^ 0.80, and the inner nucleus is even more
flattened. Therefore, at an intermediate radius, there must be a round component
that dominates, and has significantly different properties than the larger scale
bulge. We can derive meaningful bulge parameters from the mosaic image as
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described previously in § 4.1.1, and apply it fixed just to the PC image alone,
using five components. Here again, the component with q > 0.9 reappears at a
highly significant level, at the expense of the UV peak component. Inevitably, in a
realization using five components, the UV peak is poorly fitted because it makes
up only 0.1%, compared to the round bulge component, which makes up as much
as 16%, of the flux in the inner few arcseconds. The round q > 0.9 component can
in principle be a stellar disk seen face on, but this is unlikely. It has a half light
radius "I'A to 3", roughly five times the double nucleus separation. Hence, from
here on we group this component with that of the bulge, but designate it as the
"spherical" bulge (fifth component in Table 1) to distinguish from the large scale
bulge component. We will return to a more detailed discussion of the spherical
component in Section 4.6.
The best fit, therefore, requires six components, with xl — 1.30: two for each
nucleus, and two bulge-like components, to be discussed shortly. To fit PI and P2,
Sersic models do a fine job without having to use a more flexible Nuker function.
Table 1 summarizes the properties of all the components for two different trials.
In the first trial, we fit the dominant galaxy bulge with a 2-D Nuker model, and in
the second, with a Sersic model, we discuss these two scenarios with more detail
independently in § 4.4.3 and § 4.4.4.
3.4.2

Uniqueness and Meaning of the Components

To fit the double nucleus accurately we ultimately resort to fitting the image with
six components, with 40-43 free parameters, which might seem bewilderingly
large and ill-constrained. We emphasize however, that they may not all be phys
ically distinct components. In particular two components are used each for the
bulge and PI because they are not simple to parameterize. Therefore, it may be
more meaningful to interpret the sum of each pair as a single component rather
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than each as separate entities.
With a high number of components, several issues can be raised regarding
the uniqueness and validity of decompositions (A. Quillen and T. Lauer, private
communication). First, if the nuclei are related to an eccentric disk, its light dis
tribution may be irregular and may not be parameterizable. So even if the de
composition may look acceptable, the model will not be physically meaningful.
Another objection is that the presence of the disk may perturb the bulge enough
kinematically to invalidate the assumption that the bulge is smooth at the center.
Therefore, extrapolating the bulge profile into the center based on outer regions
may be unreliable.
We argue that there is evidence that the bulge profile is not disrupted much
by the process of the double nucleus formation: Often, kinematics can reveal
subtle physical attributes (e.g. kinematically decoupled core) that are not obvi
ous in the starlight. Published rotation curves and velocity contours show that
the nucleus has a regular solid body rotation out to Cf'5, which becomes Keplerian
beyond 1" (KB99, BAOl). The kinematic curves are otherwise featureless apart
from the velocity dispersion peak being offset Cf'2 from the UV peak away from
PI. Therefore, either the formation of the disk has not been sufficiently violent
to disarrange the nuclear dynamics, or the perturbations have relaxed into the
bulge. Hence we believe the bulge can be parameterized by smooth functions
down to small physical scales. Furthermore, we believe that the degree to which
the double nucleus is parameterizable and regular may yield insights into the
eccentric disk and formation model predictions on the morphology. Being a com
plicated system, irregularities in the nuclei would likely show up in the residuals
because the functions we fit have a high degree of symmetry. Recognizing, how
ever, that inferences about the morphology of the double nucleus is intimately
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tied to the bulge, we will check how assumptions about the bulge can affect the
decomposition. As a prelude to discussions to come, we find that, throughout
various trials for the bulge, the sum of the parts for PI, P2, and the bulge, result
in fundamentally similar components, even if individual sub-components may
not be unique. For these reasons we believe the decomposition to be valid and
robust. But ultimately, as with K95 we let the smoothness and the pattern of the
residuals be an empirical guide to what is a reasonable solution.
3.4.3 Nuker Bulge
In their fit to a 1-D bulge profile, KB99 obtain the Nuker parameters: fj-t, — 17.55 ±
0.66, n ^ 6T.7± 6^'l, a = 1.08 ± 0.59, /3 = 1.51 ± 0.57,7 = 0.25 ± 0.25, based on a fit
to a region ^'5 < r < 300", excluding the double nucleus. The large uncertainties
are due to parameter coupling in the Nuker profile. As initial parameters to our
fit of the bulge, we use the values from KB99 but allow them to vary.
The best fit model we obtain, according to x^, has a bulge that is represented
by a Nuker model, with an overall xl = 1-30. In all, six components are used,
and they fit the entire bulge region well, as shown in Figure 3.4.3a. Figure 3.4.3b
shows the net residuals; Fig. 3.4.3c shows the model + residual for PI, and simi
larly for P2 in Fig. 3.4.3d. The images shown in Fig. 3.4.3 are fits to deconvolution
restored image of L98, but the numbers presented in Table 1, including xl are
from the unrestored image for reasons in § 4.3.2. In comparison to KB99, our fits
to the mosaic and dithered PC images produce parameters very similar to that
obtained by KB99, to within their uncertainties:

= 17.76,

— 6(j'48, a = 1.10,

= 1.99,7 = 0.17. Our central cusp measurement, 7 = 0.17, is slightly shallower
than KB99, 7 = 0.25, in this more detailed fit to the double nucleus.
In this model, the centroid of the bulge model is displaced (ARA, ADEC) =
(—0f!06, — (t'15) from the UV peak, which is a direction away from the dust patches
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Figure 3.2: Decomposition of M 31.(a) bulge + nucleus, (b) residuals from 2-D
GALFIT are shown in positive grey scale, (c) PI component, (d) P2 component.
The contour intervals are arbitrary.
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in the bulge. Such a large shift is most likely due to disturbance by dust around
the nucleus; forcing the bulge to be centered on the UV peak increases the xl by
0.003. In light of the unknown effect by dust, this small difference may not be
statistically significant.
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Figure 3.3: Image of the fit residuals divided by the local RMS, with intensity
scale shown to the right. The calculation of the RMS image is discussed in § 4.3.2.
The large circle has a radius of 0.5 arcsec centered on the UV peak (small central
circle). The other two circles at (- 0.51, —0.02) arcsec and (0.28, 0.1) arcsec repre
sent the position of PI (left) and P2 (right), respectively. The image orientation is
the same as Figs. 3.1 and 3.4.3.
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Figure 3.4: Model of the eccentric disk, PI and F2. The position of the UV peak is
marked by a circle at the center. The contour interval is 0.1 magnitude.
The residual error in Fig. 3.4.3b is 6% on average at the location of the worst
fit, which is comparable to the SBF. The parameters obtained using the dithered
and deconvolved images agree very well to within the uncertainties. Figure 3.4.3
shows the residuals near the double nucleus divided by the RMS image - the
calculation of which was discussed in § 4.3.2. The worst fit within the 1" circle
is near PI at {-(i'22, 0'D4), where one pixel deviates by -3.7xRMS. Indeed, even
though the fit is overall quite good, there are differences between the model and
the data. In Figure 3.4.3, we show the model image by summing P2 (without
the UV peak) and the two components of PI, together making up the eccentric
disk. The contour spacing is 0.1 magnitude and the circle at (0",0") marks the
location of the UV peak. Comparing Fig. 3.4.3 and Fig. 3.1 shows that although
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the asymmetry of PI is well modeled, PI in the data is slightly rounder than
the mode], causing an oversubtraction near {-(i'22, 0!O4). Simultaneously fitting
a 7th component to the image does reduce the elliptic!ty of PI somewhat, and
reduces the xl by 0.02. However, as the superficial improvement does not affect
the results below, we choose to present a simpler model using 6 components.
The major axis orientation of the eccentric disk is at PA=59.25°, as shown in
Fig. 3.4.3. Assuming the disk is thin and circular at outer isophotes, its inclination
is 50±1° to our line of sight. The sum of the fluxes from P1+P2 is rriy ~ 13.12±0.06,
or Mv = -11.55 after correcting for galactic extinction and distance. The mass of
P1+P2 is Mpi+p2 = 2.1 X lO^M©. In isolation, PI has a brightness of niy = 13.65
mag.
Figure 3.4.3 shows the radial surface brightness profile of the components re
sulting from the decomposition (shifted to a common center), as well as shape
parameters from isophote fitting the entire WFPC2 mosaic V-band image. In that
figure, we represent the individual components used in the fit as dashed lines.
Because PI is asymmetric, we only show the brighter of the two sub-component,
Pla. The UV peak is not plotted. The solid data points shown with errorbars are
the intrinsic profile of the bulge in the absence of the double nucleus. Exterior to
5", those points are measured from isophote fits to the raw image, but interior,
they have to be extrapolated from the analytic model fits because of the double
nucleus. To do so, we create an image of the bulge by summing the Nuker and
spherical bulge components, then fit it with isophotes. For completeness, we also
show the shape parameters of the bulge out to 100"; the cos 40 panel is a measure
of the diskiness (> 0) and boxiness (< 0) of a given isophote. The bulge is only
slightly boxy, evidenced in cos40 and from 2-D fits (c = 0.05). The presence of
the spherical bulge component is manifest in the dip in the ellipticity profile at
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Figure 3.5: Isophote fits to the WFPC2 mosaic image. The surface brightness pro
file panel shows the "intrinsic" bulge profile as data points. Inner to 5", marked
by vertical dotted lines, the double nucleus begins to dominate, so we replace that
region by a sum of the fitted Nuker + spherical bulge components (see text). The
profile of the individual components used in the fit is shown in dashed lines. The
solid line running through the data points is a 1-D Nuker function with parame
ters embedded in the figure. In the right-hand panels, PA is the position angle, e
is the ellipticity, cos40 is the diskiness (> 0) and boxiness parameter (< 0).
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r = 2". Although the bulge profile in general appears to be smooth with a gentle
curvature farther out, with no apparent breaks (see KB99), in the decomposition,
there appears to be a break at a radius of 1"S1. This kind of behavior is sometimes
seen in large bulges or spheroidal systems (e.g. Lauer et al. 1995, Peng et al.
2002). We plot a 1-D Nuker function having the parameters shown in the figure
to guide the eye; it is not strictly a fit that minimizes the

We will discuss this

break in more detail in § 4.5.
For the remainder of this sub-section, we test the extent to which PI and P2
are affected by details of the bulge decomposition. To put a limit on the central
cusp of the bulge we remove the UV peak model and instead fit the bulge to that
location and allow all the parameters to re-optimize. The profile of the UV peak
differs significantly from that of the bulge, and the

increases by ~ G.01 to 1.31,

with 7 = 0.19.
In this model, the bulge component is centered near the UV peak. How
ever, P2 remains significantly off-centered from the UV peak by (ARA, ADEC) =
(-Of'24, -f/'.15). We test to see if this is real or is caused by fitting degeneracy by
forcing P2 to the UV peak position. We refit both the deconvolved image of L98
and our own dithered image. Both fits produce residuals much worse than the
asymmetric models. In particular, in the unrestored image the region in between
PI and P2 is significantly over-subtracted.
To constrain the luminosities of PI and P2, hence the eccentric disk itself, we
increase the nuclear slope parameter 7 from the best fit value. If 7 is forced up to
0.40, the fit significantly oversubtracts the bulge, which can be safely ruled out.
This fit puts a lower limit on the brightness of PI to be 0.15 mag, and P2 to be 0.4
mag, fainter than the optimal fit.
In their decomposition, K95 find that PI has a brightness of rn^ — 14.8, and
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in L93, they find 14.5. Our numbers are significantly brighter than both by about
0.9 to 1.2 magnitude. The differences may be in our assumptions about the true
shape of PI and P2, as well as the relative contribution of the bulge. L93 assume
that both PI and P2 are individually symmetric and concentric, with the bulge
centered on P2. Part of the remaining differences might also be in the criteria
of smoothness. Our criterion is formally more strict than theirs. L98 also find
the blue UV peak to have my — 18.7 ± 0.3, in good agreement to our finding
of my = 19.07 ± 0.52, which is represented by a Sersic profile. Both the large
uncertainty and the large boxiness, c = 0.67 ± 0.02, are caused by the SBF.
3.4.4 Sersic Bulge
To test how different assumptions about the galaxy bulge can affect the decom
position of PI and P2, we redo the above fit by replacing the Nuker bulge com
ponent with a Sersic model. Figure 3.4.4 shows the surface brightness profile and
shape parameter plots similar to Figure 3.4.4. The most prominent difference be
tween the two is the extent of the bulge profile slope inner to a radius of
terms of

2". In

this fit is degenerate with that presented in Figure 3.4.4.

Another notable difference between this decomposition and the previous is
the strength of the spherical bulge component, which now has a brightness of
my = 13.51. Although this component is somewhat fainter than the previous fit
(my = 12.76), it is still a significant component in the bulge relative to PI and P2.
In this realization, the light from the two components PI and P2 adds up to
my = 13.06, which is nearly identical to the nominal fit with a Nuker bulge above.
PI has a magnitude my = 13.66, again, nearly identical to before. This decom
position illustrates the main point of these different exercises - that throughout
various trials, although the sub-components of PI or P2, and even the bulge con
tribution, may not be unique, their summed flux values and shapes are insensi-
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Figure 3.6: Isophote fits to the WFPC2 mosaic image. The surface brightiiess pro
file panel shows the "intrinsic" bulge profile as data points. Inner to 5", marked
by vertical dotted lines, the double nucleus begins to dominate, so we replace that
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profile of the individual components used in the fit is shown in dashed lines. The
solid line running through the data points is a 1-D Nuker function with parame
ters embedded in the figure. In the right-hand panels, PA is the position angle, e
is the ellipticity, cos4(9 is the diskiness (> 0) and boxiness parameter (< 0).
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live to model assumptions and initial parameter values. In the discussions below,
we formally adopt the parameters from the Nuker bulge decomposition because
it gives a slightly better fit statistically, and is a more general fit to the bulge,
whereas the Sersic profile has, by definition, a flat core.
3.4.5

The Spherical Bulge Component

In the previous two sub-sections, we preluded the presence of an underlying
spherical component embedded inside a much larger bulge, and is distinct from
the double nucleus. With the bulge accurately removed, this extra component
has an axis ratio q — 0.97 ± 0.02, an effective radius of 12 pc 0'2), and close to
an exponential disk profile. In comparison, the bulge has an axis ratio of q =
0.81 ± 0.01. The spherical component half light radius is roughly 5 times the
separation of the double nucleus, moreover, contains 16% of the flux within 2"
(Table 1). It is essential for a good fit, both qualitatively and quantitatively, as
shown throughout various trials above.
The spherical bulge component is not likely to be caused by dust in the bulge.
Figure 3.4.5 shows a bulge subtracted residual map of the entire WFPC2 mosaic
in the V-band. Superimposed on the residual map are contours from the image
prior to subtraction. The compass arrows show the major axis orientation of the
large-scale galactic disk and bulge. Apparently, the bulge isophotes are elliptical
well into the central few arcseconds, where there is little sign of dust. In fact,
Figure 3.4.5 shows a V' - I color map of the WFPC2 FOV, revealing strong color
differences in areas affected by dust. Remarkably, within 10" of the center, the
presence of dust actually diminishes. Rather than due to dust, the existence of
the spherical component most likely results from a small but significant departure
from the Nuker profile and shape of the bulge.
Quillen, Bower, & Stritzinger (2000), using HST NICMOS images, discover
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Figure 3 .7: A residual image with the bulge and nucleus subtracted, showing a
dust lane that runs clear through the center. The isophotes superposed are from
the same image before subtraction, and have logarithmic spacing. The compass
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Figure 3.8: A {V - I ) color map showing color gradient of the bulge. The arrow
heads mark the location of the double nucleus. The image has been smoothed
over by a Gaussian kernel of A
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that many galaxies, especially luminous core-types with boxy isophotes, have
rounder isophotes at small radii. Peng et al. (2002) also show that a spherical
component can be accurately extracted from the centers of some other galaxies.
There are two theoretical models that predict the decrease in ellipticity and boxiness. One involves the mixing of stochastic orbits by the presence and growth
of the central SBH (Norman, May, & van Albada 1985; Gerhard & Binney 1985;
and Merritt & Valuri 1996), which steepens the central cusp. The other involves
a dissipationless merging of binary black holes that scatter stars from the cen
ter (Milosavljevic & Merritt 2001), thereby flattening the nuclear cusp, with a
break radius that can extend well beyond the sphere of influence of the SBH. In
Milosavljevic & Merritt (2001) model, binary black holes of similar mass can eject
stars amounting to the combined mass of the black holes. Consequently, these
randomized stellar orbits, after redistributing in phase space, could conceivably
have produced a spherical bulge component, whose mass would then be roughly
that of the coalesced black holes. The discovery of the spherical component, in
addition to the shallowness of the bulge cusp, suggest that the binary merger
scenario is a more natural explanation for the bulge formation. Furthermore, the
mass of the spherical component inferred from its luminosity of TTV = 12.76 is
2.8 X lO^M© - a mass surprisingly similar to the SBH of 3 x lO^M©. It remains to
be seen whether this agreement is a mere coincidence, or a confirmation that the
bulge had been scoured by merging binary black holes.
If the spherical bulge component resulted from a binary black hole merger
scenario, then the eccentric disk was formed more recently than the bulge. The
mixing of stellar orbits after a binary SBH merger would have erased any or
ganized sub-structure that previously resided at the nucleus. This hypothesis
is consistent with the finding of SBV98, who discover that the nuclear stars are
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significantly younger than stars in the bulge.
3.5 Large Scale Bulge Properties
3.5.1 Bulge Parameters and Correlations
KB99 show a 1-D profile of the bulge, assembled piece-wise from several studies,
out to 6300". Their plot shows that the bulge has a gentle curvature which has
no meaningful break radius. On the other hand, in my representations of Fig
ures 3.4.3 and 3.4.4, the bulge appears to have a triple power law with a distinct
break in the bulge profile near

2"

which has not been seen before because of the

complications caused by the double nucleus below r = 5". From § 4.4.3, we ob
tain 2-D Nuker parameters that are very similar to those obtained by KB99, which
is seen as a dashed line in Figure 3.4.3, and which indeed does have a large break
radius. However, including the spherical bulge reveals there to be a significant
break at r

2". Whereas before, inferring from the Nuker fit alone, M31 bulge

falls outside of the correlation between

with galaxy luminosity and Hb found

by Faber et al. (1997), our bulge decomposition shows that the correlation now
holds very well. Our new estimates on the luminosity density (j), slope (7), and
the corresponding mass density (p), and slope (•0) values are listed in Table 2.
They, too, now fall within correlations with galaxy luminosity shown in Faber et
al. (1997).
3.5.2 Spiral Dust Structure and Color Gradient
The decomposition of the mosaic I'-band image (Figure 3.4.5) shows a beautiful
dust lane that runs from the lower-left of the image towards, but stopping near,
the center of the nucleus, and reappearing on the other side. This feature has
previously been noted in ground based studies of Wirth, Smarr, & Bruno (1985)
and SBV9S. In SBV98, the spiral dust arms extend out to roughly 30" on both

154
sides of the nucleus.
The color map of Figure 3.4.5 reveals a significant gradient between the nu
cleus and the bulge further out, toward the South. It also highlights the winding
dust lanes towards the nucleus. However, it is curious that despite the extensive
structure, the dust arms appear to stop within 10"-15" of the center. This will
be discussed further in § 4.7. The color difference between the nucleus and its
immediate surrounding noted by L98 and BAOl is evident.
3.6

Formation of Eccentric Disk by Natural m = 1 Mode vs. Disruption

The mass of P1+P2 is instrumental for deciding between competing models that
form the double nucleus, in particular between the natural rn — 1 models (BAOl
and SSOl), and the star cluster disruption model of BEOO. All three produce an
eccentric disk as proposed by Tremaine, and broadly satisfy key dynamical and
morphological constraints. In BEOO model, the key requirement is that the glob
ular cluster gets completely disrupted and scattered into a thick disk by the SBH.
A massive cluster with strong self-gravity must approach the black hole at a low
impact parameter, which translates into a disk with high ellipticity and a short
life time. To satisfy the morphological and dynamical constraints, the cluster size
is limited to ^ 3 x 10®M©. On the other hand, the BAOl and SSOl models can be
considerably more massive, in the range 0.7-2.1 x lO^M©.
Our nominal integrated brightness for P1+P2 is rriy = 13.12±0.06 which trans
lates to a mass 2.1 x 10''Mq. In comparison to globular clusters in M31 (Barmby,
Huchra, & Brodie 2001), PI alone (my = 13.65, M = 1.2 x 10''M©) would at least
be in the 90 percentile of the most luminous globular clusters. Table 1 lists two
sets of masses for apertures r = 1" and r — 2" centered on the UV peak, for all the
components. We find that within r = 1" of the UV peak, the masses of the compo
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nents are M^uige = 8.3 x 10®M©, Mpi = 7.4 x 10®M©, and Mp2 = 5.0 x 10®M©. The
sum P1+P2 is comparable to the black hole mass of 3 x lO^M©. For convenience,
we also provide masses within 2" aperture of the UV peak in Table 1.
The total mass of P1+P2 determined here is about an order of magnitude too
high for the globular cluster disruption scenario to work. We note that PI alone
has sufficient mass to rule out this scenario, if P2 is at least in part considered
as the bulge. The eccentric disk masses determined by L93 and K95 can rule out
the globular cluster disruption scenario, as well. BAOl also conclude the disk is
massive, 1.7 x 10''M©, based on modeling the bulge with multiple Gaussians. Our
mass determination for the eccentric disk, being higher than the first two studies,
provides additional buffer to rule out reasonable uncertainties in the M/L ratio
by factors of a few. On the other hand, our P1+P2 flux is somewhat fainter (by
0.57 mag) than the measurement of m,. = 12.55 by KB99. All estimates of the disk
mass are that it is massive, while Section 4 has shown that the uncertainty due to
the bulge decomposition amounts to about 6%. Therefore, the formation model
favored is that of BAOl or SSOl. In their models, an initial circular disk of stars
was formed in the bulge, but became more eccentric after a brief encounter with
a giant molecular gas cloud or a globular cluster, which need not be disrupted.
The discovery of a spherical bulge component confirms that the bulge poten
tial is spherical around the double nucleus, which might be important for sustain
ing a thin eccentric disk. In a triaxial potential, an uniformly precessing eccentric
disk, held together by self-gravity, is subject to tidal torque exerted by the bulge,
which can cause misalignments in the orbital configuration, or cause the orbits to
diffuse into the bulge through phase mixing.
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3.7 Discussion and Conclusion
We decompose M31 with GALFIT to accurately extract the double nucleus. The
large scale bulge is made up of two components: a small, spherical structure,
embedded at the center of a large, and moderately elliptical component. We then
use the decomposition to study the structural parameters of the bulge, finding
that the break radius, r^, correlates with other galaxy parameters that are found
in Faber et al. (1997) for a large sample of early-type galaxies. The spherical
component extracted has a mass of 2.8 x WMQ, which is surprisingly similar to
the mass of MSl's supermassive black hole. It remains to be seen whether this is
the result of binary black hole mergers, as predicted by Milosavljevic & Merritt
(2001) N-body simulations, or a mere coincidence.
The inferred mass of PI and P2 combined is comparable to the black hole
mass, and the bulge mass contained in a small region out to the radius of 1"
from UV peak, with relative masses M, : M^uige • Pi : P2 ~ 4.3 : 1.2 : 1 : 0.7.
The inferred mass of P1+P2 is insensitive to the bulge parameters, as others (e.g.
BAOl) had also found. Coupled with the large impact parameter suggested by
the disk, it seems a cluster that resulted in the eccentric disk of P1+P2 (M « 2.1 x
lO^Mr.;) could not have been disrupted enough by the black hole (M, ^ 3 x 10''M©)
to form an eccentric disk around it. In such a scenario, the progenitor of P1+P2
would have to be still larger than our mass estimate.
The large mass of the disk is consistent with a scenario in which a stellar disk
was formed in the nucleus, then became more eccentric after an rn — 1 perturba
tion, by, for example, passing giant molecular clouds or globular clusters (BAOl).
Another possibility is that an approaching globular cluster of mass ^ 10®Mq
might have come within, and was shredded by, the SBH, then was integrated
into the pre-existing disk (SSOl). Despite how well the current N-body Simula
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tions reproduce the kinematics and morphologies, given that all the components
within 2" of the bulge are comparable in mass, a perturbation that would excite
the m = 1 mode in the disk might also perturb the bulge. Thus it is unclear
whether their mutual tidal interactions need to be further considered in N-body
simulations, or might a smooth bulge potential suffice.
The N-body simulations, coupled with a hypothetical shroud of dust at the
nucleus, might explain both the eccentric disk geometry as well as the slight color
difference between the bulge and the nucleus. However, it can not be the whole
story: KB99 show that PI and P2 have metal line strengths stronger than any
globular cluster, hence they are unlikely to be the digested remnant of a globular
cluster or an elliptical galaxy. A more complete picture also needs to account for
the differing bulge and nuclear stellar ages inferred by SBV98. One viable sce
nario as suggested by L98 is that the disk formation was a separate event that
occurred well after the formation of the bulge. This may be the case because the
bulge formation event would have disrupted any pre-existing sub-stmcture at
the center. To grow a disk to 2.1 x 10''M©, one scenario is by the disruption of sev
eral globular clusters. However, this possibility is remote because angular mo
mentum conservation and scattering by the SBH would tend to produce a more
spheroidal geometry. A more likely explanation, in private communication with
L. C. Ho, is that a significant amount of gas and dust roughly 2.1 x lO^M® had
accreted into the center. Indeed, extended dust structures in Figures 3.4.5 and
3.4.5, as well as SBV98, strongly suggest it was a possibility. Through gravita
tional settling, a circular gas+dust disk enriched with reprocessed material could
have grown steadily, out of which young stars would then form. This might
explain the metallicity enhancement and the younger stellar population in the
nucleus compared to the bulge. The disk might have subsequently experienced a
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kick from a passing GMC or a globular cluster that increased the eccentricity.
However, it is unclear at the moment how long ago or how such a massive
2.1 X WMQ disk could have settled into the center. Assuming that the accretion
occurred in the form of gas, the rate is limited by the near absence of non-thermal
AGN activity at the M31 nucleus. Perhaps a significant amount of wind from star
formation near the center might quench the AGN activity by blowing fuel away
from the central engine (C. D. Impey, private communication). The accretion
+ wind scenario is attractive for explaining the possible presence of a UV star
cluster at the center, and for the absence of dust lanes in the immediate vicinity of
the double nucleus, despite there being a large and extended dust structure mere
20" away (Figs. 3.4.5 and 3.4.5).

Table 3.1. Two Dimensional Image Fitting Parameters
Trial
mv(r < 1" & 2")
Massfr < 1" & 2")
(1)

Func.
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0.45
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Note. — Col. (1): Fitting trials for Nuker or Sfeic bulge type, apparent visual magnitude within an aperture 1" and 2" radius centered on the UV peak, and the
corresponding inferred luminous mass based on M/L = 5.7. Col. (2): Galaxy components used in the fit. Col. (3); RA offset. Col. (4); DEC offset. Col. (5): The fraction
of component flux with respect to the total integrated flux (Col. 1), aU within a r = 1" aperture centered on the UV peak. Col. (6): Same as Col. 5, but with r — 2"
aperture. Col. (7): For Nuker, it is the surface brightness at the breaking radius. For the Sersic profile it is the total brightness. For the offset component (which represents
an exponential disk) it is the surface brightness magnitude. The magnitudes are not corrected for galactic extinction. Coi. (8); r-^ is the breaking radius for the Nuker
power law, re is the effective radius of the Steic law. Both have units in arcseconds. Col. (9): For Nuker, a parameterizes the sharpness of the break. For Sersic, n
is the Sersic exponent 1/n. Col. (10): Nuker asymptotic outer power law slope. Col. (11): Nuker asymptotic inner power law slope. Col. (12): Axis ratio. Col. (13):
Position Angle. Col. (14): Diskiness (negative)/boxiness (positive) parameter. Col. (15): Reduced
of the fit. Col. (16): Comments: Pla and Fib add to form a single
component PI. The last row shows the "representative" uncertainties for the ensemble of profiles. Individual imcertainties are quoted in the text where appropriate.
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Table 3.2. Nuclear Luminosity/Mass Density Parameters
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Bulge Type

Note. — Col. (1): The bulge is defined as the sum of two components described in the text: the spherical
+ Nuker, or spherical + Sersic. Col. (2 and 3): The average logarithmic power law slope of the bulge surface
brightness ((dlog//cZlog r)) within r < d'l and lOpc. Col. (4 and 5): The logarithmic average luminosity density j
integrated within r < d'l and lOpc, in units of [Lo/pc^]. Col. (6 and 7): The logarithmic mass density p inferred
from Col. 4 and 5, in units of [MQ/PC% based on M/L = 5.7. Col. (8 and 9): The average mass density power
law slope i/j ({dlogp/dlog r)), analogous to (7).
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CHAPTER 4
LENSFIT: GRAVITATIONAL LENS IMAGE MODELING

We present a gravitational lens modeling software called LENSFIT, which we
will use to model the light profiles of both foreground and lensed images of
background sources. Similar to GALFIT, this software allows for a simultane
ous optimization of unrestricted number of light profiles for both foreground and
background sources using Sersic, exponential, Gaussian, and PSF functions. In
addition, it is possible to simultaneously determine the lens model using an un
restricted number of softened isothermal ellipsoid (SIE) and powerlaw ellipsoid
mass distribution (PEMD) deflection models. The software minimizes the residu
als using the Levenberg-Marquardt (downhill-gradient) algorithm. In contrast to
the previous lensing algorithms out in literature, this is an image fitting software
where we fit the light profiles of objects rather than the parameters derived from an
image. In this Chapter we present the detailed implementation of LENSFIT - a
program which we will use in later Chapters.
4.1 Introduction
With now over 80 galaxy-mass gravitational lenses known, lensing has become
a powerful tool for studying astrophysics. For studying galaxy structure and
evolution it is the most direct way to measure the elusive mass distribution of
(lensing) galaxies out to intermediate redshifts (e.g. Keeton et al, 2000). It has
also been used to study the interstellar medium of high redshift galaxies (Falco et
al., 1999). In the realm of cosmology, gravitational lenses provide the most direct
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route to measure the Hubble Constant, bypassing the standard "distance ladder"
techniques (e.g. Refsdal, 1964; Impey et al., 1998). Lensing can also magnify
background galaxies such as quasar hosts by stretching them out, making them
more luminous and easier to study (Rix et al., 1999; Kochanek et al., 2000; Impey
et al., 1998).
For many of the above applications it is necessary to first remove the lens
distortion by "deprojecting" the observed image geometry via a lens model. Of
ten, it is straightforward to find a solution that matches the observed geometry
qualitatively, but modeling the data accurately is challenging. Images obtained
with HST can provide astrometry accurate to a few milli-arcseconds (mas), or
better for radio VLBI or VLA maps (of order 10s of /las). With these resolutions
deviations from simple models reveal interesting and important clues about the
gravitational environment surrounding a lensing galaxy. When the external per
turbation is weak, it can be approximated by a "shear" term. However, in many
examples, the external perturbations are strong enough that including multiple
deflection models is necessary (Impey et al., 1998; Kochanek et al., 2000). In one
case, Q0957+561, where the lensed quasar host is highly extended, one can also
distinguish perturbations caused by internal structures of the lens from external
tidal distortions (Keeton et al., 2000).
4.1.1 Comparing Galaxy Fitting to Lens Image Fitting
Similar to ordinary galaxy fitting discussed in Chapters 2 and 3, the goal of
our lens modeling analysis is to extract the structural parameters of all fore
ground and background objects in an image, by accurately reproducing their
light profiles. In contrast, however, modeling the gravitational lenses is usually
much more difficult. First, the classical galaxy fitting can sometimes be simpli
fied down to fitting 1-D light profiles, but fitting lensed images is inherently a
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two-dimensional problem because the background sources are distorted. Fur
thermore, lensed systems are often more crowded and compact

2"), in which

there may be found a lensing galaxy, a quasar host galaxy, and multiple lensed
quasar images. Both the lens and the host galaxies may have multiple compo
nents. Lastly, the lens model can in some cases be very complicated if the lens
ing is caused by two or more nearby lenses. To obtain an optimal solution, it is
therefore desirable to simultaneously fit all the light components of foreground
and background sources, plus the lens deflection models. These goals make lens
image fitting a daunting optimization process compared to galaxy fitting, but
should be implemented to realize the full potential of lensing as an astrophysical
tool.
In this Chapter we present the details of the lens modeling software used in
our analysis. This software, called LENSFIT, is primarily derived from GALFIT,
but with additional capabilities to perform a general lens modeling optimization
simultaneously with light profile fitting. Because of the large overlap between the
two algorithms conceptually and in the actual algorithm, much of the discussion
will be deferred to sections on GALFIT when there are similarities. Here, we will
only present the differences between the two algorithms. The discussions below
will focus on strong gravitational lensing of quasars, and not other types such as
cluster lensing, weak lensing, or micro-lensing. In later Chapters, we will apply
LENSFIT to study the morphology of quasar host galaxies that have been lensed
by foreground galaxies.
We begin by discussing the different kinds of algorithms in literature and the
reasons for writing a new lensing algorithm

LENSFIT

(§ 4.2). Section 4.3 will

discuss some lensing terminology and lens theory, followed (§ 4.4) by how the
theory is incorporated into LENSFIT. To produce the lens deflection it is neces
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sary to have a deflection mass model, and we explore the two types used by
LENSFIT in § 4.5. Determining the lens model is a complicated business, and we
discuss our technique in Section 4.6, followed by the reliability of the lens fitting
technique (§ 4.7). Section 4.8 will present the parameters for the input file to oper
ate LENSFIT, which are in many ways similar to GALFIT. We conclude in Section
4.9.
4.2 Computational Considerations
There are a number of lens modeling softwares published in literature by var
ious authors. The GRAVLENS (Keeton, 2001) package is a fully general code
capable of deprojecting both lensed images of quasars and host galaxies alike,
using a large arsenal of lens deflection models. Extended Einstein rings and arcs
are very useful in lens modeling because they can provide extra constraints to
break numerical degeneracies arising from using only the quasar images. To
ward this goal, GRAVLENS can deproject and recover the intrinsic shape and
profiles of background sources, without making prior assumptions about either.
LensClean (Kochanek, & Narayan, 1992) and RING CYCLE (Kochanek, Blandford, Lawrence, & Narayan, 1989) operate on the same principles and have simi
lar capabilities. In contrast, several other codes model arcs and Einstein rings by
assuming a parametric form for the light profile of the source (e.g. Kochanek et
al., 2000; Kochanek et al., 1989; Kochanek, & Narayan, 1992; Wallington, Kochanek,
& Narayan, 1996; Tyson et al., 1998). Then, background sources are ray-traced
into the foreground given a lens model to compare with the data, and the param
eters of both are continuously adjusted until a best fit is achieved.
The primary goal of the LENSFIT program is to model closely the light pro
files of all objects in an image. To do so, all objects are represented by para
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metric functions, including the light profiles and the deflection models. Because
the geometry of galaxy lenses are compact, it is desirable to deblend all the ob
jects and determine the lens models simultaneously. Using another technique
which detaches the process into separate steps may introduce biases in deter
mining the properties of the host or the lensing galaxies. These high computa
tional demands require an optimization algorithm that is efficient at exploring
large parameter spaces of potentially 15 - 40 parameters, and LENSFIT uses a
Levenberg-Marquardt non-linear least squares algorithm to find the best

In

the minimization, the speed afforded through Levenberg-Marquardt is highly
desirable because of needs to test various lens models interactively through trial
and error.
4.3 The Lens Modeling Technique
A thorough discussion on lens theory is provided in a book on lensing (Schnei
der, Ehlers, & Falco, 1992), and summarized previously in Chapter 1. Here we
summarize the practical details needed to understand the implementation in our
algorithm.
4.3.1 The Image and the Source Planes
In LENSFIT objects can be conceptualized as residing either on the "image" plane
or the "source" plane (Figure 4.1), regardless of their actual redshift. Light from
the lensed background sources (or just "sources" for short) originates from the
source plane. Conjugate to the source plane, the image plane is what we observe,
onto which the light profiles of all objects are projected. The image plane contains
images of all foreground objects, the distorted light profile of the background host
galaxy and the multiple images of the background quasar. The term "foreground
object" refers to anything which is not distorted by the lens deflection model;
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Figure 4.1: A cartoon illustrating the relationship between the image plane and
the source plane.
where it is along the line of sight is unimportant.
The lensing galaxy resides on a "lens plane" in between the source and the
image planes (also see Figures 1.3 and 1.4). In the so-called thin screen approxi
mation, the deflection action is well approximated as an impulse at the lens plane
because the redshift slice over which light deflection occurs is infinitesimally thin
compared to the distance from us (the observer) to the background source. If the
deflection is in fact caused by more than one lens plane along the line of sight,
there is no loss of generality in this treatment. It can be taken into account after
the overall deflection model has been found.
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4.3.2 Basic Lens Theory and Ray Tracing
In Figure 4.1, we define three angular vectors x = ( x , y ) , u ~ { u , v ) , and

in the

image plane, source plane, and lens plane (not shown) respectively, such that
light originating from source plane at vector u arrives at x upon deflection by the
lensing galaxy. The vector

laying on the lens plane (also see Figures 1.3 and

1.4), is the impact parameter of a passing ray relative to the center of the lensing
galaxy. In most presentations, x and u are taken to be centered on the lensing
galaxy in projection. However, as this is arbitrary, we choose the origin of our
detector to be the origin of all three planes. This definition is useful when there
is more than one deflector in the model. In the absence of a lens model, x=u, i.e.
the image plane and the source plane collapse into one, and there is no difference
in the algorithmic behavior between LENSFIT and GALFIT. Introducing a lens
model alters the appearance and positions of background sources.
The relation between x and u is the familiar lensing equation from Chapter 1:

u = X — a,

(4.1)

where,

(e) ,

(4.2)

and V(/!>({) is the gradient of the total two-dimensional gravitational potential. As
the lensing potential can be a sum of several lensing galaxies, the deflection is
a vector sum of individual contributions. The lensing potential is related to the
surface mass density E(f) of the lens via the Poisson equation:

(f) = 2k (e) ,
where K{^ —
density for lensing:

(4.3)

is the surface mass density relative to the critical surface
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and Dos, Dot, and Dig, are the angular diameter distance from the observer to the
source, observer-lensing galaxy, lens-source, respectively. The Poisson Equation
4.3 can be solved and differentiated to yield the deflection angle a, which is:

a=~ [~i^K(e)dl

(4.5)

and the integral is taken to be over the lens plane. Because of the lens distortion,
the apparent stretching of a unit meter-stick of the background source is related to
the magnification (or amplification of a point source), and is calculated according
to the Jacobian matrix (the magnification tensor);

du^

^

\xx
'^,xy

where
cation, i.e.

(4.6)
1

4',yy

The caustics in the source plane are regions of infinite magnifi
= 0, and are mapped to critical curves in the image plane.

To create the lens distortion, pixels from the source plane are ray-traced into
the foreground image plane: x= {x, y) —v u— (u, v) via Eq. 4.1 and a lens model
Eq. 4.5. The lens model will be described further below. In practice mapping
in the "forward direction," i.e. from source —> image plane, computationally re
quires solving for multiple roots in the lens deflection equations, and some of the
solutions may lie outside the image plane. The simpler approach is to map "back
wards" from the image —>• source plane. Since every pixel in the image plane has
a corresponding source plane position, this mapping is fully general.
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4.4 Image Fitting Technique
To generate an image, one has to distinguish between an object which is in the
foreground from an object which is in the source plane. Objects located in the
foreground are generated in the standard way, which is described more fully in
Chapter 2. Objects which are lensed are first distorted by a deflection model.
Just like GALFIT, once the light profile models are generated, they are con
volved with the PSF to simulate the "seeing" of the telescope optics. The con
volved image is then compared with the data image to minimize the residual
between the data flux in the image plane and the model flux.
4.4.1 Subsampling Pixels
In generating light profiles, it is important to consider how and when to finely
sample a pixel because the flux gradient and curvature in some parts of the im
age may be large. If the sample size is coarse the profile may not be accurate.
However, finely sampling an entire image can dramatically reduce the compu
tation efficiency. Therefore it is important to use a method which can adapt the
sampling size to several situations:
1. Near the center of a foreground object: One special case to consider is near the
center of a model, where it is important to integrate the model over the entire
pixel, as opposed to sampling the flux at one point, because of the rapid rise
in flux and the second derivative (absolute value) of the flux profile may be
large. The integration is done most easily by discretely summing over subpixels. This technique is straightforward and has been discussed previously
in Chapter 2 on GALFIT. LENSFIT uses the same technique.
2. Near a lensing critical curve: In gravitational lens modeling, it is also impor
tant to oversample regions around a critical curve where the magnification
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Figure 4.2: Subsampling a pixel surrounding a lensing critical curve in the image
plane. The blue lines represent the outline of original pixels while the black grids
represent the sampling technique.
is large (|/i[ > 1) or small (|/x| <C 1). Where the magnification is small, a
short vector in the image plane maps to a long vector in the source plane;
a pixel in the image plane may thus extend over a sizable region across a
source which must be integrated. Furthermore, if the vector crosses over
the center of a source and the sampling is coarse, the model may "skipover" the peak, which would lead to either under-predicting the number of
quasar images or the flux of the source. Lastly, if an image is located near
a critical curve, the magnification of the image is highly sensitive to the ex
act position of the source. This, too, would seriously affect the modeling
of point sources or other sources where the flux gradient is large across a
given pixel.
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In LENSFIT the pixel sampling is adaptive depending on the proximity of
a pixel to a critical curve, where the image magnification is infinite, or if
a pixel is close to the center of an object. In the first scenario, if a critical
curve is located between two neighboring pixels, both the pixels are subdi
vided by a factor of 4. With each subdivision the magnification is examined
and the pixels are divided further if necessary. Figure 4.2 illustrates a tiling
algorithm for a 5-layer tiling scheme.
3. Near the center of a background Source: In generating multiple images of back
ground sources, it is also important to oversample when the corresponding
image plane pixel is near the center of an object in the source plane.
For extended sources the pixels are subdivided by a factor of 32 x 32 within a

radius of 5 pixels from the center.
For point sources it is crucial to pin-point the peak to a much higher pre

cision: near regions where the magnification is high a small shift in source
position can lead to a large shift in image position and image magnification.
If the image pixel deprojects to within AO • |/x| < 2 pixels in the source plane,
we subdivide it by a factor of 25 < |l//ip < 100, i.e. depending on the
magnification. Within each subpixel the lens deflection equation is repeat
edly computed as the algorithm tries to pin-point the image plane location
that corresponds to a given source model position by using a root-finding
algorithm. Once the location is determined, the magnification is known
accurately and a PSF is placed in the image plane scaled by |/i|.
4.4.2

The Light Profile of Galaxies

The light profiles of extended sources used in LENSFIT are primarily represented
by Sersic, exponential disk, and Gaussian functions as defined in Section 2.2.3
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to which we refer for details. Most axisymmetric galaxies at moderate to high
redshift are well described by these functions; the spatial resolution is not high
enough to warrant the use of higher order profiles such as the Nuker function.
The distorted images of lensed extended sources are mapped by transforming
coordinates in the image plane (x, y) to the source plane via the deflection Equa
tions 4.1 and 4.2: •//. = x -

y)

and v — y — (j>,y{x, y), where 4>,x and (j)^y are

derivatives of the gravitational potential (p{x, y) with respect to the spatial axes x
and y, respectively. Given the source plane flux fsrc{u, v), the flux in the image
plane is simply;

4.4.3 The Light Profile of Point Sources
There are two ways to simulate point sources, lensed or not, in LENSFIT, just like
in GALFIT. One can fit narrow Gaussians with a small FWHM convolved by the
PSF just as though fitting galaxies. Or, one can use an actual PSF, which has 3 free
parameters (x, y, magnitude or flux).
If a point source is placed in the source plane, the lens model would predict the
number of images, their positions, and the flux ratios. While the lens model can
often predict the number and positions of the quasar images accurately, rarely
do their flux ratios match the observations. This may be due to microlensing by
substructures in the lensing galaxy or a time delay response between the different
quasar images. Without knowing the exact cause we can nonetheless compensate
for the discrepant flux ratios and accurately model the fluxes. To do so, it is useful
to artificially introduce extra unlensed point sources on top of the lensed quasar
images. These point artificial point sources can have either positive or negative
amplitudes. Negative amplitudes can represent the "de-magnification" of lensed
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quasar images.
If a point source is lensed, the images are created slightly differently than from
a lensed extended source. While the coordinate mapping is the same, the flux in
the image plane is magnified from the source image by the factor n, where from
Eq. 4.6,

^

(1 - (p'xx){l - ^'yy) -

Note that the magnification can be a negative value (or "parity"), which means
that the image, if resolved, would be a mirror reflection of the original in addi
tion to being magnified or demagnified. When computing the fluxes, only the
absolute value of the magnification is relevant.
4.5 Lens Mass (Deflection) Models
To produce the lens deflection it is necessary to choose a mass distribution, com
prised of both dark and luminous matter. Because the dark matter content may
not be traced by the visible light of the lensing galaxy the radial and the azimuthal
mass distribution are determined by fitting the quasar images and their lensed
host galaxies. Broadly speaking, the azimuthal shapes of the lensing galaxy (e.g.
the axis ratio and position angle) determine the azimuthal geometry of the sys
tem while the radial profile (i.e. central concentration) determines the angular
size. Both are important for predicting the brightness distribution of the lensed
sources.
In lens models, even though quasar images are bright, they offer a limited
number (2-4) of pencil-beams through the lensing galaxy to probe its mass distri
bution. In addition, the flux ratios of the quasar images are often not well pre
dicted by the lens models because of microlensing or quasar variability. As such.
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quasar images alone are often not sufficient to strongly constrain the mass profile
of the lensing galaxy. If lensed arcs or Einstein rings are detected strongly, they
can provide a large number of additional constraints and sight-lines into probing
the lensing galaxy, moreover, they are not affected by microlensing or time-delay
variability. However, the added complication is that one does not know a priori
the intrinsic shape and profile of the background source, so they must be fitted si
multaneously with the lens model. Furthermore, the signal-to-noise ratio of arcs
and Einstein rings is generally lower than the quasar images.
Currently, there are very few systems which have strong lensing constraints
that can robustly establish the detailed structural profile of a lensing galaxy. One
such example is Q0957+561 presented by Keeton et al. (2000). For most other
lens systems, one often assumes a radial mass profile that is supported by physi
cal arguments, such as through studying the kinematics of nearby galaxies. Other
times lens models are obtained through trial and error to match the observations.
By assuming a radial mass profile, the problem reduces to optimizing the size
and the azimuthal shape of the deflection model. The most common models used
today are the singular isothermal ellipsoid, powerlaw, and the constant mass-tolight ratio models, which can match a large majority of the observational data.
In LENSFIT, we have the option to use two models: the softened isothermal el
lipsoid (SIE) and the powerlaw ellipsoid mass distribution (PEMD). These two
models may be combined together in LENSFIT to produce an arbitrarily com
plex mass distribution that one may come across: from single galaxy lenses to a
cluster-type environment. If the external perturbations are weak, they can often
be treated as an additional shear term(7) as we discuss below.
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4.5.1 Softened Isothermal Ellipsoid (SIE)
The softened/singular isothermal ellipsoid (SIE) is a successful yet simple mass
distribution which is well grounded in observations. Flat stellar rotation curves
observed in galaxies suggest that the density profile of the dark and baryonic
mass follow p oc r

for the SIE at large radius. In the inner 10 kpc, Maoz &

Rix (1993), Rix et al. (1997); Rusin, Kochanek, & Keeton (2003); and Koopmans &
Treu (2003), also demonstrate that the mass density profiles of of elliptical galax
ies fall roughly as r

Without a steep central mass profile, lens theory would

predict an quasar image near the center of lensing galaxies (the missing "odd"
image), which has only been observed once in ~ 70 systems. Keeton (2003) fur
ther shows that the profiles of nearby galaxies are steep enough to suppress the
central image, assuming mass is traced by light. Finally, almost all gravitational
lenses known are well-fitted using an SIE for the primary lens (e.g. Lehar et al.,
2000; Munoz, Kochanek, & Keeton, 2001).
The commonly used singular isothermal ellipsoid (e.g. Kassiola & Kovner
1993) has a mass density (in units of critical surface density) of:
1-1/2

=^

(A:'+ 2/7?')

(4.9)

where q is the axis ratio of the isothermal ellipsoid, and b is the mass parame
ter that determines the size of the Einstein Ring (ER). For a singular isothermal
sphere (SIE, q = 1), the parameter b is then the radius of the ER. The deflection
properties, now for the more general softened isothermal ellipsoid are given by C.
R. Keeton (private communication) in a convenient form (centered on the lens):

—

b

(4.10)
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where s is the core radius of the SIE, and ijj = \/q^{x'^ + s^) +

(4.11)
where for a

singular isothermal ellipsoid, s — 0.
4.5.2 Powerlaw Ellipsoid Mass Distribution (PEMD)
The core of nearby galaxies have high central concentrations sometimes even
steeper than a singular isothermal ellipsoid (Lauer et al., 1995). Therefore, an
other useful model is the powerlaw ellipsoid mass distribution (PEMD) which
has a powerlaw slope a, and the surface mass density is given by (C. R. Keeton,
private communication):
52-a

(4.12)
2[s2 + (1 —

+ (1 +

'

where b is a mass parameters, s is a core radius (which can be zero), and e is
related to the axis ratio by q'^ = (1 - e)/(l + e). The power law a is defined such
that M{R) DC R'\ In this formulation, a = 1 corresponds to isothermal, while
a < 1 corresponds to a profile steeper than isothermal.

The deflection properties for this mass distribution do not have an analytic
form, therefore must be numerically integrated.
4.5.3 External Shear
The lensing galaxy is rarely completely isolated, and galaxies near the line of
sight would perturb the lensing potential. In observations, rarely can the above
mass models by themselves fit the constraints provided by the quasar images.
Adding an external perturbation changes the azimuthal (angular) structure of
the lensing potential can often greatly improve the fit. If the perturbation is weak,
one can expand the potential in a Taylor series and use the lowest order terms.

177
In a coordinate centered on the lensing galaxy, the expansion to 2nd order can be
written as (Kochanek, 1991; Bernstein, & Fischer, 1999):

(f)^(j)Q + b- x + — [K — J cos'IiO — 9^)] +
In this expansion, the Oth order term

(4.13)

is the zeropoint of the potential which

is unobservable and produces no overall deflection, so it can be dropped. The
first order term, h • x, is an unobservable uniform deflection term, which offsets
the predicted source position uniformly and has otherwise no consequences on
the lens model parameters, so it too can be dropped. The 2nd order order term
involving K represents the convergence (focusing) due to the perturber and is
equivalent to a uniform mass sheet with density

= K. Therefore it causes

a uniform radial expansion of the lensed source geometry, which is degenerate
with the mass parameter of the main lens. This term leads to the so called "mass
sheet degeneracy" which rescales the time delay measurements by (1 - K) (Falco,
Gorenstein, & Shapiro, 1985). It is usually neglected in lens modeling, and the
only way to constrain K is to separately measure the surface mass density E of
the large scale cluster environment.
The next most influential term in the expansion is therefore the third order
shear term 7, which has the following deflection properties:

(f)^x = 7(2; cos 29^ + y sin 29j)

(4.14)

4 >,y

(4.15)

—

7(^ sin 29^ — y cos 29^)

When the shear is small, its lensing property can sometimes be degenerate with
an ellipsoidal lensing potential. In two-image lenses, it is often difficult to disen
tangle the effects of non-circular potential with an external shear, and with quasar
variability that might perturb the flux ratio of the quasar images from prediction.
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However, in four-image lenses and when the Einstein rings and arcs are resolved
the problem may be better constrained.
4.6

Determining the Lens Model

The final lens models can often be rather complex, involving multiple lensing
galaxies, shears, multiple foreground and background sources. To arrive at a
model, we begin with the simplest assumptions, by first matching the relative
positions and flux ratios of the quasar images, then increase the complexity as
the situation requires.
Whenever possible we use models determined by published studies as ini
tial parameters, but we then allow LENSFIT to fine-tune the lens models to best
match the observed data. There are several reasons why this is desirable. First,
many of the published lens models are constrained only by the point source im
ages of the quasars whereas many of our new HST images also reveal extended
lensed host arcs or Einstein rings that provide additional constraints. In addition
there can be uncertainties in the relative platescale and rotation between various
data sets. Furthermore, if the published data are taken in different passbands,
there can also be color differences in the quasar images resulting from differ
ential extinction either in the lensing galaxy or in the broad line regions of the
AGN. Lastly, because we fit everything simultaneously: the lensed host galaxy,
the quasar images, the lensing galaxy profile and the lens models, our lens mod
els should improve on the previously published models which may have sepa
rated the fitting process into separate steps.
In situations where pre-existing models do not exist, we allow LENSFIT to
determine the lens model on its own, according to the following steps:
I. Approximating a quasar source by a Gaussian function: We fit the quasar im
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ages by lensing an extended Gaussian from the source plane to match the
flux ratios and positions of the quasar images. As the solution converges,
the Gaussian FWHM would gradually converge to a delta function. This
provides a first rough lens model.
2. Adding fudge factor point sources: Because the lens models often cannot re
produce the flux ratios of the quasar images, we add unlensed PSFs on top
of the quasar images to make up the difference. The extra PSFs may have
either positive or negative fluxes.
3. Increasing the complexity of the lens models: If the model predicts the quasar
image positions poorly, or if the deflection model of the primary galaxy
is flatter than the light profile, we add perturbations such as an external
shear. For double image lenses this prescription can fit nearly all cases due
to a small number of constraints. For many quad image lenses, however,
sometimes it is necessary to add additional SIS models at the location of the
brightest neighboring galaxies. The only free parameter for these perturbers
is the mass parameter, b. The other parameters, q and PA, are only allowed
to vary if the quasar positions are not well matched.
In all models, the centroids of the light and mass profiles of the primary
lens should not be more different than one pixel apart, unless there are com
pelling reasons for why they should not be confocal.
4. Replacing a Gaussian source with a real PSF: Once the positions and flux ratios
of the quasar images are matched, we refine the lens model by replacing the
Gaussian source with a true PSF, which is also propagated through the lens
model. The lens model is then optimized once more.
5. Introducing the host galaxy as constraints for the lens model: To take full ad
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vantage of the constraints offered by extended arcs and Einstein rings, we
next introduce a host galaxy. The host galaxy itself may be a composite of
multiple components depending on the residuals of the fit.
6. Optimizing all models simultaneously: With these considerations, all the mod
els (light + deflection, and foreground + background) are allowed to opti
mize simultaneously until the solution converges, yielding the best fit solu
tion.
4.7 The Reliability of the Fitting Algorithm LENSFIT
To understand the reliability of LENSFIT at extracting the host galaxy parame
ters it is useful to create and fit simulated models where the input parameters
are known. However, because of the large number of parameters involved in
lens modeling compared to direct imaging, it is difficult to conduct a thorough
simulation (which will be undertaken later). Thus, for now, to understand the re
liability of the LENSFIT results, it is useful to understand the behavior of GALFIT
under more specific circumstances, because of the large similarities between the
two codes. GALFIT has been tested rigorously by the GEMS survey in two sep
arate studies which will be published elsewhere (galaxy simulations - HauCler
et al., 2004; AGN simulations - Sanchez et al. 2004). We briefly summarize the
results of the simulations here.
We (i.e. the GEMS project, Haufiler et al., 2004) conducted two batches of
automated galaxy fitting tests comprising 65,000 artificial galaxies, split roughly
evenly between pure bulge (n = 4) and pure disks (n = 1). We devised the sim
ulations to study GALFIT under fully automated, realistic double blind, batchfitting mode. In the simulations the Sersic index was allowed to be free to see
if GALFIT could retrieve a reliable morphology. Galaxies were generated and
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placed randomly into 60+ real ACS images among real galaxies, with each tile
containing

200 artificial galaxies. A wrapping script then determined both the

initial parameters for GALFIT based on detections by SExtractor, and the number
of objects to fit simultaneously - all without human intervention other than set
ting up SExtractor and initially tuning the wrapper script. If there were neighbors
within a given radius around an object, they were either fitted simultaneously or
ignored. The decision depended on the luminosities of the neighbors and their
proximity to the central target. Thus in many ways these simulations were re
alistic, but very challenging because the crowding issues have to be anticipated
and solved by the wrapping script. In these studies, real (non-idealized) objects
were fit together with simulated objects, and with no human intervention even
when the fits were compromised because of neighboring contamination. In con
trast, during lens modeling, human interaction is highly encouraged, thus we can
better guarantee the fit quality.
From our simulations we find that the most difficult parameter to get right is
the Sersic index n, which is degenerate with the background sky level, the effec
tive radius Re and the central surface brightness of a galaxy. As the Sersic index
increases, increasing the wing of the profile, it becomes more sensitive to accu
rate knowledge about the sky value. The parameter with the largest uncertainty
is the Sersic index n, which, if determined accurately, would allow all other free
parameters to naturally converge to better than 10%. For pure disks (n = 1) the
results are impressive, naturally converging to n = 1 ± 0.1 (I-CT). In comparison,
the pure bulge simulations n ~ 4 are less reliable. Nonetheless, the Sersic index
converges to n = 3.7 ± 0.6 (1-CT), with the scatter being heavily dominated by
low surface brightness (LSB) objects, and the treatment of neighboring contami
nation. Because GALFIT relies on SExtractor to determine the image fitting size.
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LSB galaxies are not easily recognized as such, and the background sky often
may be held fixed to a high value. LSBs are also highly prone to contamination
by neighbors and the wings of luminous galaxies that extend into the fitting re
gion, which may not be recognized as something to fit or mask out. Taking into
account these issues manually, we convinced ourselves that the vast number of
outliers can be reduced, and our simulations are currently being refined.
In the simulations of pure bulges and disks, the cross contamination, i.e. misclassifying bulges as disks or vice versa, is small

10%) and well understood.

It often has to do with the fact that the wrong galaxy is fitted because cross con
tamination by neighbors can sometimes move a model away from the intended
object to fit, or by not properly treating the neighbors. We can account for misclassification by visual inspection. Thus we do not think this is a serious concern
for manual fitting in LENSFIT.
Pure galaxy simulations like the ones just described are useful for understand
ing the effects of galaxy contamination and crowding, which are especially im
portant in gravitational lenses because many of which have sizes ^ 2" in diam
eter. This regime is fairly well understood. However, AGN fitting also requires
removing the contamination by the central AGN point source. Sanchez et al.
(2004) performed simulations of quasar host galaxy extraction using GALFIT by
creating a broad range of disk+AGN and bulge+AGN images, covering the en
tire range of expected host-to-AGN ratios. In the simulation, the point source
is created by convolving a narrow Gaussian (FWHM = 0.5 pix) with a PSF, and
the host+AGN component are fitted simultaneously. Through deblending over
~ 10,000 objects, they show that our ability to classify the morphology is dom
inated by the ratio between the AGN and the host because of systematic issues
having to do with the PSF. Nonetheless, allowing the Sersic index to vary, one can
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frequently (to better than 80%) dishnguish between a bulge and a disk by draw
ing the division at n = 1.5. Throughout the discussions below, we will therefore
adopt this separation in our analysis to decide what to call a bulge and a disk.
Since our initial findings (Sanchez et al., 2004), we have made several impor
tant improvements to the point source fitting technique so that LENSFIT is now
better at determining the concentration index of the host. Many of the prob
lems associated with the AGN simulations in Sanchez et al. (2004) were caused
by convolving the PSF with a narrow Gaussian (FWHM = 0.5 pix) to model the
quasar. Numerically, the width of Gaussian has an undesirable degeneracy with
the galaxy concentration parameter, even if the FWHM is held fixed in the fit.
Furthermore, because GALFfT relies on calculating numerical gradients for each
of the parameters, it is hard to do so when the profile is narrow. In the extreme
case where the profile entirely fits within a single pixel, GALFIT can not calculate
the gradient for any parameter causing all the parameters to "freeze." The new
algorithm now allows a fitting of a true PSF without convolution. Preliminary
simulations show that the host parameters are retrieved to much higher accu
racy, and new simulations are currently underway. We use this technique in the
lensing analysis.
In lens modeling, there is an additional complication involving uncertainties
in the lensing mass model. For the host analysis we currently use only a single
mass deflection model, namely the SIE. Even though for individual lenses, the
SIE may not be the best model to use, for a statistical ensemble study, it probably
would suffice. With the above caveats in mind, we will explore the morphol
ogy of the host galaxies of gravitationally lensed quasars. However, we should
first elaborate why we will only be comparing our results with space-based data
instead of ground-based data.
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4.7.1 A Comment Regarding Ground-based Observations
Currently there are several studies claiming that host galaxies at z > 1 have
highly extended bulges (;^ 10 kpc), reinforcing a popular notion that they are
fully evolved early-type galaxies. Part of the prejudice comes from observations
that radio galaxies, which are some of the most luminous galaxies at any redshift,
are preferentially large early-type galaxies. Thus, at least the radio-loud quasars
with comparable radio luminosities may also be early-type as well. Most of the
claims, however, were based on data obtained from the ground, while HST ob
servations are largely equivocal. Deep NIR HST imaging studies, for the most
part, could only place upper limits on the host sizes, while the luminosities are
better determined. It is thus worth comparing briefly the relative merits of the
two techniques.
Two of the largest problems associated with ground-based data are the PSF
variability caused by changing atmosphere conditions and the typically large
seeing disk

0'B). Thus the host detections rely on the extended wings of the

hosts. Observations from the ground, especially in the near-lR, rely on typically
long sub-exposures for the science images (to optimize centroiding and data
storage issues) and short ones for the bright PSF stars (to avoid saturation), which
are generally interspersed between the science images. Dithering is often done
throughout observations as well. Thus, the stability of the telescope optics (fo
cus and plate scale changes, vibration, image registering) must all be maintained
to a very stable level. To understand how well, the canonical contrast between
the host galaxies (2 kpc) out at z ^ 2 that are 2 magnitudes fainter than the cen
tral quasar is roughly 50:1 for HSr/NICMOS "seeing" at the central pixel. The
reliability of the host detection is therefore highly sensitive to the quality of the
PSF match with the science data, especially if the ground-based host detections
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rely on detecting faint extensions beyond 1" at a few percent level. In addition
to the telescope optics, the atmospheric seeing changes on time scales of under a
minute to tens of minutes depending on the weather and the airmass. Thus the
ratio between the science to the PSF exposure time plays an important role: if the
bright PSF stars have exposure times on the order of the atmosphere coherence
time (of order 1/50 of a second), the PSF would be significantly narrower than
the science data observed over many coherence times.
Furthermore, even though ground-based imaging can gather more photons,
even the best seeing disk is significantly larger than the effective radius of typical
galaxies at high 2:. However, better seeing also means that the seeing must be
controlled to much higher stability because even a small change in the FWHM
would result in a significant change in the PSF amplitude - a problem which
plagues observations with adaptive optics.
In addition to the seeing, the very high atmospheric sky background in the
NIR makes HST NICMOS unrivaled in its surface brightness sensitivity. Compar
ing the typical sky background of ground-based observations to HST, Schneider
(2002) concludes that HST/NICMOS in J and H-band has an equivalent surface
brightness sensitivity to a ground-based 60m telescope. In the K-band, although
the margin becomes nearly the same, HST/NICMOS is nonetheless highly com
petitive because of the stability and narrowness of the PSF for doing host imaging
work.
While these detailed considerations do not discredit ground-based observa
tions, claims about morphology should be viewed with a healthy degree of skep
ticism. It is worth noting that 3-5 orbit images in H-band (Kukula et al., 2001;
Ridgway, Heckman, Calzetti, & Lehnert, 2001) rarely discover hosts which are
comparable in size to the 10 kpc hosts (at 2 > 1) frequently claimed in ground-
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based observations observed with similar exposure times.
4.8 Input Parameter File
Like GALFIX the input file is divided into 2 sections (Figure 4.3); the image data
section, which is fixed in length, and the object parameter section. The object list
can be extended arbitrarily to increase the complexity of the fit, including mul
tiple lens deflection models, foreground and background sources. Many of the
input parameters in Figure 4.3 are similar to GALFIT with the exception of lens
models and the fact there is an additional convolution region parameter. There
fore we refer to Chapter 2 for detailed explanations on each of the parameters. In
this section, we present the differences between the two algorithms.

Convolution Region (Parameter H):

To model the"seeing" of the telescope

or the atmosphere, the theoretical model images should be convolved with the
PSF before comparing with the data. The treatment of the convolution process is
different for foreground and background (lensed) objects. For lensed extended
sources only a fixed region within the convolution box (Parameter H) is con
volved. If there are no extended lensed sources, then this parameter is ignored.

Convolution Box (Parameter I):

For foreground, non-lensed, objects the con

volution box (Parameter I) follows the object centroid, just like in GALFIT, and
Parameter H (fixed convolution region) is not used. For these objects, the models
are always generated at the geometric center of a pixel. Shifting the model by a
fractional amount from the center is obtained via the convolution theorem, i.e.
the PSF is shifted by the required amount and convolved with the model. This
prevents a model from being artificially broadened due to pixellation effects if the
peak is not well resolved, such as might be the case for a de Vaucouleurs profile,
or for compact objects.
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Note that the difference in the convolution treatment between foreground and
background objects is due to the fact that a single lensed source may have multi
ple centers, in contrast to a foreground object. This can cause the most compact
lensed source to be artificially broadened because of pixellation. On the other
hand, for a background source this effect would be reduced if it is magnified and
stretched by lensing distortion.

Object Type (Parameter S):

Foreground and background sources are distin

guished by parameter S. The "source" models are distorted by the lens model
whereas "foreground" objects are not.
4.9 Summary
In this Chapter we presented an algorithm LENSFIT to model gravitational lens
systems. This algorithm is an image modeling algorithm which uses parame
terized functions to fit the light profiles of objects directly to 2-D images. The
unique feature is that we can simultaneously optimize all the models: light pro
files of foreground, background, and lens models. Furthermore, there is no limit
on the number of components for the light profiles and the lens models. For the
light profiles we draw from the functions: Sersic, exponential disk, and Gaussian.
And for the lens models we use the SIE and PEMD mass distribuhons, and the
external shear 7. The flexibility will allow us to explore the complex lensing envi
ronment of the systems in the future. In the following Chapters, we will be using
LENSFIT and the techniques described herein to model the lensed systems and
to study the structure of the lensed quasar host galaxies.

# IMAGE PARAMETERS
# Input Data image (FITS file)
A) Hresid.fits
# Output data image block
B) Hout.fits
# Noise image name (made from data if blank or "none")
C) none
# Input PSF image for convolution (FITS file)
D) ../../psfs/psfOl-128 .fits
# File with parameter constraints (ASCII file)
E) constraints
# Bad pixel mask (FITS image or ASCII coord list)
F) dust
G) 225 475 230 480 # Image region to fit (xmin xmax ymin ymax)
H) 262 344 296 378 # Convolution region (xmin xmax ymin ymax)
# Size of the convolution box (x y)
I) 100
100
# Magnitude photometric zeropoint
J) 21.790
# Plate scale (dx dy).
K) 0.0380000 0.0380000
# Get errorbars by parabolic method? {l=yes, 0=no)
L) 0
# Display type (regular, curses, both)
O) both
# Create output only? {l=yes; O=optimize)
INITIAL FITTING PARAMETERS
For object type, allowed functions are: sersic, nuker,
expdisk, devauc, moffat, gaus;
^ Objtype:

Fit?

Parameters

t Object number: 1
0)
sie
#
1) 310.1000 342:.5860 0 0
3) 17.0019
1
#
0
#
4) 0.0000
1
5) 0.7796
0
6) 30.3480
#
0
7) 0.0000
#
8) 0.0491
1
#
9) -128.0134
1
i Object number: 2
0)
psf S
#
1) 305.586 336. 410 1 1 #
1
3) 21.435
#
1.0000
0
0

Object name
#
position X, y
Einstein Ring radius
core radius (normalization
axis ratio (b/a)
position angle

q factors)

gamma (shear strength)
theta_s (shear PA)

Object name
position X, y
magnitude
axis ratio (b/a)
Object type (O=source, l=lens, 2=foreground)
Output image type (0 = residual, 1 = Don't subtract)

# Object number: 3
#
0)
sersic F
1) 309.6634 342.4880 1 1
1
3) 20.2758
#
1
4) 7 .4680
#
1
#
5) 0.7057
1
8) 0.3480
#
1
9) 37.0762
#
1
10) -1.2657
#
Z) 2
#
S) 0
#

Object name
#
position X , y
total magnitude
R_e
exponent (de Vaucouleurs = 4)
axis ratio (b/a)
position angle (PA)
diskiness/boxiness
Object type (0=source, l=lens, 2 =foreground)
Output image type (0 = residual, 1 = Don't subtract)

# Object number: 5
0)
sersic S
#
1) 305.1941 336.0087 1 1
3) 20.6912
1
#
1
4) 4.4991
#
1
#
5) 1.5716
1
8) 0.8859
#
1
9) 76.7883
#
0
#
10) 0.0000
#
Z) 0
S) 0
#

Object name
#
position X , y
total magnitude
R_e
exponent (de Vaucouleurs = 4)
axis ratio (b/a)
position angle (PA)
diskiness/boxiness
Object type {O=source, l=lens, 2 =foreground)
Output image type (0 = residual. 1 = Don't subtract)

_ _ _ =================== _=__

: := = = = = = = = = : = = = = = = = = = =

Figure 4.3: An example of the LENSFIT input file.
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CHAPTER 5
QUASAR HOSTS IN THE CASTLES PROJECT TO STUDY
GRAVITATIONAL LENSES

In this Chapter we give an overview of the CASTLES project to study gravita
tional lenses using HST on which future sections will be based. We will discuss
the use of lensing to study quasar host galaxies, the sample definition, the basic
statistics of the lens sample, observational details, and the data reduction proce
dures for the HST/NICMOS images. We will also present the lens models and
images of quasar host galaxies used in the rest of this study.
5.1 Introduction
Gravitational lensing has in recent years become a powerful tool for studying
extragalactic astronomy, exploring topics ranging from cosmology (measuring
HQ and A) to galaxy structure and evolution, large scale structure of the universe,

and AGN physics. Although initially the utility was limited by the small sample
size, it has quickly grown by a factor of two to three in only the past ten years,
and now there are

80 strong galaxy-mass gravitational lenses. Over the years,

the discoveries have come from a variety of means, including radio surveys [e.g.
CLASS - Cosmic Lens All Sky Survey, (Myers et al., 2003); optical surveys LBQS
- Large Bright Quasar Survey (Foltz et al., 1989), SDSS - Sloan Digital Sky Survey,
(Pindor, Turner, Lupton, & Brinkmann, 2003)]; and a number by serendipity (see
Kochanek 1993).
The first analytic estimates of the probability that objects at high redshift are
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lensed, based on assuming singular isothermal sphere lenses, range from 0.1% to
1% (Turner, Ostriker, & GoIt, 1984). Using the high angular resolution afforded
through Hubble Space Telescope (HST), the HST Snapshot Survey (Maoz et al., 1992;
Bahcall et al., 1992; Maoz et al., 1993) sampled 498 quasars and find that the fre
quency of lensing is of order ^ few x 10"^ for image separations (J'l - 7". In the
SDSS, Pindor et al. (2003) also find that a similar lensing fraction. Beyond 7",
the probability drops to

4 x 10""^ (Ofek, Rix, Maoz, & Prada, 2002). Although

initially there were suggestions from lensing statistics that rule out the possibility
the universe is dominated by a cosmological constant (e.g. Maoz & Rix, 1993;
Kochanek, 1996), using updated luminosity functions of galaxies and the lens
redshift distribution, the new estimates on the lensing probability agrees with
observations for a cosmology of 0^ = 0.3 and QA = 0.7 (Chiba, & Yoshii, 1999;
Chae, 2003; Ofek, Rix, & Maoz, 2003).
With small number statistics quickly becoming an issue of the past, the power
of lensing as an astronomical tool can only now begin to be fully realized, and the
time had been ripe for homogeneous surveys. In this Chapter we present a back
ground on the CASTLES lensing project (§ 5.2), and the use of lensing to study
quasar hosts. We will discuss the sample selection and statistics in § 5.3. In inter
preting the host galaxy results, it is worth bearing in mind the limitations of our
observations, in light of technical issues with the first generation NICMOS im
ages (§ 5.4). We will thus consolidate the observational and technical details, and
discuss the data reduction procedures for treating NICMOS data (§ 5.5). Section
5.6 will present images and discussions of the individual gravitational lenses in
our sample, where we will comment on the host galaxy detections. Conclusions
will follow in § 5.7.
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5.2 The CASTLES Project
The CASTLES^ project (CfA - Arizona - Space Telescope - LEnsing Survey) is an
on-going survey of galaxy-mass gravitational lenses that began in 1997, involv
ing collaborators at Steward Observatory, University of Arizona, and the Harvard
Smithsonian Center for Astrophysics (CfA). In lensing by single galaxies, the de
flection is typically AO ^2" (Figure 5.1), which therefore requires the use of HST
for detailed studies.
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Figure 5.1: The size distribution of the gravitational lens systems in CASTLES,
as measured by the diameter of the Einstein ring or the image separation of the
lensed quasars.

CASTLES is obtaining short-exposure (ss 1 orbit) HST images in theV {F555W),
Hiltp: //cfa-www.harvard.edu/castles/
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I (F814W), and H (F160W) filters. In addition to our own data set, we also assimi
late from a hodge-podge of HST data from various other studies with the ultimate
goal to complete a uniform data set in all three filters. Before CASTLES, HST
images existed for ~ 20 known galaxy-mass lens systems, obtained by various
investigators. But the inhomogeneous data sets in various filters and exposure
times limited the wide application of the lensing sample. Today, the sample has
grown to about 82 systems. Of these there are now 35 objects observed with HST
in H, 42 in I, and 35 in V. With a large sample statistical studies are now feasible.
Among many goals of CASTLES, some of the more recent results are to provide
accurate astrometry to refine lens models (Lehar et al, 2000; Impey et al., 1998),
especially in lenses where HQ can be determined (Keeton et al., 2000); understand
the nature of large separation "dark" gravitational lenses which have no apparent
lensing galaxy (Peng et al., 1999); constrain the evolution of lensing galaxies by
deriving M/L ratios of galaxies out to z ^ 1 (Rusin, Kochanek, & Keeton, 2003);
study the ISM of the lensing galaxies (Falco et al., 1999); compare the light and
dark matter distribution in galaxies; identify new lenses (Munoz et al., 2001); and
to study quasar host galaxy properties (Rix et al., 2001; Peng et al., 2004).
Incidentally, it is interesting to note in galaxy-mass lens systems the number
of quasars that are lensed greatly exceeds the number of lensed galaxies, even
though statistically the latter should be of order 10^ times more numerous. This
lopsidedness comes from many selection biases. In galaxy-mass lenses, the Ein
stein ring radius is typically 1" to 2" (see Figure 5.1), which is comparable to
groundbased seeing of large surveys. When a galaxy is highly lensed and mag
nified into an Einstein ring, the low contrast between the lensing galaxy and
the source makes it difficult to identify the system as a lens. In addition, by

1^2^ 3 the 4000A Balmer-break in galaxy spectra falls outside optical band
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pass of large surveys, so galaxies at high redshift tend to drop beneath typical
detection thresholds. This is further compounded by the surface brightness dim
ming of (1 + z)^, which makes lensed galaxies hard to identify spectroscopically.
In contrast, quasars which have blue continua remain easy to detect. Thus, be
cause galaxy massed lenses are selected based mostly on blue compact objects
or compact radio sources, quasars are almost always preferentially selected, al
though occasionally highly starforming galaxies, ULIRGS, and radio sources that
have no optical counterparts, have also sneaked into the sample. By definition
the CASTLES project excludes systems of giant arcs which are produced by large
galaxy clusters (e.g. Abell), weak lensing, and microlensing events by the Galaxy
halo.
In this study, we will focus on the last item to use gravitational lensing as a
"nature's telescope" to study quasar host galaxies, which allows a look at the host
galaxies in details unprecedented out at z > 1.
5.3 Obtaining a High Redshift Host Sample
To get a representative view of the properties of quasar host galaxies at high redshift a large sample size is essential, but which is difficult to obtain because of
severe observational difficulties. Out at high redshifts quasar host galaxies are
increasingly harder to study because their surface brightness dims by (1 + zY,
and the quasars are intrinsically more luminous, worsening the contrast between
the AGN and the host galaxy. By some expectations, the host galaxies are smaller
in physical size. At 2

1.6 the angular size of a R,. — 2 kpc galaxy reaches a min

imum of (t'24, which is nearing the limits of optical groundbased resolutions at
best sites without the use of adaptive optics, but the surface brightness dimming
grows to a factor of 40 from z = 0. Therefore even if the host maintained the same
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physical size, it is usually difficult to resolve much more than the peak where it
is dominated by the central quasar, even using HST resolution of d'D5 in V^-filter
(F555W) and d'.U in H {F160W).
To optimize the science impact with limited data, the first few targeted stud
ies have selected from quasars having a small range in optical or radio luminosi
ties, and within certain redshift slices (Kukula et al., 2001; Ridgway, Heckman,
Calzetti, & Lehnert, 2001). Despite initial successes, there is always an inherent
concern that the narrow selection function imposed a priori can lead to outcomes
that are biased. And it is also questionable how widely the result can be general
ized to the parent population of objects based on small sample statistics.
The alternative is to have a more uniform survey that samples widely the un
derlying parent distribution of quasar hosts, without a constraint on the quasar
selection function. However, currently this is only feasible by being part of a sur
vey with broad and numerous science goals. In this "shot-gun" approach, the
total number of objects may be large, but diminishes quickly when the sample is
categorized into physical bins. With the HST/ACS camera combination several
surveys such as GEMS (Rix et al., 2004), GOODS (Dickinson et al, 2004), COS
MOS have come on-line. The blue bandpasses of these surveys, carried out in the
restframe B to U, provide crucial data for understanding the star formation inside
these galaxies (Jahnke et al., 2004). Yet these are only a small part of the larger
picture, because from nearby studies we know restframe B to U data may not
represent the bulk of the stellar mass at longer wavelengths. Longer wavelength,
high resolution, studies are crucial but are in short supply.
To this day, the largest uniform, high resolution, high redshift, near-IR quasar
imaging survey with HST is CASTLES (Kochanek et al., 1999). Gravitational lensing offers an additional benefit as one of the most promising avenues for studying
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quasar host galaxies because the lensing magnification stretches the host away
from beneath the luminous quasar peak, reducing the contamination by the lu
minous central quasar. Thus not only are the hosts easier to detect, but the effec
tive increase in sensitivity makes it possible to study the host morphology which
hitherto has been nearly impossible or infeasible. The cost to achieve a compara
ble science goal is a fraction of the time compared to non-lensed studies. In some
cases the image stretching is modest - a factor of a few - but in others very large
10 - 150, depending on the image geometry.
-
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Figure 5.2: The lensing galaxy redshift distribution and the source redshift distri
bution of the CASTLES sample.
In the lensing sample there are a number of selection functions that bring to
bear both the limitations and advantages of this unique sample compared to stud
ies of non-lensed quasars. The distributions of the lensed C ASTLES sources in
redshift space mirrors a similar redshift distribution of lensing galaxies, shown in
Figure 5.2. Because the probability of lensing increases with higher surface mass
density, over 75% of lensing galaxies are early-type galaxies. The lensing galaxy
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selection function means that the most probable source redshifts are above z = 1,
which is particularly useful for studying the potential relationship between the
evolution of quasar density near the peak in AGN activity and galaxy formation
activities. The Figure 5.2 distribution is the net probability that the foreground
galaxy is superposed along the line of sight to a quasar in the distant background.
As such, it is a convolution between the lensing galaxy distribution in number
density and redshift, with the quasar number density, redshift, and luminosity.
The lensing data set also has different optical and radio selection criteria com
pared to non-lensing studies. In gravitational lenses, optical searches are limited
by the groundbased seeing of

1", and by dust in the lensing galaxies (Falco et

al., 1999) that may obscure lensed images from detection in blue filters. There
is also a much larger contamination by foreground sources (stars, starforming
galaxies, galaxy tidal features) that may hamper the finding of lenses. In contrast,
because there are far fewer radio sources and contamination in the sky, coupling
radio with optical catalogs can be highly effective at weeding out interlopers.
Targeted searches can be followed up using radio interferometry at a higher reso
lution than ground-based imaging; radio observations are responsible for finding
a large fraction of objects having diameters less than 1" in Figure 5.1. Therefore,
the completeness of lensed radio sources is higher than in the optical. Because of
the relative efficiency of radio surveys at finding lenses, radio-emitting quasars
are more represented in gravitational lenses (RJ 30%) than from a purely random
selection

10%).

In contrast to direct imaging (i.e. non-lensing) host studies, the CASTLES
sample does not have a simple cut based on the quasar luminosity, because the
sample comes from a number of surveys at different frequencies (radio vs. op
tical), coupled with the lensing magnification selection fuiiction. In this study,
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we use all available objects known and have //-band data. Therefore, in prin
ciple, because of lensing magnification, the most intrinsically luminous quasars
are represented in our sample, in addition to some of the least luminous AGNs.
However, given that our sample has a large fraction of radio-loud objects, there
is an implicit luminosity bias in as much as the radio fraction is higher in lumi
nous quasars (Hooper, Impey, Foltz, & Hewett, 1996). Thus our RLQ sample on
average would typically be more luminous than a randomly selected sample of
non-lensed RQQ AGNs.
In this study, we only focus on objects where we have //-band HST images,
which for 1 ^ ^ ^ 2,5 correspond to restframe V to /-band filters. Although we
also have HST V and / band images, the short exposure times often made it infeasible to obtain color information on the host galaxies except for the most luminous
objects. The extension of this study in the future will use the color information
to study the host galaxy stellar population. For now we focus on characterizing
the morphological properties of the host using HST //-band images. Thus, from
list of 82 objects in the CASTLES survey, we reduce the sample to 29. Out of the
original 35 objects with //-band images, four objects are dropped because they
are radio sources with no near-IR counterparts or they are not quasars. Two ob
jects (Q0957+561 and Q2237+030) are dropped. Q0957+561 is currently beyond
the capability of our lens models, even though Q0957+561 has a highly luminous
host galaxy. In Q2237+030, the combination of not having a good point spread
function and the fact that it is embedded inside a galaxy bulge, make the analysis
on the host galaxy very difficult at this time. In Table 5.1, we compile a list of
targets used in our study.
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5.4 The NICMOS Camera
The NICMOS data set were all obtained between the period of 1997-1999, be
fore Servicing Mission 3B, during which time there were technical issues with
the instrument that affected the analysis. We thus describe the NICMOS camera
properties and the treatment of the data in some detail.
NICMOS was built by Steward Observatory (Pis: Roger Thompson and Marcia Rieke) in a joint collaboration with Ball Aerospace, and was installed as part of
the Hubble Servicing Mission 2 by the Space Shuttle Discovery (STS82) on Febru
ary 11,1997. NICMOS is a near-IR imaging camera that operates from ss 1//m to
3/im, and has three different cameras for imaging at different angular resolutions:

high (NICl, (y'X)4), medium (NIC2, (/'076), and low (NIC3,

resolution. NIC

MOS provides unprecedented sensitivity for studying faint point and extended
sources, operating above the Earth's atmospheric distortion and without the high
thermal background in the near-IR that trouble groundbased observations.
The service of NICMOS had a rocky start, but even in a hobbled state proved
to be unsurpassed in its ability to deliver unprecedentedly stunning images. Early
on, i.e. in SM2, the NICMOS cameras were cooled by a solid Nitrogen dewar, en
cased in an Aluminum foam, which initially was expected to last for five years.
However, a thermal short to the NICMOS dewar shortly after the installation de
pleted the solid Nitrogen by January 1999. In March 2002, the NICMOS Cooling
System (NCS) was installed during Servicing Mission 3B which brought the de
tectors back to life, at a slightly warmer temperature of 78 K, thereby increasing
the sensitivity of the detectors by

30%. In contrast to Nitrogen dewar, the NCS

is a mechanical cooler^ which dissipates heat by circulating a cryogen gas through
a coil in the NICMOS dewar, prolonging its use for the remaining lifetime of HST.
-http://w\vw.stsci.edu/hst/nicmos/design/ncs
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The HST is unrivaled both in its ability to obtain high Strehl (« 95%) and high
stability of the point spread function (PSF). With increasing Strehl, even the most
subtle issues can noticeably affect the quality of the PSFs. In the early SM2, one
of main concerns was with a deformation of the Nitrogen dewar which made it
impossible to bring the three NICMOS cameras into a common focus. Although
this could partly be compensated for NICl and NIC2 by adjusting the pupil align
ment mechanism (PAM) of the telescope, the impact was the most severe on the
NIC3 camera which remained defocused until roughly a year and half later when
the cryogen diminished, easing the deformation

Although NICl and NIC2

were not affected as much, they nonetheless underwent significant focus and
platescale changes during this period. On top of these effects it is normal for
the telescope and camera assembly to exhibit thermal "breathing" effects caused
by solar heating and other thermal cycles associated with the instruments, which
can modulate the camera platescale on a slow time scale. Moreover, the telescope
assembly (on no fault of its own) continuously undergoes a minute amount of
out-gassing which contributes to a very slow, monotonic shortening of the lightpath that has to be compensated by PAM. Finally, the spacecraft normally under
goes microscopic "jitter" caused by vibrations of the telescope subsystems and
photon pressures on the telescope solar arrays. Despite the HST being the most
stable PSF platform ever devised, the combination of all these factors have had
noticeable effects on the telescope PSF, causing noticeable changes both on large
scale (FWHM) and small scale (diffraction spikes, speckle positions).
The stability of the PSF places a fundamental sensitivity limit on our ability
to study the host galaxy morphology, because of the high contrast between the
luminous central quasar and the faint host galaxy. Groundbased PSFs are always
•'http://www.stsci.edu/hsl/nicmos/performance/focus/nicmos_doc-focuS-1999.html
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at the mercy of the atmospheric seeing, which changes on timescales of minutes
to tens of minutes. Therefore, groundbased observations to study host galaxies
requires obtaining frequent PSF observations interspersed between science tar
get observations. With HST, PSF fluctuation is significantly reduced, although
the breathing effects and platescale changes described above still make it desir
able to obtain near-contemporaneous PSF stars for the most sensitive detection
experiment.
Because of the small field of view of the NICMOS cameras, in a survey project
such as CASTLES, it is often not feasible to observe contemporaneous PSFs be
cause the data are obtained from many different sources out of our control, and
because of the large amount of extra overhead associated with an extended sur
vey. Instead, PSFs were obtained via other programs in the HST archive or in the
same image as our science images when feasible. In all, we gathered a database
of 13 PSFs. In our analysis we select those which best match the quasars in our
science data. And when necessary, we can also convolve the PSFs with a narrow
Gaussian to match the image seeing.
Although the quality of the PSF is crucial for detecting faint host galaxies,
lensing magnification, by virtue of image stretching, can significantly boost the
sensitivity, even with a modest amount of PSF mismatch. We show many such
examples in the next chapter.
5.5

NICMOS Image Reduction

The main CASTLES data set is observed in a four-point square dither pattern us
ing the NIC2 camera, which is useful for detecting and removing persistent bad
pixel. To reduce the raw NICMOS images, we developed a reduction package NI
CKED (McLeod, 1997). The techniques of image reduction is discussed in more
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detail in Lehar et al. (2000), but here we summarize it briefly. The NICMOS data
set were obtained in the MULTIACCUM mode, whereby the pixels were read out
non-destructively at predefined sequences in time throughout the exposure. By
recording all the readouts, saturated pixels and cosmic-ray hits, which register as
non-linear increases in count-rates, can be corrected. The ability to avoid satu
ration is an immense advantage over CCD data because the contrast is extreme
between the quasar point sources and the lensing or the quasar host galaxy.
The first step in the reduction process is to remove the bias and dark frame
pedestals from each MULTIACCUM readout. Through trial and error, we find
that we can obtain the best subtractions by constructing "dark" frames from the
science images themselves, taken over many epochs, which were mostly empty.
To obtain these empirical dark frames, we mask out the sources and median com
bine them.
After the dark subtraction, we fit linear ramps to the MULTIACCUM readouts
at each pixel to correct for non-linearity and cosmic-ray hits. A cosmic-ray hit
produces a sudden "jump" in the count-rates between two consecutive readouts.
Thus, by allowing the ramp to have two segments with the same slope, we can
remove the "jump," by joining them.
The third step involves flatfielding the images. Because NICMOS detectors
suffer from a "pedestal effect" (Skinner 1997), a global shift in the DC level that
affects each readout, the flatfield correction involves subtracting an unknown
pedestal in addition to a multiplicative value. The two constants are determined
simultaneously with a linear least squares fit to the regions of the images without
sources.
The CASTLES images were obtained in a square, sub-pixel, dither pattern to
remove hot and bad pixels. In the last step, they were are magnified by a factor of
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two using spline interpolation, registered, and finally coadded. During this final
combine process, bad pixels are masked and rejected.
5.6

Gravitational Lenses observed in H S T /NICMOS

In Table 5.1 we list the NICMOS data set we acquired through the CASTLES
program and through other independent observations. Using the technique de
scribed in the previous Chapter to model the gravitational lenses, we analyze
29 objects observed with the HST/NICMOS camera in the /f-filter. In Table 5.2,
we list the light and deflection models of the lensing galaxies and in Table 5.3
we present the lens models of the background sources. For the remainder of the
Chapter, we will present images of the model fits and comment briefly on each
object.
5.6.1

Lens Models of Strong Host Detections

In Figures 5.3 - 5.24 we show image panels where the fits formally converged on a
solution for the hosts without constraints on their size and shape parameters. In
most cases, the hosts show arcs and Einstein rings that are easily seen simply after
a point source and lensing galaxy subtraction. These images can be compared
with data obtained by Ridgway et al. (2001), which we showed in Figure 1.1.
In Figure 5.3 - 5.24, the upper-left (panel A) are the original images, the ruler
shown is 2 arcseconds in length, and Zg is the redshift of the background quasar
or the host. The upper-right (B) images show the host galaxy arcs and Einstein
rings after the quasar point sources and the lensing galaxy have been removed.
The lower-left (C) images show the residuals after all objects are modeled and
subtracted out. This panel is shown at a high contrast to emphasize the worst
fits, with the darkest points at < -5 counts and the brightest, > 5 counts. Finally,
the lower-right panels (D) show the deprojected light model of the host galaxy.
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without the quasar. In panel

D, we will sometimes show the critical lines in the

image plane (ellipse-like figures) and the caustics in the source plane (diamond
like figures) of the lensing potential when they may be useful for understanding
the image geometry.
• CTQ414 (QJ0158-4325)

The quasar pair CTQ414 (Figure 5.3) was discovered

in the Calan-Tololo Survey (Maza, Wischnjewsky, Antezana, & Gonzalez, 1995)
and later recognized by Morgan et al. (1.999) to be a gravitational lens. The host
galaxy in the background is lensed into an elliptical Einstein ring, which suggests
that the host galaxy must have moderate eccentricity as well. This system will
be discussed in much more detail later where we devote the entire chapter to
understanding the morphology and color of the host, therefore we will not do so
here.
• B0218+357

With angular separation of Cf'34 and at Zs = 0.96, B0218+357 is the

smallest separation, lowest redshift object in our sample (O'Dea et al., 1992). It in
cludes two images of a compact, flat-spectrum radio core, offset from an Einstein
ring of image of a radio jet (Patnaik et al., 1993). This system is also important for
Cosmology because it has a measured time delay of 10.5 ± 0.4 days (Biggs et al.,
1999), which can be used to measure HQ.
In our NICMOS image (Figure 5.4), with the two quasar images removed,
there is a large bright halo in the residual of

2" in diameter. Because of the

extreme crowding, it is not clear how much of the halo is due to the lensing galaxy
or the Einstein ring of the quasar host. Despite the expectation that most of the
light is dominated by the lensing galaxy (Lehar et al., 2000), quasar host galaxies
at z « 1 are also easily detectable in H with HST in 1-orbit images (Kukula et al.,
2001) in the absence of lensing. The anomalous color of the lensing galaxy found
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Figure 5.3: Images of CTQ414: A) Original NICMOS image, showing the quasar
images flanking both sides of the lensing galaxy. The ruler in the first panel is
2" in length, and Zg is the redshift of the quasar+host. B) All objects subtracted
except for the lensed host, showing a full Einstein ring. C) The residual image
after subtracting away the foreground lensing galaxy and the distorted image of
the background source. D) The deprojected host galaxy image.
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Figure 5.4: Images of B0218+357. See Figure 5.3 for explanations.
by Lehar et al. (2000) may be partially due to contamination by the quasar host.
Our best simultaneous fit finds the host contribution to be small (Figure 5.4b), but
uncertainties about both the lensing galaxy and host galaxy light profiles make
the deblending uncertain.

® MG0414+0534

This four image gravitational lens was discovered by Hewitt et
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Figure 5.5: Images of MG0414+0534. See Figure 5.3 for explanations. Panel D
shows the tangential critical curve in the image plane (elliptical figure) and the
corresponding caustic in the source plane (diamond figure) superposed on top
an image of the deprojected host galaxy..
al. (1992), and the lensed quasar {zg — 2.64) is a strong radio source. From optical
and near-IR colors, the quasar images appear to be strongly reddened (differ
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entially) by dust in the lensing galaxy (Angonin-Willaime et al., 1999; McLeod,
Bernstein, Rieke, & Weedman, 1998). The /\-band spectra of the quasar com
ponents have the same Ha equivalent widths, arguing against microlensing as
being responsible for the anomalous quasar flux ratios. From the differential ex
tinction, Falco et al. (1999) found that the quasar flux ratios can not be explained
by the lensing galaxy having the standard extinction law of Rv = 3.1. How
ever, Angonin-Willaime et al. (1999) argue that when the host galaxy arc is taken
into account, it is consistent with being standard. Because the arc is bluer than
the quasar images, Angonin-Willaime et al. (1999) claim that part of the extinc
tion may be intrinsic to the host galaxy itself. Using HST Falco, Lehar, & Shapiro
(1997) discovered luminous arcs of the host galaxy in their optical WFPC2 camera
images. VLBI (8.4 GHz) images of this system at sub-milliarcsecond resolution
shows complex core-like and jet-like extended structures (Ros et al., 2000).
Our NICMOS F160W image resolves the MG0414+0534 arc into a complete
Einstein Ring. In Figure 5.5b, there appears to be an object (nicknamed "X") in
the ring directly north of the lensing galaxy, which is thought to reside in the fore
ground of the system. With VLBI constraints, Ros et al. (2000) model the system
with an SIE+7 (i.e. external shear) for the main lens, and an SIS to represent object
"X". This model appears to fit the core positions and flux densities of the VLBI
images, and predict time delays between the different quasar images of several
weeks. And interestingly most of the flux at "X" is predicted by the lens model.
In our analysis, we start with the model from Ros et al. (2000), but we allow
parameters to adjust because there may be slight uncertainties in the plate scale
(see § 5.4), a n d differences i n t h e orientation a n g l e b e t w e e n t h e VLBI a n d H S T
data. As shown in Table 5.2, we also allow object "X" to be an SIE in the global
optimization, but the result is not too different from an SIS. We also add in 3 point
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source images at the location of the quasars to make up for the anomalous quasar
image flux ratios. In the fit of the host galaxy the Sersic index n converges to a
high value, probably both because the host galaxy is intrinsically bulge-like and
because of residual PSF artifacts that could not be matched precisely. Therefore,
we hold the index to n = 4 for the quasar host. As found by Ros (2000), we con
firm that the lens model Figure 5.5 reproduces the flux of object "X" in entirety.
The combination of the potential from object "X", 7, and the lensing galaxy cre
ates a a critical curve with two lobes. The caustics structure Figure 5.5d is a com
plex "butterfly" pattern with multiple, overlapping, folds, suggesting that parts
of the arc may actually be 6 and 8 times imaged. The large fit residuals around
the core indicates the profile of the host is somewhat uncertain. However, it is
worth noting that the Sersic profile is an average over the entire galaxy and is not
necessarily dominated by the core fit if the galaxy is highly extended. As such the
extended ring is effective at constraining the profile despite the residuals. From
the oversubtraction in several places along the ring, one may conclude that the
profile is not steeper than our constrained value of n — 4.
• B07T2+472

This four image system (Figure 5.6) was discovered in the JVAS

and CLASS radio surveys to find gravitational lenses suitable for determining HQ
(Fassnacht, & Cohen, 1998; Jackson et al., 1998). From the HST image (Figure 5.6),
Jackson et al. (2000) suggested that the anomalous flux ratio between the optical
and radio for the quasar images was probably due to microlensing, even though
a substantial reddening is known to be present in the lens system.
The lensing galaxy appears to be a late-type, which we decomposed into bulge
and disk components during a simultaneous optimization with the lens model
and the host galaxy. However, part of the disk component may be due to an im
age artifact that stretches along the vertical direction, possibly indicating a flat-
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Figure 5.6: Images of B0712+472. See Figure 5.5 for explanations
field issue. It is necessary to fit this component it is a significant of the light
compared to the host galaxy.
After subtracting the lensing galaxy and the quasar point images. Figure 5.6b
reveals a large arc of the AGN host galaxy. We use an SIE+7 to model the lens
system, finding a good fit that removes the host galaxy arc very well. Although
the SIE agrees with the light profile orientation and ellipticity remarkably well.
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the system requires a significant shear 7 = 0.11 to fit all the components.
Despite a very favorable contrast for studying the host, there is some uncer
tainty about its profile primarily because the background level in the NICl image
is not well constrained due to image flat-fielding issues. Also, because of nonuniformity in the sky background level, we had to allow the sky to fit as a free
parameter, where we found

2.5 ADUs. Our nominal fit suggests the host has a

Sersic index n « 1.9, and with an effective radius of 1.6 kpc, which is intermediate
between a bulge-dominated morphology and a low mass disk.
• SBS0909+523

This quasar pair was discovered by Stepanyan et al. (1991)

and recognized as a possible gravitational lens by Kochanek et al. (1997). The
lensing galaxy was detected by Lehar et al. (2000) using the NICMOS image. In
Figure 5.7 we show the same NICMOS image and the lens model residuals. The
large contrast of the lens system and issues with the PSF mismatch make it diffi
cult to disentangle all the various components. Nonetheless, after removing the
quasar images and the lens light profile, an arc is visible which bridges the quasar
images in Figure B, possibly the tell-tale sign of the host galaxy. In modeling the
arc, we find that the host galaxy has a steeply concentrated profile of n > 4, which
we subsequently held fixed to n — 4. The reality of this is somewhat uncertain
because of the obvious PSF mismatch.
• RXJ0911+0551

With separation of 3'.1, this gravitational lens is the widest

separation lens with four quasar images in our sample (Figure 5.8, discovered
by Bade et al. (1997) in a follow-up observation of ROSAT X-ray sources. The
wider than usual separation indicates lensing by a cluster, which is supported
by Burud et al. (1998) using optical observations to find a candidate cluster 38"
from the lens at ^ = 0.6 - 0.8. To explain the lensing geometry, their models
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Figure 5.7: Images of SBS0909+523. See Figure 5.3 for explanations.
require a large shear 7 ~ 0.31. In our lens model, we take their values as a start
and allow our lens parameters to optimize. Our final model requires that the the
mass profile be displaced 2 pixels ([/'£)7) from the light of the primary lens. The
displacement is also seen in Burud et al. (1998) model, but at a slightly lower level
((fj}4). Examining the NICMOS image we find an additional foreground galaxy 1"
to the North-West of the primary lens, towards which our mass model is shifted.

212

R\.!09ll+055l

Figure 5.8: Images of RXJ0911+0551. See Figure 5.3 for explanations.
We therefore allow for this modest shift without constraining the centroid of the
mass and the light to be the same. Like with other four image lenses the flux ratios
could not be predicted exactly, so we introduce 2 point sources to the image plane
model to account for the difference.
The residual in Figure 5.8b shows a faint extension in between the quasar
images which may betray the presence of a host galaxy. Adding a host model re

213
moves most of the residuals and the deprojected shape parameters are consistent
with a bulge-like host with modest luminosity and size of 2 kpc.

Figure 5.9: Images of FBQ0951+2635. See Figure 5.3 for explanations.

• FBQ0951+2635

The two image quasar lens system was selected from the

FIRST Bright Quasar Survey (FBQS, Gregg et al. 1996), which contains a sample
of radio quasars brighter than R=17.5 magnitude. The quasar pair was identified
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as a lens candidate based on similarity of the emission lines, and later confirmed
by the discovery of the lensing galaxy (Schechter et al., 1998).
The H S T image obtained with NIC2 clearly shows the lensing galaxy to be
an edge on disk (Figure 5.9) even before image subtraction. The light profile of
the lens requires two components to remove adequately: a roundish bulge-like
(g — 0.71) profile on top of an elongated disk-like {q — 0.19) structure. Despite the
evidence that the lens has two photometric components, we model the deflection
mass using a single SIE+7 whose best fit axis ratio and orientation are similar to
the lensing galaxy light profiles. A small shear

7 is

needed to match the quasar

positions accurately because the center of the lens is not directly co-linear with
the quasar images. We also added a point source to the upper quasar component
to account for a small discrepancy in the flux ratio prediction. The flux ratio dis
crepancy may either be due to microlensing, dust extinction by the lensing galaxy
disk, or gravitational time delay. With the lens and quasar images removed the
host galaxy arcs readily show up in the residual images. And the resulting simul
taneous fit to the host galaxy yields a disk-like object with a concentration index
of n = 1.01.
• BRI0952—0115

Discovered by McMahon & Irwin (1992), the lensed quasar

(separated by Cf'S) is the highest redshift source in our sample at z = 4.5. From
photometry of an WFPC2 image, Keeton, Kochanek, & Falco (1998) found the
lensing galaxy to be an early-type with R ^ 22 mag. Lehar et al. (2000) discovered
a luminous arc of the host galaxy in i?-band, which may be due to Lya emission
from the host galaxy. Furthermore, in the //-band the host galaxy is much fainter
(Figure 5.10b), which also affirms that conclusion.
An SIE+7 can adequately fit the constraints of the quasar images. Because of
local non-flatness in the image we hold the lensing galaxy Sersic index to n == 4.
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HKi0952-0115

</^=:4.50)

Figure 5.10; Images of BRI0952—0115. See Figure 5.3 for explanations.
After subtracting the quasar images and the lensing galaxy, a significant but faint
arc is seen around the top quasar (quasar A), which is probably not due to a PSF
mismatch because a similar feature is not seen around the quasar image B. And
even though the fit formally converged on a solution, the resulting host galaxy
model is very compact {Re ~ 0.4 kpc). Because of the image quality, we judge the
detection to be real, but the physical parameters may not be reliable.
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Q0957+56
Us = i-lH

Figure 5.11: Panels A, B: Images of Q0957+561. See Figure 5.3 for explanations.
Panel C: a possible supernova in the host galaxy of the quasar at z — 1.41 or in
the outskirt of the lensing galaxy at 2 = 0.36 that was not present in a NICMOS
image observed in 1998.
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• Q0957+561 Q0957+561 (Figure 5.11) is the first gravitational lens ever to be dis
covered (Walsh, Carswell, Weymann, 1979), and is proving to be an exceptional
object in many ways. The lensing galaxy is embedded within a cluster of galax
ies at z = 0.36/ and the lens geometry is one of the largest quasar-gravitational
lens known with angular size of ^'26. Its time delay has been measured to be
417 ± 3 days (Kundic et al., 1997). In addition to the quasar images at z = 1.41,
the lensed host galaxy in the NICMOS images appears to be resolved into highly
luminous arcs in excess of 10". This allowed Keeton et al. (2002) to conduct
a detailed modeling to reconstruct both the host galaxy structure and the lens
ing galaxy mass profile. In their study, the source reconstruction is obtained by
backward ray-tracing the upper host galaxy arc (around quasar image A), then
forward ray-tracing to try and best match the host around the quasar image B;
the process is repeated by adjusting the lens model. Their best fit model for the
lensing galaxy mass distribution is one where the mass distribution has a radial
rotation in the major axis, i.e. with a "twist," which is obtained by summing 2
pseudo-Jaffe ellipsoids at an angle.
Because the method used in Keeton et al. (2002) requires first removing the
quasar images, the center of the host galaxy is also removed. With some un
certainties in the host galaxy profile, we measure the deprojected magnitude to
be roughly H = 18.0 ± 0.3. Part of the large uncertainty is also due to the sky
background because of the difficulty in flatfielding the NICMOS image when the
source fills most of the NICMOS field of view.
A re-analysis of this object is currently underway using our technique to better
constrain the host galaxy profile by simultaneously fitting both the quasar images
and the host galaxy. Although this object is not currently used in our study, we
show this object as a spectacular example of the power of lensing for study quasar
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hosts.
In our followup imaging of this object, we serendipitously discovered a su
pernova (SN) candidate in the arc of the host galaxy near image B of Figure 5.11c
(Peng et al., 2004). The SN appeared in each of the 28 (5 per orbit) sub-exposures
taken on Feb. 4, 2004, spanning over a period of 9 hours, with a magnitude of
22.4, which probably ruled out the candidate as being a solar system transient
such as an asteroid. It was not visible in an image taken on May 30,1998 to a lim
iting magnitude of 24. Whether the supernova lived in the in the lensing galaxy
at z — 0.36 or the host galaxy at ~ — 1.41 is uncertain. If the SN was lensed, be
cause gravitational time delay was longer than the expected lifetime of the SN, it
would have appeared in the host arc near image A approximately 400 days ago
and faded away by Feb. 4. Therefore, without spectroscopic confirmation on its
redshift, there was no way to know which galaxy was the SN host. Nonetheless
this SN was the first to be discovered in a strongly lensed system. This object il
lustrates an intriguing potential for using the gravitational time delay of lensing
to predict the and study high redshift supernovae should they be detected first in
the leading image.
• LBQS 1009-0252

The quasar pair LBQS1009-0252 (Hewett et al., 1994) lo

cated at Zs — 2. 74 has an angular separation of l"53. The lensing galaxy is detected
near the fainter quasar image B, confirming that it is a gravitational lens (Lehar et
al., 2000). There is another galaxy near image A, which is visible after subtracting
the quasar images, and which has been removed in Figure 5.12. It appears that
this object is in the foreground rather than a lensed source.
Our lens model requires a small amount of shear

7

^ 0.01 and adequately

reproduces the flux ratio and the image positions of the quasars. The lensed host
galaxy appears as a faint arc which can be fitted away accurately.
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Figure 5.12: Images of LBQS1009-0252. See Figure 5.3 for explanations.
• LBQS1009- 0252c

This quasar happens to be in the same image as Figure 5.12,

located 4'6 north-west of the lens, and at a redshift Zj = 1.63. It is the only
object in our sample which is not gravitationally lensed. A simple simultane
ous point source and galaxy subtraction using GALFIT reveals a luminous host
galaxy, which is also impressive because there are two obvious spiral arm struc
tures emanating from a bulge. The luminosity of the galaxy is 2 magnitudes
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Figure 5.13: Images of LBQSl 009-0252c. Note that this object is not gravitationally lensed. See Figure 5.3 for for explanations. Figure B reveals that the host
galaxy has a large spiral structure, thus may in fact be a late-type galaxy.
brighter than a local L* galaxy in restframe V. This is consistent with a passively
evolving galaxy that arrives onto an L* galaxy today. The fit to the host galaxy re
veals a Sersic index of n = 1.4, which may suggest that a bulge is already present,
even if it is not a dominant component.
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Figure 5.14: Images of Q1017-207. See Figure 5.3 for explanations.
• Q1017-207

Q1017-207, located at z = 2.545, was recognized as a gravita

tional lens by Claeskens et al. (1996). Through HST/WFPC2 imaging Surdej et al.
(1997) could not detect the presence of the lensing galaxy, so the lensing hypoth
esis relied on arguments regarding the spectral similarity between quasar images
A and B. Using NICMOS imaging (Figure 5.14), the lensing galaxy was discov
ered by Lehar et al. (2000). However the small quasar separation, (F'S5, meant that
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it was difficult to disentangle the lens from the quasar images.
Like in Lehar et al. (2000), we model the light profile of the lensing galaxy
with a circular light component. However, we deviate by using a Sersic profile
instead of a de Vaucouleurs or an exponential model. The tight image geometry
requires fitting all the light and lensing components simultaneously. Our lens
model can match the quasar image positions, their flux ratios, and the host galaxy
flux, using a moderately elliptical (q = 0.76) SIE mass distribution that is aligned
nearly east-west. Figure 5.14b illustrates a slight fuzz surrounding the quasar
images which may be due to the host. Although somewhat questionable, the
diffraction spikes would be heavily over-subtracted if flux is entirely due to the
PSF, though a PSF mismatch is not entirely ruled out. The fuzz is probably not
due to the lens because it is brighter around A than B. Our model suggests that
the host may have a steep inner profile, with n > 4.
• HE1104—1805

Discovered by Wisotzki, Koehler, Kayser, & Reimers(1993),

HE1104-1805 is a wide separation (3^'19) gravitational lens with a source quasar
redshift of

= 2.32. The host galaxy arcs of the background quasar were dis

covered by Lehar et al. (2000) after a simple host galaxy and quasar subtraction
(Figure 5.15b).
This object is unusual because the lensing galaxy is closer to the brighter
quasar image rather than the faint one. The difference in flux between the quasar
images is large, 1.45 mag, and cannot be explained by quasar variability or a
microlensing event. To produce this geometry, the lensing galaxy has to have
moderate ellipticity and the shear must be significant. We use an SIE mass distri
bution, holding the position and the axis ratio fixed to the light profile of the lens,
but allow the PA to be a free parameter; the PA converges to a value that agrees
with the light profile to within 2.5 degrees. We note that although we start from a
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Figure 5.15: Images of HE1104-1805. See Figure 5.3 for explanations.
model published by Lehar et al. (2000), our final model is significantly different:
our light profiles for the lens disagree by 20 degrees and our shear is significantly
lower compared to theirs (0.08 vs. 0.14). We believe that the differences may in
part be due to our different methods for deblending the lensing galaxy from the
extended host galaxy arc.
In our fit, we find that the host galaxy is marginally consistent with being
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disk dominated (n ss 1.48) and fairly round. This conclusion is probably not
severely hampered by the PSFs given the subtraction is fairly clean and the host
is highly extended. The restframe V'-band luminosity of the host is 2 magnitudes
brighter than L* today. Assuming passive evolution for an early type galaxy of
dmag/d^

2, and from the rather low Sersic index n, we can fairly reliably

conclude that this galaxy is not a fully evolved early type galaxy.

Figure 5.16: Images of FG1115+080. See Figure 5.3 for explanations.
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• PG1115+080

The radio quiet gravitational lens system PG1115+080, Zg = 1.72,

angular size of 2f'32, was the first quad-image gravitational lens, and the second
lens to ever be discovered (Weymann et al., 1980). From the ground it at first ap
peared to be a triple image system, but using speckle interferometry on the MMT
telescope, the quasar image A - the brightest of the three - was resolved into 2
components Al and A2, and the lensing galaxy was discovered later by Shaklan
et al. (1986), and confirmed with HST(Kristian et al., 1993). The time delay was
first detected by Vanderriest et al. (1986) and later measured to be 9.4 days be
tween Al and A2 and 23.7 days between B and C quasar images (Schechter et al.,
1997; Barkana, 1997). With time delay measured, several attempts were made to
determine the Hubble Constant (Schechter et al., 1997; Keeton, & Kochanek, 1997;
Barkana, 1997; Courbin et al., 1997; Impey et al., 1998). Using HST/NICMOS,
PG1115+080 was resolved into a system that has a luminous, full, Einstein Ring
(Figure 5.16).
Few gravitational lenses can be well fit using only a primary lensing galaxy
without accounting for external perturbations induced by foreground galaxies,
and PGl115+080 is an excellent example. Because of the roundness of the lensing
galaxy {q = 0.95), the four image geometry requires a modest external perturba
tion which must nearly all be from a group of galaxies neighboring to PG1115+080.
With the high precision astrometry afforded through HST, Impey et al. (1998)
find that the external perturbation is better modeled with an external SIS model
placed at the light weighted centroid of the galaxy cluster, instead of the usual
technique of using an external shear term 7. In our study, we follow this approach
by starting as initial conditions the model from Impey et al. (1998), but we also
allow the position of the external perturbation to vary so as to simultaneously
optimize using all the constraints using the quasar images and the host galaxy
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Einstein ring. Lens theory predicts that the closest pair of images should have a
flux ratio close to 1:1, because they are merging pairs around a caustic. However,
we find that one of the merging images is significantly fainter, probably because
of microlensing demagnification by stars in the lensing galaxy. Therefore in the
optimization, we add a negative PSF at the position of the A2 component (the
fainter of the two closest images) to model "microlensing." Remarkably, after in
troducing this single negative PSF, the lens model naturally predicts the positions
of all four quasar images, their flux ratios, and the host galaxy light distribution,
as shown in Figure 5.16c.
The host galaxy in the final model is insensitive to the PSF used because the
host is highly resolved. We find that the host has a profile with n r; 2.5,

= 1-4

kpc, a modest ellipticity {q = 0.68), and a modest luminosity of if = 20.4. The
luminosity corresponds to restframe My = —22.5. Accounting for passive evo
lution the host would evolve to 1-2 magnitudes fainter than an L* galaxy today.
Therefore, many evidences strongly point to the fact that the host galaxy is not al
fully developed spheroid that is comparable to massive early-type galaxies today.
• MG113U0456

MG1131+0456 (Figure 5.17) is a radio loud AGN with the

first Einstein ring (2f'.l diameter) to be detected. The ring is visible in the radio
(Hewitt et al., 1988), optical (Hammer et al., 1991), and in the near-IR (Annis,
1992; Kochanek et al., 2000). In the radio, the source is resolved also into two
compact components, which show weak signs of variability (Chen, & Hewitt,
1993; Hewitt, Chen, & Messier, 1995). The counterpart to the radio core is very
red. Around the lens, there is a concentration of galaxies to within a projected
radius of 20" (Larkin et al., 1994; Kochanek et al., 2000). Because of the low surface
brightness of the host galaxy and the AGN, the redshift is currently unknown,
except for a lower limit of> 1.8 (Tonry, & Kochanek, 2000). Although initially
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Figure 5.17: Images of MG1131+0456, showing a double nucleus. See Figure 5.3
for explanations.
there were speculations that the redness of the compact source was caused by
dust in the lensing galaxy (Larkin et al., 1994), Kochanek et al. (2000) show using
high resolution HST/NICMOS images that the redness of the core is mostly due
to the host galaxy being at z > 1.8, so that the AGN core is neither red because
of dust in the lens nor the host galaxy. Curiously, the source appears to have a
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double nucleus, as seen in Figure 5.17a.
In our lens model we start with the parameters determined by Kochanek et
al. (2000) which, in addition to the main lens which is modeled by an SIS, the two
nearest neighbors are also each modeled by an SIS. We then allow all the light
components to optimize with the lens model to find an overall best fit. The result
shown in Figure 5.17 reveals that the host galaxy can be modeled and subtracted
remarkably well. And because the AGN is not core dominated, one can accu
rately measure the Sersic index (n = 1.76), the half light radius {Rg > 7.6 kpc),
and the luminosity {H — 18.8). The lower limit to the half light radius is due
to the lower limit on the host galaxy redshift. These measurements agree well
with Kochanek et al. (2000). The excellent spatial resohition of the host galaxy
again reveals that although the host is highly luminous, and a bulge is probably
present, the host is by no means a fully evolved early-type with a concentration
index nearly as steep as a de Vaucouleurs profile that are commonly seen in low2 quasar host galaxies (McLure, Dunlop, & Kukula, 2000; Dunlop et al., 2003).
Figure 5.17d shows that the AGN component is clearly offset from the center of
the host galaxy so that the host profile is even better constrained than would be
otherwise.
• H1413+117

This 4-image "cloverleaf" system was discovered by Magain et

al. (1988), with a source redshift of

— 2.56 and an angular size of l"35 (see

Figure 5.18). The lensed source is a broad absorption line (BAL) quasar, with
extremely luminous CO emissions detected in the host galaxy (Barvainis et al.,
1994; Wilner, Zhao, & Ho, 1995; Alloin et al., 1997; Tsuboi, Miyazaki, Imaizumi,
& Nakai, 1999). In the near-IR (Figure 5.18), the host galaxy is lensed into an
Einstein ring (Kneib, Alloin, & Pello, 1998). The lensing environment is complex:
based on /? — / color photometry (Kneib et al., 1998), there appears to be a high
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Figure 5.18: Images of H1413+117. See Figure 5.3 for explanations.
redshift cluster located approximately at 2 w 1.7, which may contribute a con
vergence that can effectively decrease the required mass of the primary lens by a
factor of 2. The shear field near the primary lens also appears to be significant.
Over the years, there have been many models that try to model the image geom
etry and flux ratio with varying success (e.g. Chae & Tumshek and references
therein).
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To model this system, we start with parameters determined by Chae & Tumshek (1999), who use a powerlaw lens model with external perturbations to more
accurately model the constraints derived from HST images than earlier studies.
Even though we are currently not using a powerlaw model for the sake of uni
formity in our analysis their initial parameters provide a useful first handle on
the basic host galaxy parameters. Despite matching the quasar image positions,
in our lens model we still need to add fluxes to those positions to match some
discrepancies in the flux ratios.
In our fit, the host galaxy appears to be luminous with II = 20.62 and medium
size Be

= 5.8 kpc.

It also has a large concentration index n = 9.1. However, we

suspect that the reason for the large n is due to the host galaxy not being fit well
(Figure 5.18c). Therefore, based on visual inspection, the host galaxy light is likely
to be a lower limit, and more detailed modeling will be conducted in the future
on this object.
® SBS1520+530

SBSl 520+530 (Chavushyan, Vlasyuk, Stepanian, & Erastova,

1997; Crampton, Schechter, & Beuzit, 1998) is a two image gravitational lens of
a BAL quasar at ~ = 1.86, with angular separation l"59 (Figure 5.19). A time
delay was measured from the light-curves to be 130 ± 3 days, yielding a Hubble
constant of 51 ± 9 km s"^ Mpc" ^ if the intrinsic flux ratio of the quasars was
< 1.15 magnitude, or HQ = 63 ± 9 if the ratio was greater than 1.15 magnitude
(Burud et al., 2002).
In the NICMOS image, the lensing galaxy is highly elongated {q = 0.34), sug
gesting that it might be an edge on disky galaxy, whose light profile can be mod
eled with a single Sersic profile. There are four galaxies within a radius of 9" of
the primary lens. We model their lensing contribution by using an external shear,
resulting in a modest value of 7 = 0.05 and a shear vector which points towards
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SBSl520+530

Figure 5.19: Images of SBS1520+530. See Figure 5.3 for explanation.
the general direction of the most luminous galaxies in the group. In the decom
position we find a luminous arc of the quasar host galaxy (Figure 5.19b), which
has an intrinsic luminosity of H = 21.3 mag, an effective radius of 3 kpc, a con
centration index of ?i = 0.52, and an axis ratio q = 0.74. The restframe luminosity
of My = —21.96 is significantly underluminous compared to a z = 0. L* galaxy,
if passive evolution of an early-type is taken into account. Therefore, it appears
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that the host is once again not consistent with an early-type galaxy undergoing
passive evolution.

Figure 5.20: Images of B1600+434. See Figure 5.3 for explanations.

• B1600+434

With image separation 1"4, B1600+434 {zg = 1.59) is a doubly

imaged, flat-spectrum radio source, discovered in a radio survey by Jackson et
al. (1995), with optical counterparts. The source is variable and the time delay
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between the two images is % 47 days. However, HQ is ill constrained because
the mass profile of the lens is not well determined (Koopmans, de Bruyn, Xanthopoulos, & Fassnacht, 2000). The lensing galaxy is an infrared-luminous edge
on disky galaxy at zi = 0.41 (Koopmans, de Bruyn, & Jackson, 1998; Jaunsen, &
Hjorth, 1997) with a dust-lane running through the plane of the disk (Figure 5.20).
There is also a grand barred spiral galaxy roughly 5" to the south east of the lens.
The light profile of the lensing galaxy can be well fitted by two photometric mod
els making up the bulge and the disk.
In removing the lensing galaxy and the quasar images the host galaxy arcs
are prominent, and can be fitted by a single component Sersic profile with an
effective radius of Re = 3.12, H = 21.31, and which has a modest size bulge n =
1.57. Like many of the host galaxy findings, although the restframe luminosity
is high Mv = -22.1, accounting for closed-box evolution would cause the host
to fade below L* under most scenarios. Therefore, this quasar host is once again
inconsistent with progenitors of z — 0,> L* galaxies if it is already fully formed
by 2 = 1.59.
• B1938+666

Discovered as a radio source in the JVAS survey (Patnaik et al.,

1993), the lens 81938+666 has a complex radio structure dominated by an arc and
two pairs of compact sources (King et al., 1997). Ground-based infrared obser
vations show that the source is very red (Rhoads, Malhotra, & Kundic, 1996).
In the near-IR observed with HST NICMOS, the source is resolved into a nearly
perfectly round and luminous Einstein ring (Figure 5.21a). Although no spec
troscopic redshift is available, Tonry & Kochanek (2000), using photometric con
straints, suggest the source is above 2, — 1.8.
Figures 5.21 show the NICMOS image of B1938+666. The most detailed de
composition of the Einstein ring reveals that the AGN host is asymmetric, and is
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Figure 5.21: Images of B1938+666. See Figure 5.3 for explanation.
made up of two host galaxy components in addition to the an AGN. The main
host component is the most luminous part of the ring and corresponds to the
brightest nucleus in Figure 5.21d. The fainter, more extended diffuse component
is needed to model the low level halo around the ring that is slightly asymmet
ric (see Figure 5.21b), creating the appearance of a faint extension that trails off
to the right of the ring: note that the inner-left and outer-right edges of the ring
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fade more gradually than the outer-left and inner-right edges, which appear more
sharply truncated. With the three components the residuals are reduced to the
background noise level. Each of the subcomponents has an exponential-like pro
file, and the AGN is faint, at H — 26 mag, making this a Seyfert-like nucleus. The
sum of the host galaxy light is // = 20.62. However, because the redshift is not
known it is not clear how bright the host is intrinsically.
In a single component host galaxy fit the intrinsic luminosity of the host is
H ~ 20.95 and has a Sersic index n = 2.37, consistent with a steep concentration
of a bulge.
• MG2016+112

MG2016+112 (Lawrence et al., 1984) is a triply imaged radio

source {z = 3.27) which has two optical point source counterparts, images A and
B, and an extended arc C. The optical continuum and narrow emission lines of
the core suggest that the AGN is a Type 11 quasar. Lens models (e.g. Nair & Gar
rett, 1997; Narasimha, Subramanian, & Chitre, 1984; and references therein) agree
that the primary lensing galaxy is a giant elliptical at .i = 1.01 (e.g. Schneider et
al. 1985). However, without there being also a foreground galaxy cluster, the
lensing galaxy would need to have substantial dark matter to explain the large
image separation of 3f'52 (Narasimha, Subramanian, & Chitre, 1984). In the radio,
the core images A and B have a steep spectrum while the radio dominant arc, i.e.
image C, has a much flatter spectrum. There are also optical line emissions asso
ciated with image C that indicate the source is at— 3.273. Under high resolution
MERLIN and VLBI imaging (Garrett, Muxlow, Patnaik, & Walsh, 1994; Garrett,
Porcas, Nair, & Patnaik, 1996), the component C has been increasingly resolved
into, now, 4 components. While it is straightforward to explain the core images A
and B as being lensed by an elliptical galaxy, it is much more difficult to explain
the extended nature of C and the flatter radio spectrum compared to A and B.
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Figure 5.22: Images of MG2016+112. See Figure 5.3 for explanations.
In all prior models with a single primary lens, image C would be a merging im
age, therefore it is difficult to see how C could be resolved into four components
without counter-images appearing elsewhere. In a scenario proposed by Nair &
Garrett (1997), they argue that there may be a small lens mass near C which gravitationally lensed C into multiple components, thereby producing the extended
geometry.
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In contrast, Koopmans et al. (2002) propose a single-screen deflection model
to explain the NICMOS/f 160W and recent VLBI radio observations. Their model
includes perturbation by a massive structure, obtained from weak lensing analy
sis, located to the north-west of the lens system. In the model a radio jet and part
of the host galaxy cross into the diamond caustic and become four times imaged.
However, the AGN lying just outside of the caustic is only doubly imaged.
We have decided to conduct our own search for a suitable deflection model
based on using an SIE for the main lens and multiple SIS for external perturba
tions - consistent with the technique we have been using for other objects in this
study. Initially, we placed two SIS mass models at the locations of the two nearest
galaxies to the primary lens and allowed the mass parameter b to vary. However,
only the north-west SIS (6"07 W, l"32 N) has a significant lensing power. So our
final model includes only the primary lens and the SIS perturber. Without using
the prior information in Koopmans et al. (2002), we independently arrived at a
solution that is qualitatively similar to their more sophisticated derivation. As
Figure 5.22d shows, our solution is quantitatively similar to their analysis, where
we find that part of the host galaxy crosses into the diamond caustic (therefore is
four-times imaged), while the AGN lies just out side (which is then doubly im
aged). The model predicts both the position and flux ratio of the images A, B, and
the host galaxy arc remarkably well (Figure 5.22c).
Our final best fit shows that the observed host galaxy flux is the second faintest
in our sample with H = 22.49, and the large image magnification and fortuitous
image geometry has made the detection possible. In this model the effective ra
dius is only Re ~ 0.82 kpc and the concentration index is steep, and we hold it to
n = 4.
• B2045+265

B2045+265 (Fassnacht et al., 1999) is a four image gravitational
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Figure 5.23: Images of B2045+265. See Figure 5.3 for explanations.
lens, discovered through the CLASS project (Myers et al., 2003), with an angular
size of l"5. In the radio the lens system shows five flat-spectrum radio sources,
four of which are the lensed source (2, = 1.28) and one belongs to the lensing
galaxy itself {zi — 0.867). A spectrum from Keck I Telescope shows that the lens
is typical of an Sa-type galaxy. In the NICMOS F160W image (Figure 5.23) only
three (A, B, C) out of the four quasar images are detected (Fassnacht et al., 1999),

239
and the fourth has been strongly demagnified. The host galaxy arc can be seen ex
tending from between the quasar images after a simple subtraction of the quasar
images.
Our lens model, with an SIE+7 for the lensing galaxy, reproduces the posi
tions of all three images, but we have to account for the anomalous flux ratio for
image C by adding a foreground point source model. In the lens model, both the
quasar source and the host galaxy sit right on the cusp of the diamond caustic
(Figure 5.23d), producing an extreme magnification of 240. Removing the lens
ing magnification, we find the host galaxy to be intrinsically very faint H = 22.94
mag, compact {Re = 0.59 kpc), and disk-like (n = 1.36). The intrinsic luminosity,
corresponding to My = -19.19, is already 2.1 magnitudes fainter than a current
day L*. Accounting only for evolutionary fading, the host galaxy will become
a dwarf galaxy by 2 = 0. In addition to the fact that the AGN luminosity of
II ^ 25 corresponds to roughly My = -17, we are likely witnessing a rare lowluminosity AGN activity at the heart of a high-redshift dwarf galaxy.
® HE2149-2745

Discovered by Wisotzki, Koehler, Lopez, & Reimers (1996), the

double image (1.7" in size) lens HE2149-2745 has a source redshift of z=2.033. The
lensing galaxy was detected in ground-based R-band images (Lopez, Wucknitz,
& Wisotzki, 1998). With a large flux ratio (« 4.1) between the quasar images, the
model requires a large shear. We perform two lens models: in one, we account
for the flux ratio discrepancy by simply adding a foreground quasar image; in
the other we add a free-roaming SIS to allow LENSFIT to find a best lens fit that
naturally explains the flux ratio. Both models give the same quantitative answer
for the host galaxy parameters, which is reassuring. We therefore adopt the first
model for simplicity.
Figure 5.24 presents the NICMOS images. After a simple removal of the point
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Figure 5.24; Images of HE2149-2745. See Figure 5.3 for explanations.
sources and the lensing galaxy an Einstein ring is clearly visible. The host galaxy
in this model has a luminosity of II — 19.79 and small effective radius

= 1.75

kpc, as well as a moderately extended profile n — 2.0. The F-band luminosity,
although bright at My = -2-3.7 compared to a local L* galaxy, would nonetheless
evolve to fainter than L* by z = Q.
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5.6.2

Weak Host Detections

In Figures 5.25 - 5.31 we show image panels of weak cases where the presence of
the hosts is not obvious for several different reasons. We will summarize each of
the objects below.

Figure 5.25: Images of Q0142-100. The left figure is the original NICMOS image,
and the right is the residuals after model fit.

® Q0142-100 (UM 673)

Q0142-100 was discovered by & Feldman (1982) and

recognized by Surdej et al. (1987, 1988) as a gravitational lens of a 3,, = 2.72
quasar with angular separation of '1'2. As pointed by out by Keeton, Kochanek, &
Falco (1998), the SIE mass model would have to be significantly misaligned with
the light to obtain a good fit.
In our model, we use an SIE+7 to model the lens system and account for the
flux ratio mismatch by adding an unlensed PSF to the fainter quasar image. In our
simultaneous fit, we cannot fit a quasar host galaxy to a limiting magnitude of 23,
even by holding the parameters fixed to a 1-2 kpc radius and a de Vaucouleurs
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profile. The reason is probably that the PSF oversubtraction seen around the
brighter quasar image A strongly suppresses the host galaxy peak.

Figure 5.26: Images of B0739+366. See Figure 5.25 for explanation.

• B0739+366

B0739+366 was discovered as a radio source in the JVAS survey

(Patnaik et al., 1993), but otherwise very little is currently known about this ob
ject, including the source redshift. The image quality and the signal to noise of
this NIC I data are fairly poor, but we obtain a simple lens model and constrain
the host luminosity to he H ^ 22.1 mag or fainter. This object will not have a role
in our discussion below.
• RXJ0921+4529

RXJ0921+4529 is an X-ray source detected in a ROSAT survey

for high-redshift galaxy clusters (Vikhlinin et al., 1998), and a candidate for grav
itational lensing (Munoz et al., 2001). If confirmed, with image separation of fif'SS
this would be the largest gravitationally lensed quasar pair. This system is highly
attractive as a lens because the quasar images have similar spectra, and a galaxy
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Figure 5.27: Images of RXJ0921+4529. See Figure 5.25 for explanation.
is found at the expected position of a lens. The large cluster surrounding it can
also help to produce the atypically large angular separation.
In Figure 5.27 we show the images of RXJ0921+4529. There are neighboring
(unlensed) galaxies near the two quasar images and the candidate lensing galaxy
appears to have a tidal arm that points to quasar A. A simple SIE+7 model can
reproduce the image geometry. However, despite the fact that we can also fit
a host galaxy, the fit produces large arcs that significantly oversubtract regions
around the quasar images. As this behavior is likely due to a PSF mismatch, we
do not consider this a reliable detection. Therefore we will regard the host galaxy
measurement of H = 22.5 to be an upper-limit.
• B1030+071

Another lens discovered by the JVAS survey (Patnaik et al., 1993),

B1030+071 (Xanthopoulos et al., 1998) is a two image lens of a quasar at Zg — 1.54.
The lensed images are separated by 1.56 arcsec and their flux ratio at centimeter
wavelengths is approximately 14:1. The ratio, however, is slightly frequency-
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Figure 5.28: Images of B1030+071. See Figure 5.25 for explanation.
dependent and time-variable. Both optical HSTand NICMOS images show the
lensed images and the lensing galaxy close to the weaker image, as well as a
possible neighbor interacting with the lens.
Our lens model can reproduce both the flux ratio and the positions of the
quasar images. However, because of the shallow data and the PSF mismatch,
we cannot reliably detect the host galaxy. Instead we place a constraint on the
luminosity to be H — 19.95 by holding the host galaxy fixed to n = 4 and q = I
while allowing other parameters to vary.
• Q1208+101

This quasar was discovered by Hazard, McMahon, & Sargent

(1986) and recognized by Magain et al. (1992) and Maoz et al. (1992b) as a pos
sible gravitational lens of a quasar at z = 3.803. The system consists of two
point-like images, separated by 0.45 arcsec with a brightness ratio of 3.5 in R.
Spectroscopy supports the gravitational lens interpretation but it cannot rule out
the possibility that they are binary quasars. While the quasar images were re
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Q1208+10!
(z^ = 3.8)

•

i

Figure 5.29: Images of Q1208+101. See Figure 5.25 for explanation.
solved with an H S T snapshot survey using WFPC2 (Maoz et al., 1992; Bahcall et
al., 1992) the lensing galaxy has so far eluded detection. However, there are sev
eral possibilities from intervening absorption line systems, with the most likely
lens redshift being a Mg II absorber at z - 1.1349 (Siemiginowska et al., 1998).
Figure 5.29 shows the lens system. Because of the small separation and the
lack of an excess light for the lensing galaxy, we model the system as a simple
SIS. We place an upper limit of H = 22 on the host galaxy detection.
• 814:22+231

Discovered by Patnaik et al. (1992) in a VLA and MERLIN sur

vey for small-separation lenses, this four image gravitational lens system has a
source redshift of Zg = 3.62, all within a diameter of 1"3. The radio source is
identified with a 16.5 mag quasar, making this one of the highest apparent lu
minosity lensed systems. Optical and near-IR images all find the quasar images
to have the same color, giving support to the lensing interpretation (Lawrence et
al., 1992; Remy, Surdej, Smette, & Claeskens, 1993; Yee, & Ellingson, 1994). X-ray
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Figure 5.30: A,B) Images of B1422+231. See Figure 5.25 for explanation. C) The
caustic in the source plane (diamond in shape) and the corresponding critical
curve in the image plane (ellipse) of the lens model relative to the background
source quasar.
observations from Chandra suggest that a large contribution to the lensing may
come from an external group rather than a single primary galaxy (Raychaudhury,
Saha, & Williams, 2003). To model the lens system, Bradac et al. (2002) find that
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substructure has to be included in the primary lens to explain the positions and
flux ratios derived from VLBI and HST data. Time delay has also been measured
by Patnaik et al. (2001) using the VLA at 8.4 and 15GHz. Cross-correlation analy
sis shows that the time delay between images B and A is 1.5 ±1.4 days; between A
and C is 7.6±2.5 days; 8.2±2.0 days between B and C. Although the spectra of the
four images are otherwise identical, slight differences in the emission lines of Lya
suggest some of the images may be microlensed (Impey et al., 1996). The lensing
galaxy was detected using HST and photometry suggests a redshift of z

0.4

(Impey et al., 1996). This was supported by Tonry (1998) who discovered a group
of galaxies at z = 0.34, consistent with the photometric redshift determination.
In our lens model, we find that a large shear 7 = 0.17 is necessary to explain
the image geometry. Although our model can fit the image positions very ac
curately, it has troubles reproducing the flux ratio, which may in part be due to
microlensing. Figure 5.30c shows that the source quasar is right on the cusp of
the diamond caustic, giving rise to the three merging quasar images which are
strongly magnified. We do not detect a host galaxy in a simultaneous fit, and the
intrinsic host luminosity is likely to be fainter than H = 23 mag.
• B1633+3134

This lens candidate was discovered by Morgan et al. (2001) as

part of the FBQS project (Gregg et al., 1996). This z=1.52, B=17.7 quasar pair has
a separation of 0'66 and a relatively similar flux ratio of ~ 3 : 1 in B, V, R, and I
filters. A single 0.27 mjy radio source is coincident within an arcsecond of both
optical components, but there is no second image down to a flux level of 0.1 mJy.
In a simultaneous lens model imaging, we detect an object consistent with a
lensing galaxy. There appears to also be an object neighboring to the lens. Because
of the PSF mismatch seen in the best fit residuals, the crowded lensing geometry,
and a possible confusion with a neighbor, it is not clear whether we have reliably
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Figure 5.31; Images of FBQ1633+3134. See Figure 5.25 for explanation.
detected the host. Therefore, by holding the Sersic index to n = 4, we regard the
host galaxy fit as an upper limit with H = 20.4 mag.
• B1933+503

B1933+503 was discovered by the CLASS survey and curiously

MERLIN and VLA radio maps revealed up to 10 components (Sykes et al., 1998).
Lens models (Nair, 1998) suggest the 10 images come from different sources: four
of the images are compact and have flat spectra but the rest are extended and
have steep spectra. The lensed sources appear to consist of a flat-spectrum core
(quadruply imaged) and two compact radio lobes around a radio core. One of the
lobes is quadruply imaged while the other is doubly imaged. Near infrared ob
servations (Figure 5.21) reveal counterparts to two of the inverted-spectrum radio
images, which have arc-like structures (Marlow, Browne, Jackson, & Wilkinson,
1999). An HST/WFPC2 image shows a galaxy with an axial ratio of 0.5, but none
of the images of the background object is detected. With the benefit of having 10
images, Cohn, Kochanek, McLeod, & Keeton (2001) consider a range of paramet-
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Figure 5.32: Images of B1933+503. See Figure 5.3 for explanation.
ric models to understand the mass profile of the lensing galaxy, and to constrain
the time delay of the images.
For our lens model we follow Nair (1998) by using a single SIE mass distribu
tion. To model the arcs seen in Figure 5.32b, it requires the use of two components
one of which has very low axis ratio q < 0.01, but quite extended

= 0.48 kpc,

and the other has a flat profile n ~ 0.03, with Re — 1.36. The elongated compo
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nent physically resembles a jet. Because of these unusual properties, it is possible
the arcs may not be the host galaxy itself, but may correspond to MR counter
parts to the radio jet.
5.7 Summary
In this Chapter, we presented the CASTLES project to study gravitational lenses
and summarized the basic statistics of lensing. To date we have roughly 80 ob
jects, « 30 of which have HST //-band observations prior to January of 2000. This
set of 30 objects, leaving out Q0957+561 (lens modeling difficulty), PKS1830-211
(extreme crowding), Q2237+030 (PSF issues and bulge contamination) will be the
data set to use for studying quasar host galaxies in the following chapters. We
also presented details regarding the sample selection function of lensing, and
how it differs from the typical quasar host galaxy studies. This will be important
later on when we compare the properties of radio-loud and radio-quiet quasar
host galaxies.
Having an accurate point spread function for an image is paramount to the
success and failure of high-redshift quasar host galaxy studies. Therefore, to un
derstand the reliability of the NICMOS PSFs, especially during the early years,
we briefly discussed the causes of the PSF fluctuations. We deal with this issue
by having a set of 13 real PSFs at our disposal which we fit to all our data to
find the best match. In gravitational lensing, we are aided by the fact that many
of the host galaxies are stretched out and effectively magnified from the central
quasar so that even an imperfect PSF match does not hamper detection in many
cases. Because of their extension, the host galaxy sizes can also be well quanti
fied. However, the morphological parameter, i.e. whether an object is disk or or
bulge dominated has to be judged on an individual basis. To do so, we presented
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all the images in our study and discussed briefly the subtleties in modeling each
lens, and our estimates on the reliability of the host galaxy fits. Despite the dif
ficulties with PSF issues, already we have an unprecedentedly large, uniform,
sample of host galaxies

20) that have reliable detections above z

1, with

AGN luminosities that span a wide range from LLAGNs to the most luminous
quasars.
While the restframe I'-band luminosities for a vast majority of the host galax
ies are more luminous than L* galaxies, most would fade below L* luminosities
by today if they faded by more than ss 2 mag per unit redshift, which is typical
for fully evolved galaxies. Furthermore, from high spatial resolution of the hosts
boosted by gravitational lensing, we find that in a vast majority of cases, the hosts
have modest to low effective radii of /?,. < 5 kpc. Because a number of our ob
jects are radio selected, our results differ substantially from findings (Kukula et
al., 2001; Sanchez, & Gonzalez-Serrano, 2003; Falomo, Carangelo, & Treves, 2003)
that radio-loud quasar hosts are fully evolved, early-type galaxies. We will revisit
this issue in a later chapter.
With clear host detections, this sample contains many ideal targets for future
deep imaging studies to probe both the host galaxies and the lens models with
unprecedented detail.

Table 5.1. Observational Data
Lens

Source

Size

RA g2000) DEC

Date Obs.

Exp. Time

NICMOS

Princicpal

Propos. ID

z

z

arcsec

hhmmss

ddminss

dd/mm/yy

sec (orbits)

Camera

Investigator

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

Q0142-100

0.49

2.72

2.24

01 45 16.67

-09 4519.4

15/08/97

640 x 4(1)

2

Falco, E.

7495

?

1.29

1.22

01 58 41.44

-43 25 04.2

04/08/98

640x 4(1)

2

Falco, E.

7887

B0218+357

0.68

0.96

0.34

02 21 05.60

+35 56 11.9

19/08/97

640 x4(1)

2

Falco, E.

7495

MG0414+0534

0.96

2.64

2.40

04 14 37.71

+05 34 43.2

13/02/98

704x15(4)

2

Falco, E.

7338

B0712+472

0.41

1.34

1.46

07 16 03.58

+47 08 50.0

24/08/97

2048 x 4 (4)

1

Jackson, N.

7255

B0739+367

7

7

0.53

0742 51.17

+36 34 43.7

10/04/98

2048 x 2(2)

1

Wilkinson, P.

7873

SBS0909+532

0.83

1.38

1.17

09 13 01.27

+52 59 26.8

07/11/97

704 x4(1)

2

Falco, E.

7495

RXJ0911+0551

0.77

2.8

2.47

09 11 27.50

+05 50 52.0

18/10/98

640 x 4 (1)

2

Falco, E.

7887

RXJ0921+4528

0.31

1.66

6.97

09 2112.81

+45 29 04.4

21/05/98

640x 4 (1)

2

Falco, E.

7887

FBQ0951+2635

(0.24)

1.24

1.11

09 51 22.57

+26 35 14.1

19/03/98

640 x 4 (1)

2

Falco, E.

7887

BRI0952-0115

(0.41)

4,5

1.00

09 55 00.01

-01 30 05.0

17/10/97

640 x 8(2)

2

Falco, E.

7495

LBQS1009-0252

(0.88)

2.74

1.54

10 12 15.84

-03 07 04.0

15/11/97

640 x 4(1)

2

Falco, E.

7495

Q1017-207

(0.78)

2.55

0.85

10 17 24.13

-20 47 00.4

14/11/97

640 x 4 (1)

2

Falco, E.

7495

B1030+071

0.60

1.54

1.56

10 33 34.08

+0711 25.5

20/11/97

2047x 2(2)

1

Jackson, N.

7255

HE1104-1805

0.73

2.32

3.19

11 06 33.45

-18 2124.2

22/11/97

640 x 4(1)

2

Falco, E.

7495

+07 45 55.7

17/11/97

640x4(1)

2

Falco, E.

7495

CTQ414

(11)

PG1115+080

0.31

1.72

2.32

1118 17.13

MG1131+0456

0.84

>1.8

2.1

1131 56.48

+04 55 49.8

05/01/98

640x8(2)

2

Falco, E.

7495

Q1208+101

7

3.8

0.48

12 10 57.16

+09 54 25.6

22/11/97

640 x4(1)

2

Falco, E.

7495

H1413+117

7

2.55

1.35

14 11 19.60

+52 11 29.0

28/12/97

640 x 4 (1)

2

Falco, E.

7495

B1422+231

0.34

3.62

1.68

14 24 38.23

+22 55 59.1

27/02/98

640x8(2)

2

Falco, E.

7495

Table 5.1—Continued
Lens

Source

Size

RA g2000) DEC

Date Obs,

Exp, Time

NICMOS

Princicpal

Propos, ID

z

z

arcsec

hhmmss

ddmmss

dd/mm/yy

sec (orbits)

Camera

Investigator

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

SBS1520+530

0.72

1.86

1.59

15 21 44.83

+52 54 48,6

20/07/98

640 x4(1)

2

Falco, E,

7495

B1600+434

0.41

1.59

1.40

16 01 40.63

+4316 45,8

10/10/97

640 x 4 (1)

2

Falco, E,

7495

?

1.52

0.75

16 33 48.99

+31 34 11,9

19/80/98

640 x 4 (1)

2

Falco, E,

7887

B1933+507

0.76

2.63

1.00

19 34 30.95

+50 25 23,6

09/10/97

2048 x 8(8)

1

Jackson, N,

7255

B1938+666

(1)

FBQ1633+3134

0.81

>1.8

1.00

19 38 25.19

+66 48 52,2

07/10/97

704 x8(2)

2

Falco, E,

7495

MG2016+112

1.01

3.27

3.52

20 19 18,15

+11 27 08.3

30/10/97

704 x 8(2)

2

Falco, E.

7495

B2045+265

0.87

1.28

2.76

20 47 20,35

+26 44 01.2

14/07/97

2048x2(2)

1

Jackson, N,

7255

HE2149- 2745

0.50

2.03

1.70

21 52 07,44

-27 31 50,2

04/09/98

640 x 4(1)

2

Falco, E,

7887

Note. — Col. 2: Redshifts in () are photometric redshifts, usually obtained using V,I, and H HST filters. Col. 4: The angular size (diameter) of
the lens system. Col. 7; Observation date. Col. 8: Exposure time x number of subexposures. The numbers in () are the equivalent number of HST
orbits. Col. 10: Principal Investigator of the data. The data set obtained by Falco, E. are the main CASTLES project.

Table 5.2. Lensing Galaxy Light and Deflection Model Parameters

LIGHT PROFILE

(1)

Q0142-100

Lens

ARA

ADEC

Redshift

arcsec

arcsec

(2)

(3)

(4)

0,49

1.86

-0.6

mag

SIE DEFLECTION MODEL
n

Rs

PA

ARA

Re

ADEC

arcsec

kpc

b

Deg

arcsec

arcsec

arcsec

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

16.75

0.47

2.84

3.2

0.60

65.56

1.87

-0.62

2.55

0.72

64.25

-0,81

9

Shear

Shear

deg

7

PA

(14)

(15)

(16)

(17)

1.18

0.78

64.07

-0.25

0.65

0.96

39.68

1

PA

—

?

-0.81

-0.25

17.37

0.34

7

B0218+357

0.68

-0.08

-0,02

17.53

0.45

3.18

1.78

0.92

-43.16

-0,08

-0.02

0.18

0.93

-36.13

—

—

MG0414+0534

0,96

-1.41

0.88

17.99

0.73

5,79

[4]

0.68

81.89

-1.41

0.85

1.45

0.77

88.00

0.07

60.20

-1,89

2.85

0.2

0.93

59.12

—

—

0.61

0.5

61.2

0.10

-4.41

—

—

CTQ414

?

B0712+472

0.41

0.74

0,14

18.22

0.16

0,87

3.2

0.6

57.42

0,79

0.17

0.41

0.7

0.16

18.13

0.84

4.58

M

0.24

67.24

—

—

—

—

—

[4]

—

—

7

0.15

-0.35

19.26

0.55

7

0.71

-1.65

0,15

-0.35

0.24

0.74

-22.39

—

—

SBS0909+532

0.83

0.5

-0.07

19.08

0.16

1.22

[4]

0.52

49.94

0.5

-0.07

0.6

0.91

24.87

0.05

72.04

RXJ0911+0551

0.77

-0.74

0.54

18.38

0.42

3.11

2.93

0.84

37.44

-0,8

0.58

1,18

0.77

-53.12

0.33

10.83

0.77?

-1.52

1.23

20.24

0.83

6.15

[4]

0,32

-70.69

—

—

—

—

—

—

—

0.31

3,05

-0.92

18.48

0.73

3.33

1.43

0,64

38.92

3.05

-0.92

3.58

0.92

34.88

-0.48

0.58

0.76

10.75

—

—

B0739+367

RXJ0921+4528

31.71

0.05

-23.2

—

—

(0.24)

0,81

-0.48

17.98

0.15

0.57

1,32

0,71

9.24

(0.24)

0.8

-0.51

18,68

0.87

3.3

0,4

0,19

13.71

—

—

—

BRI0952-0115

(0.41)

-0.43

-0.53

18.86

0.18

0.98

[4]

0,54

57.14

-0.43

-0.53

0.54

0.81

63.7

0.01

-50,90

LBQS1009-0252

(0.88)

-0.58

-1.16

19,55

0.15

1.16

[4]

0.74

4.44

-0.57

-1.16

0.81

0.95

18.31

0.01

-71.07

0.88?

0.01

-1.01

20.61

0.82

6.35

0.34

0.28

34.64

—

—

—

—

—

—

—

1,18

[1]

57.51

-0.7

0.01

0.46

0.76

-82.66

—

—

[4]

0.36

-0.41

0.79

-1

0.74

[1]

66.76

—

—

FBQ0951+2635

Q1017-207

(0.78)

-0.71

0

20.17

0.11

0.82

B1030+071

0.60

0.79

-1

17.89

0.56

3.74

0.81

0.01

Table 5.2—Continued
LIGHT PROFILE
Lens

ARA

ADEC

Redshift

arcsec

arcsec

(2)

(3)

(4)

0.60?

0.33

HE1104-1805

0.73

PG1115+080

0.31

mag

SIE DEFLECTION MODEL
PA

ARA

ADEC

b

Deg

arcsec

arcsec

arcsec

(10)

(11)

(12)

(13)

n

9

(7)

(8)

(9)

0.41

2.74

2.05

0.74

-45.26

17.83

0.44

3.2

3.01

0.77

43.27

1.03

-0.54

1.53

0.77

45.56

0.08

0.2

0.73

16.86

0.37

1.69

3.06

0.95

84.08

-1.02

0.73

1.10

0.95

58.14

—

—

-11.14

-3.93

2.14

[1]

—

—

—

0

0

18.72

0.74

5.65

[4]

0.56

63.72

0

0

0.83

[1]

—

0.84?

0.18

-3.42

19.74

0.2

1.53

3.44

0.54

53.23

0.18

-3.42

0.24

[1]

—

—

—

0.84?

-2.08

2.08

20.55

0.24

1.83

1.78

0.72

38.06

-2.08

2.08

0.5

M

—

—

—

Q1208+101

7

-8.49

-15.69

>20

7

7

—

—

73.82

0.11

-0.4

0.25

[1]

—

—

—

H1413+117

7

0.17

0.58

19.23

0.29

7

2,1

M

74.38

0.18

-49.27

(1)

Re

Re

arcsec

kpc

(5)

(6)

-1.14

18.63

1.03

-0.54

-1.01

0.84

0.31
MG1131+0456

7

q

(14)

PA

Shear

Shear

deg

7

PA

(15)

(16)

(17)

_

0.17

0.57

0.61

0.64

-41.67

1.95

4.32

0.08

0.33

-40.46

—

—

—

B1422+231

0.34

0.78

-0.69

17.36

0.56

2.61

3.62

0.51

-55.84

0.8

-0.71

0.8

0.67

-57.34

0.17

-51.17

SBS1520+530

0.72

-2.39

2.42

19.06

0.38

2.75

2.86

0.34

-24.7

-2.39

2.43

0.81

0.76

9.7

0.05

-25.09

B1600+434

0.41

0.61

-0.86

20.28

0.3

1.64

0.71

0.35

42.66

0.62

-0.87

0.68

0.78

35.93

0.05

57.57

0.41

0.73

-0.86

17.97

1.80

9.82

[1]

0.29

41.63

—

—

—

—

—

—

—

7

-0.14

-0.57

18.88

0.67

7

0.24

0.7

72.25

0.44

-0.37

0.35

[1]

60.47

—

—

=0

19.23

0.62

4.57

[4]

0.43

-48.53

0.00

-0.01

0.56

0.59

-46.5

—

—

—

_

—

—

__

—

FBQ1633+3134
B1933+503

B1938+666
MG2016+112

0.76

H

0

0.76

-0.01

0.06

19.26

0.92

6.78

0.02

0.57

0.881

0

0

19.6

0.25

1.94

2.97

0.95

87.58

0

0

0.49

0.9

-26.87

—

—

8.19

0.6

-58.34

-1.84

-1.89

1.63

0.64

-47.06

—

—

1.01

-1.84

-1.89

17.89

0.96

7.71

-38.57

—

Table 5.2—Continued
LIGHT PROFILE

(1)

Lens

ARA

ADEC

Redshift

arcsec

arcsec

(2)

(3)

(4)

mag

(5)

Re

Re

arcsec

kpc

(6)

(7)

SIE DEFLECTION MODEL

n

(8)

Q

(9)

PA

ARA

ADEC

b

Deg

arcsec

arcsec

arcsec

(10)

(11)

(12)

(13)

-6.07

1.82

7

Shear

Shear

deg

7

PA

(14)

(15)

(16)

(17)

0.87

[1]

31.03

Q

PA

B2045+265

0.87

1.03

-0.76

18.83

0.23

1.77

3.13

0.69

-83

1.03

-0.76

1.07

[1]

-23.3

0.17

-69.5

HE2149-2745

0.50

0.75

1.22

17.86

0.4

2.44

2.64

0.87

-28.46

0.74

1.21

0.91

0.96

-25.17

0.01

1.85

Note. — The lensing galaxy parameters. Column 2: Redshift of the lensing galaxies. Values ii\ () are photometric redshifts. Columns 3-10: the light profile
parameters of the lens. Coltmnns 11-15: the SIE deflection model parameter. Colunms 16-17: external shear strength and PA parameters. The position angle increases
from North (zero degrees) to East. Note that ARA and ADEC values are relative to quasar image A in Table 5.3.

Table 5.3. Fitted Source (Host Galaxy & Quasar) Parameters

DEPROJECTED HOST GALAXY PARAMETERS
Source

ARA

ADEC

Host

Redshift

arcsec

arcsec

mag

arcsec

kpc

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Q0142-100

2.72

1.1

-0.47

50

[0.28]

[2]

—

—

—

—

—

CTQ414

1.29

Single comp. fit
B0218+357

MG0414+0534

B0712+472

0.96

2.64

1.34

RE

n

g

B0739+367

SBS0909+532

1.38

DEPROJ. QUASAR PARAMETERS
ARA

ADEC

PA

ARA

ADEC

deg

arcsec

arcsec

mag

arcsec

arcsec

mag

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

[4]

M

—

HO

=0

15.28

-1.1

-0.47

16.28

—

—

—

2.26

-0,64

17.55

—

—

—

16.49

0.63

-0.18

18.09

19.67

0.1

0,84

0.97

0.76

58.09

=0

=0

-0.19

19.48

0.68

5.69

0.37

0.56

67.91

-1.22

-0.43

17.3

—

—

—

-0.14

19.02

0.22

1.84

4.13

0.83

53.14

—

—

16.49

0.63

-0.18

18.09

-0.17

-0.06

20.12

0.04

0.32

3.63

0.84

49.54

=0

S0

17.06

0.16

-0.05

18.92

—

—

—

—

—

—

—

—

-0.33

-0,13

17.74

-6.1

-17.13

—

-1.28

1.14

21.09

0.3

2.39

[4]

0.44

-61.26

H0

S0

15.53

1.29

1.14

18.81

0.18

0,52

15.89

—

—

—

—

—

—

-0.57

-0.14

-0.66
-0.57

0.69

0.00

20.12

0.19

1.6

1.93

0.7

-32.35

—

7

OBS. QUASAR IMAGES

0.09

0.52

-0.21

-0.11

22.08

20.79

0.39

0.53

S0

4.46

[4]

[4]

[1]

0.5

55.86

-20.19

-0.78

2.57

16.6

-2.56

0.38

17.45

—

—

—

=0

S0

20.51

-0.68

0.02

22.89

0.04

-0.15

21.37

—

—

—

0.75

-0.59

21.69

—

—

—

1.16

0.11

25.12

—

—

—

=0

=0

19.01

-0.09

-0.21

20.5

0.21

-0.44

—

—

—

—

=0

H0

14.57

-0.58

-0.11

16.43

1,04

-0.52

14.7

—

—

—
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DEPROJECTED HOST GALAXY PARAMETERS
Source

ARA

ADEC

Host

Re

Rf.

n

9

OBS. QUASAR IMAGES

DEPROJ. QUASAR PARAMETERS

PA

ARA

ADEC

ARA

ADEC

deg

arcsec

arcsec

mag

arcsec

arcsec

mag

Redshift

arcsec

arcsec

mag

arcsec

kpc

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

RXJ0911+0551

2.8

-1.24

0.59

21.47

0.25

1.96

3.16

0.84

-37.44

=0

=0

17.58

1.24

0,59

19.36

—

—

—

RXJ0921+4528

1.66

3.56

-1.16

22.5

0.05

0,42

2.98

0.54

-40.29

FBQ0951+2635

1.24

0.65

--0.31

21.3

0.11

0.92

1.01

0.55

-33.1

BRI0952-0115

4.5

-0.37

-0.48

23.7

0.03

0.2

0.42

0.5

-84.74

LBQS1009-0252

2.74

-0.39

-0.84

21.06

0.37

2.92

3.39

0,51

-13.26

0.28

0.43

17.64

—

-0.01

1.01

18.32

—

—

—

-3.14

0.82

18.64

—

—

—

S0

=0

16.9

-3.47

-1,13

20,15

6.68

-2.97

18.31

—

—

—

S0

S0

15.65

-0.55

-0.24

16.59

0.95

-0.67

17.03

—

—

—

=0

=0

17.1

0.32

-0.44

19.11

-0.74

-0.75

18.48

—

—

—

H0

=0

16.66

0.36

-0.73

17.78

-0.72

-1.46

18.21

—

—

—

LBQS1009~0252c

1.63

-0.0

-0.05

19.43

0.45

3.81

1.42

0.77

26.84

S0

H0

17.92

—

—

17.92

Q1017-207

2.55

-0.4

-0.01

19.59

0.05

0.4

6.42

0.54

-79.15

S0

S0

15.61

0.45

0.00

17.3

-0.9

0.03

17.82

—

—

—

B1030+071

1.54

0.46

-0.57

19.95

0.25

2.12

[4]

[1]

66.76

S0

H0

15.98

-0.46

-0.57

16.89

0.87

-1.16

20

—

—

—

HE1104~1805

2.32

1.46

-0.72

20.57

0.28

2.29

1.48

0.79

-11.73

S0

=0

15,66

-1.46

-0.76

18.06

—

—

—

—

—

—

—

—

3.06

-1.4

17.11

—

—

—
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DEPROJECTED HOST GALAXY PARAMETERS

OBS. QUASAR IMAGES

DEPROI. QUASAR PARAMETERS

PA

ARA

ADEC

ARA

ADEC

deg

arcsec

arcsec

mag

arcsec

arcsec

mag

Source

ARA

ADEC

Host

Re

Re

Redshift

arcsec

arcsec

mag

arcsec

kpc

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

PG1U5+080

1.72

-2.93

-0.05

20.41

0.17

1.44

2.53

0.68

-39.60

S0

=0

15.71

2.92

-0,05

18.93

0.16

0.49

16,2

—

—

—

-1.41

2.14

17.22

—

—

—

-1.77

0.08

17,68

—

—

—

—

—

0,65

-0,09

23,31

MG1131+0456

Q1208+101

H1413+117

B1422+231

SBSL520+530

B1600+434

n

9

>1.8

-0.46

-0.15

18.8

0.9

7.6

1.76

0.66

73.12

—

3.8

-8.49

-15.69

[22.00]

[0.08]

[0.6]

[4]

[1]

—

=0

S0

15,88

-0,07

-0,24

16,88

0.13

-0.48

17,52

—

—

—

EEO

EE 0

15,83

-0,22

0.64

18,41

0.79

0.18

15,91

—

—

—

-0.52

0.75

16,17

—

—

—

2.55

3.62

1.86

1.59

0.22

0.4

-2.9

0.45

0.62

-0.43

2.8

-0.59

20.62

[23]

21.31

20.69

0.72

[0.14]

0.37

0,18

5.79

[2]

3.12

1.53

9.12

[1]

0.52

1.57

0.31

[1]

0.74

0.89

13.15

38.46

86.91

82.37

0.37

1.1

16.43

—

—

—

=0

=0

14.29

-0,4

-0.43

16.71

0.41

0.34

14,41

—

—

—

-0.36

-0.8

14.98

—

—

—

1

-0.84

18,18

—

—

—

S0

=0

18,33

2,76

2.64

19,01

-6.29

3.75

19.37

—

—

—

=0

S0

20.36

-0.47

-0.6

21,44
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(1)

FBQ1633+3134

Source

ARA

ADEC

Host

Re

Re

Redshift

arcsec

arcsec

mag

arcsec

kpc

(2)

(3)

(4)

(5)

(6)

(7)

1.52

0.28

-0.25

20.04

0.25

2.12

n

Q

(8)

(9)

[4]

1

OBS. QUASAR IMAGES

DEPROJ QUASAR PARAMETERS

PA

ARA

ADEC

ARA

ADEC

deg

arcsec

arcsec

mag

arcsec

arcsec

mag

(10)

(11)

(12)

(13)

(14)

(15)

(16)

0.76

-1.25

20.39

_

=0

=0

15.78

-0.28

-0.25

16.87

0.55

-0.42

17.17

—

—

—

—

60.47

—

B1933+503

2.63

0.02

0.05

23.61

0.06

0.48

1.34

0.00

11.41

—

—

—

—

—

2.63

0.09

0.07

22.90

0.17

1.36

0.03

0.80

45.56

—

—

—

—

—

B1938+666

>1.8

-0.03

0.05

22.29

0.08

0.68

0.85

0.81

-9.13

—

—

—

0.01

0.06

0.11

-0.09

20.86

0.49

4.14

1.1

0.86

-79.6

—

—

—

—

—

—

-0.01

0.03

20.95

0.33

2.79

2.37

0.81

-39.24

—

—

—

0.01

0.06

25.72

-2.11

-1.09

22.49

0.11

0.82

[4]

0.53

21.97

S0

=0

20.45

2.08

-1.05

21.61

-3.17

-1.6

20.52

—

—

—

=0

=0

20.01

2.17

0.74

24.98

-0.27

-0.73

20.20

—

—

—

-0.13

-0.23

20.46

—

—

—

=0

=0

15.73

-0.48

0.76

16.87

-1.13

-1.4

17.27

—

—

—

Single comp. fit
2016+112

B2045+265

HE2149-2745

3.27

1.28

2.03

-2.16

0.45

0.73

0.74

22.94

19.79

0.07

0.21

0.59

1.75

1.36

2.00

0.76

0.62

-41.97

32.23

26.05

Note. — Light models of the background sources. Columns 3-10: The deprojected host galaxy parameters. Values in [] are held fixed. Columns 11-13: Observed
quasar image parameters. Columns 14-16: Deprojected quasar parameters.
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CHAPTER 6

THE COLOR AND STRUCTURE OF THE LENSED QUASAR HOST
GALAXY CTQ 414 AT z = 1.29

The host galaxy of the

= 1.29 lensed quasar CTQ 414 (QJ0158—4325) is mag

nified into a 2" diameter Einstein ring by a foreground galaxy. The magnifica
tion enormously improves the contrast between the quasar and the host galaxy
allowing us to use the CASTLES survey HST images to measure the structure,
luminosity and color of the host galaxy. The host galaxy is composed of an un
resolved quasar, a relatively round "bulge" and a flattened "disk". The disk is
large (i2e —

kpc) and formally has a slightly shallower profile than a true

exponential disk. The bulge is more compact {Re ~

kpc) and formally

has a shallower inner profile than a de Vaucouleurs profile. The host galaxy is
relatively blue as the disk (bulge) colors are similar those of a local Im (Sb/c)
galaxy. The total apparent magnitude after correcting for the lens magnification
(H ~ 18.8 mag) corresponds to an absolute luminosity. My ~ -23.4 mag, approx

imately 2 magnitudes brighter than a passively evolving .L> elliptical galaxy at
the same redshift. In sum, the host galaxy appears to be a late-type galaxy rather
than a fully formed elliptical galaxy. Compared to other high redshift quasars
host galaxies, the CTQ 414 host is of typical size and luminosity. If the quasar is
emitting an Eddington luminosity and we estimate the stellar mass of the bulge
based on the observed luminosity and colors, then the ratio of the bulge mass to
the black hole mass is consistent with local values.
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6.1 Introduction
Studying the morphology of quasar host galaxies is important for understand
ing the host galaxy structure, how the central quasar engine is fueled, and how
the host galaxies are connected to low redshift galaxies. The strong and puz
zling decline in the space density of quasars since z = 4 (e.g. Hawkins & Veron
1996, Boyle et al. 2000, Wolf et al. 2003) is thought to be due to a decrease in
galaxy merger rates, and/or star formation and accretion rates in host galaxies
(e.g. Kauffmann & Haehnelt 2000, Mend et al. 2003). Yet, supporting obser
vational evidence needed to connect high redshift quasar hosts to low redshift
galaxies is tenuous because the physical parameters of the high redshift host
galaxies (principally the luminosity and mass) are very difficult to measure. Even
if obtained, disentangling the complex threads of galaxy evolution and star for
mation histories would still remain difficult. Some new leads may come from nor
mal field galaxies found nearby, where studies indicate that supermassive (K)'IG^A^e) black holes are ubiquitous and that there are tight correlations between
the masses of supermassive black holes and the luminosity or velocity dispersion
of the surrounding bulge of the host galaxy (Gebhardt et al. 2000, Ferrarese &
Merritt 2000, Magorrian et al. 1998, McLure & Dunlop 2002, Marconi & Hunt
2003). These black holes are comparable in mass to those needed to power the
quasar central engines seen at high z. As black holes only increase in mass, local
black holes may thus either be the evolved remnants of high z quasar hosts, or
may be descendants of inactive galaxies, having smaller black holes, that have
yet turned on near the peak of the quasar era. With the precision (factors of 2-3,
Tremaine et al. 2002) by which

can be measured locally and for quasars at

low z (factors of 3-5, Kaspi et al. 2000, McLure & Jarvis 2002, Vestergaard 2003),
these fundamental questions are poised to be answered. As such, quasar hosts

263
may play a unique role in understanding galaxy evolution in general because
their MVM can be conveniently measured based on their quasar activity.
At low redshift { z < 1 ) , there have been many studies of quasar hosts in
the optical and near infrared using ground based adaptive optics and HST (e.g.
Hutchings & Neff 1992; Disney et al. 1995; Taylor et al. 1996; Bahcall, Kirhakos,
& Schneider 1996; Bahcall et al. 1997; Hooper, Impey, & Foltz 1997; McLeod,
Rieke, & Storrie-Lombardi 1997; McLure et al. 1999; Hamilton, Casertano, Turnshek 2002, Dunlop et al. 2003). One of the findings indicates that luminous
quasars (My < -23.5) tend to occupy hosts that are similar to quiescent elliptical
galaxies with old, evolved stellar populations, and de Vaucouleurs stellar light
profiles (Dunlop et al. 2003). Furthermore, they appear to be drawn from the
same parent population of giant elliptical galaxies as powerful radio galaxies. At
fainter quasar luminosities, quasars are increasingly found in later Hubble-type
sequence of galaxies that have a massive bulge.
At higher redshifts, however, host morphology becomes difficult to study be
cause the typical quasar is more luminous and the surface brightness of the host
diminishes (by (1 + z)^ in the absence of evolutionary effects). Despite the obser
vational challenges, quasar hosts with 1 < z < 3 are being observed in increasing
numbers. Optical emission, which corresponds to the rest-frame ultraviolet (UV)
emission from the host, has been detected using HSr/WFPC2 in 5 radio loud
quasars (RLQ) with 2.1 < z < 2.6 (Lehnert et al. 1999). The emission shows com
plex, knot-like structures and implies very high luminosities. The results are diffi
cult to interpret because the rest-frame UV emission could be due to non-thermal
sources (e.g. jet shocks that photoionize Lya emitting clouds) rather than star
forming regions. Infrared observations (e.g. Kukula et al. 2001, Ridgway et al.
2001, Hutchings et al. 2002, Hutchings 2003), minimize these problems because

264
they measure the rest-frame optical properties of the host galaxies. In the present,
small sample, there is tantalizing evidence that the hosts of luminous RLQs may
be massive ellipticals. On average, they are as luminous as radio galaxies, which
are the most luminous galaxies at all redshifts.
In order to clarify the nature of high redshift host galaxies we need to deter
mine the morphology and color of the host galaxies. For example, if the host's
morphology could be measured we could directly test the hypothesis of AGN
unification theories that RLQ and radio galaxies should be the same objects but
viewed from different directions (e.g. Kembhavi & Narlikar 1999). Measure
ments of the host galaxy colors would allow estimates of star formation rates
in host galaxies and stellar population evolution models could then be used to
estimate the subsequent evolution and allow comparisons to the colors of low
redshift hosts. The quality of data needed to measure morphologies and colors
is significantly higher than that needed to simply detect a host, which is already
very challenging at 2 > 1. The difficulty of the observations also leads to a strong
bias towards detecting the most luminous hosts, which will preferentially select
hosts that are massive, and luminous, but rare, elliptical galaxies. Morphological
studies require not only high signal-to-noise (S/N) for the host, but also sharp an
gular resolution, stability in the point spread function (PSF), and low-amplitude
PSF wings to minimize the quasar contamination. Using HST/NICMOS, Kukula
et al. (2001) find one luminous RLQ host at z = 1 to have de Vaucouleurs pro
file, but the remaining objects in the literature thus far do not have sufficiently
high S/N or spatial resolution to make a firm determination. Not surprisingly, at
z > 1.5 there is no information on host galaxy morphologies.

The seemingly disjoint topic of gravitational lensing provides a means to over
come many of the observational challenges in observing z > 1 quasars. When a
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background quasar is strongly lensed by a foreground galaxy we see two or more
images of the quasar, each of which is magnified. On the other hand, the extended
host light underneath the quasar is distorted and drawn out into extended arcs
or an Einstein Ring (ER), conserving the surface brightness. The stretching both
boosts the detectability significantly and increases the number of resolution ele
ments available for studying the host galaxy. Because of the image extension, the
shape of the arcs or ER provides detailed structural information after the lensing
distortion is removed.
Previous studies of lensing show that the host galaxy can be used to constrain
the gravitational lensing models, e.g. Falco et al. (1999), Keeton et al. (2000),
Impey et al. (1998); Kochanek, Keeton, & McLeod (2001). However, there have
been few studies that use the potential of lensing to study the properties of the
host galaxy itself (e.g. Kochanek et al. 1999, Keeton et al. 2000). This study of the
host galaxy in CTQ 414 (QJ0158-4325) will be the first of a series of quantitative
studies of high redshift host galaxies using gravitational lensing to overcome the
limitations of direct observations. We present our HST imaging data and sum
marize our analysis method in § 2. The complete details of the analysis method
will be presented in Peng et al. (2003 in preparation). We discuss the morphol
ogy of the host galaxy in § 3 and the colors of the host galaxy in § 4, and the
A4BH/-A4buigerelationship of CTQ 414 (§5). Our conclusions are summarized in
§ 6. Throughout the paper we assume an n,„ = 0.3 and

= 0.7 flat cosmolog-

ical model with HQ = 70 km s"^ Mpc ^ and in this cosmology an angle of (I'l
corresponds to a proper size of 0.8 kpc at the Zs — 1.29 host galaxy redshift.

[NOTE; This Chapter was been prepared and submitted to the The Astrophysical
Journal prior to an important update on the LENSFIT software, so that the analy
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sis technique, in particular Figure 6.2 is outdated.]
6.2 Observations and Analysis
The quasar CTQ 414 was discovered in the Calan-Tololo Survey (Maza et al. 1995)
and was found to be a two-image gravitational lens by Morgan et al. (1999). The
quasar images are separated by 1"23. We acquired the HST/NICMOS H (F160W);
WFPC2 / (F814W), and I'-band (F555W) images (Table 1) as part of the CAS
TLES' project (CfA-Arizona-Space Telescope Lens Survey). The //-band images
were taken in a square dither pattern to minimize detector artifacts, using a total
exposure time of 2560 seconds (1 orbit). The //-band data reduction was carried
out as discussed in Lehar et al. (2000). Observations of CTQ 414 in V and /-band
images were taken with WFPC2 using exposure times of 2 and 5 orbits, respec
tively, and processed using the standard WFPC2 pipeline. The images were taken
in a series of short (400 sec) and long (700 sec) exposures to avoid saturating the
central quasar. Nonetheless, in the F-filter, the quasar image A is slightly sat
urated. The NICMOS images are oversampled by a factor of two, resulting in
pixels that are 0!03793 along the x-direction and O'j03759 in the y-direction. The
WFPC2/PC images have a pixel scale of 0(046. We analyzed the data using Vega
magnitudes and zero points of
for the

HST H

ZP/I ~

21.789,

ZPJ

— 21.688, and

ZPY

= 22.573

(Persson et al. 1998), V and /-band (Holtzman et al. 1995) filters

for infinite radius apertures.
Figure l a shows the //-band image of CTQ 414. The foreground lensing
galaxy, marked G (at an unknown redshift), is flanked by two images (A and
B) of a single background quasar located at s, = 1.29. Although the host galaxy is
not readily apparent in the original data, once the quasar images and the lensing
'http://cfa-www.harvard.edu/castles/
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Figure 6.1: HST/NIC2 iJ-band image of CTQ 414. Figure a, original data. G =
lensing galaxy, A = quasar image A, B = quasar image B. Figure b, the Einstein
ring after removal of the lensing galaxy and the quasar images A and B. The scale
of the images is in arc seconds. North is up, and East is to the left.
galaxy are modeled and removed, the host galaxy shows up as a luminous and
complete ER (Figure lb). The ER has a moderate ellipticity, and the East end of
the ring is slightly rounder than the West end. Both features suggest the lensed
host galaxy is not round. We will address this issue in § 3. There is a faint source
of unknown redshift

'1'3

south of G and there are no other obvious sources in the

25" X 25" field of view of the NIC2 camera, or in the

37"

x 37" FOV of the PC

camera. Further out, there is a large group of galaxies in the WF2, WF3, and WF4
chips, which may be associated with the foreground lensing galaxy.
Gravitational lensing distorts the image fluxes and the pixel mapping from
the distant background "source plane" to the observed "image" plane. The struc
ture of the lensed host encodes information on both the gravitational potential of
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the lens galaxy and the structure of the host. The theory of formation of Einstein
rings is well developed and the ring structure encodes sufficient information to
separate the structure of the lens potential from the morphology of the source
(see Kochanek, Keeton, & McLeod 2001). To extract as much information as pos
sible, we developed image modeling software, LENSFIT, to fit all objects in the
images using parametric models for the galaxy profiles combined with a para
metric model for the gravitational potential of the lens galaxy. We only outline
the method here, as a full technical discussion is given in Peng et al. (2003 in
preparation).
We model galaxies as combinations of elliptical Sersic (1968) profiles.

(6.1)
where K is defined so that Rg is the half light radius of the profile and n is the
concentration index (n = 4 is a de Vaucouleurs profile, n = 1 is an exponential).
The azimuthal shape is an ellipse with axis ratio q, rotated to a position angle 6.
Point sources are modeled as compact Gaussian profiles

(6.2)

Galaxy profiles and quasar images are steep near their centers, so it is very
important to finely sample the central pixels to accurately produce their fluxes.
LENSFIT determines the sub-pixel sampling adaptively depending on how close
an image pixel is to an object center. We will discuss the technique briefly here,
leaving details to be presented in Peng et al. (2003 in preparation). The tech
nique to oversample the pixels is driven by special considerations for creating
images of lensed sources, which is harder than creating images of unlensed ob
jects. If an image pixel, mapped back to the source plane, falls within r < 2 pix
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of an object center, or when there is a steep gradient in the image plane { \ d f / d x \
or \df/dy\ > 20), LENSFIT adaptively oversamples a pixel by subdividing it into
2x2 subpixels. For every sub-pixel it next recomputes the mapping and the gra
dient to decide whether to subdivide it further, and the process repeats. With
adaptive resampling of the pixels in the image plane (foreground), we can accu
rately model the flux ratio of the quasar images by lensing a quasar placed in
the background (source plane). For objects that reside on the lens plane, the im
age model is a sum of the components convolved with the point spread function
(PSF) of the observations. For objects that reside on the source plane, we first use
a lens model to determine the distorted image of the components formed by the
lens, and then convolve them with the PSF.
We model the lens as a series of standard singular isothermal ellipsoids (SIE
e.g. Kassiola & Kovner 1993) possibly in an external (tidal) shear. The projected
surface density of the model, in units of the critical surface density of lensing, is
-1/2

2g2

I + q^

{x^

+ y^q^)

(6.3)

where q is the axis ratio of the SIE, and b is the mass parameter that determines
the size of the ER. For a singular isothermal sphere {q = 1), the parameter b is
the radius of the ER. Simple expressions for the lens deflections produced by an
SIE can be found in Keeton & Kochanek (1998). Although the SIE is not the only
possible model for the lens, it is well motivated by observations. Local stellar
dynamical studies (e.g Rix et al. 1997), models of individual gravitational lenses
(e.g. Munoz, Kochanek, & Keeton 2001), self-similar models of the lens popula
tion (Rusin, Kochanek, & Keeton 2003), and stellar dynamical measurements of
lenses (e.g. Koopmans & Treu 2003) all suggest that the mass profiles of elliptical
galaxies within roughly 10 kpc roughly match the p cx 1/r^ density profile and
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flat rotation curve of the SIE model.
The lens model may be more complicated than a single SIE if the lens is near
another galaxy or embedded inside a group. Usually, the quality of the data is
such that the collective lensing effect of the group can be well modeled by using
an external shear vector term 7 (e.g. Kochanek 1991, Lehar et al. 2000, Keeton
et al. 2000). When the lensing power due to multiple galaxies is comparable,
it may be necessary to introduce higher order terms by adding one or more SIE
deflectors (e.g. Impey et al. 1998, Rusin et al. 2001). In complicated situations,
LENSFIT can optimize a fit using multiple SIEs and 7. However, a single SIE
lens component is sufficient in the case of CTQ 414, as we might expect from the
relative isolation of the lens system from any neighboring galaxies. We did ex
periment with models including an external (tidal) shear, but the best fit models
would always converge to solutions with negligible shear, so we simply fixed it
to zero.
The greatest systematic problem in our analysis is in the choice of the PSF
model convolved with our model image before fitting it to the observations. Ide
ally, we should use PSFs obtained by observations of stars of similar color to
CTQ 414 at the same time as the observations of CTQ 414. Since such data was
not available, we experimented with a range of observational and theoretical PSF
models. For the i/-band data we modeled the images with each of 13 observa
tional PSFs (see Lehar et al. 2000), finally using the PSF which allowed the best fits
to the data for our final results. Each of the 13 stellar images were obtained and
reduced in a manner matching our quasar image. For the V and /-band images
we used a combination of 14 high signal-to-noise ratio PSFs obtained from the
HST archive, and TinyTim (Krist & Hook 1997) model PSFs. The primary differ

ence between the observed and model WFPC PSFs is that the observed PSFs have
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slightly broader cores and larger halos of scattered light. For all observations we
convolved the data with a narrow Gaussian whose width was optimized so as
to minimize any differences in the widths between the PSF and or images of the
quasars.
The end result is a model image I m ( i , j ) for each pixel

{i — I • • •Ux, j = I • • •Uy)

consisting of the sum of the lensed and unlensed photometric components of the
lens convolved with the model PSF. We measure the goodness of fit of the model
image to the observed image Io{i, j) using a reduced

^
where

a{i,j)

statistic,

Sg

is the estimated variance in the pixel and Ndof is the number of de

grees of freedom in the model {Ndof = ^xTiy — Np for a model with Np parameters).
We optimize the fit to the data using the Levenberg-Marquardt downhill gradient
method, as implemented in Press et al. (1997). After comparing the model with
the data, LENSFIT iteratively adjusts all the parameters (the deflection model, the
lensed and non-lensed sources) simultaneously until the

no longer diminishes.

In order to accurately estimate the uncertainties in the parameters of the best
fit model for the image we need to correctly characterize the uncertainties a { i , j ) .
We start by assuming the uncertainties are simply the photon counting uncer
tainties in the image, although the NICMOS reduction process makes it difficult
to do this exactly for the //-band image. We test this estimate by examining the
reduced

for regions without sources (sky) and then rescaling the uncertainties

for the full image so the reduced x^ for the sky regions is unity. This procedure
camiot, however, account for systematic errors such as any problems in the PSF
model. We address problems from the PSF by also doing the fits with the regions
around the QSO cores (where the PSF problems are most severe) masked and

Ill

comparing the results to the fits without the cores masked. Finally, where the
final model does not achieve a reduced

of unity, we rescale the errors by

in an attempt to broaden the parameters to compensate for any underestimate of
the uncertainties in the images.
1. Determine rough lens model:
Fit lens light & deflec. model,
quasar source. Hold lens model
centered on lens galaxy light
profile.

Determine bad
pixel mask.

3. Fine tune lens model:
Fit lens gal. & deflec. model
quasar and host galaxy
in source plane.
Iterate

Done

5. Refit quasar images:
Hold deflec. model fixed.
Hold host model fixed.
Fit quasar images in image
plane. Fit lens profile.

4. Optimize host:
Hold deflec. model fixed. Fit
host in source plane. Mask
out quasar images.
Iterate

Figure 6.2: A flowchart of the fitting steps.
We use the //-band image to determine the structure of the host galaxy. In
order to obtain our final model and its uncertainties, we went through the iter
ative process outlined in Figure 2. The basic problem is the trade off between
PSF errors near the quasar images and using the quasar images as constraints on
the lens model. The peak surface brightness of the host galaxy is only 3% of the
peak of the quasar, and it is still only 17% that of the quasar at the first Airy ring.
The quasar subtraction residuals ranged for 1-5% for the best PSF models to 510% for the typical PSF model. A further complication is that the flux ratio of the
quasars in the image may be quite different from the true flux ratio due to satel
lites in the lens (Mao & Schneider 1998), time variability in the source (e.g. Schild
1990, Oscoz et al. 2001), microlensing by the stars in the lens (e.g. Wucknitz et al.
2003) or differential extinction created by dust (e.g. Falco et al. 1999, Angonin et
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al. 1999).
We found that the procedure outlined in Figure 2 works well. We first fit a
model optimizing both the photometric properties of all the components and the
lens model. For these models we include the quasar on the source plane that must
be multiply imaged to create the two observed quasar images, thereby strongly
constraining the lens model. We then fix the lens model and instead model the
quasar using two point sources on the lens plane. This removes any effects of
a mismatch in the quasar flux ratio from the model for the lens galaxy or the
host galaxy. The host galaxy components are still placed on the source plane and
lensed by the (fixed) lens model with their parameters adjusted to best match the
Einstein ring. Finally, to deal with PSF subtraction problems in the cores of the
quasar images, we conducted an additional trial masking the cores of the quasars
out to the first Airy ring using 07 diameter masks. By comparing the solutions
with and without masking we can explore the effect of PSF subtraction residuals
on the host galaxy parameters.
6.3 The Photometric Structure Of The Host Galaxy
The apparent elliptidty of an Einstein ring is primarily an indication of how far
the source position is offset from the lens center (see Kochanek et al. 2001). Usu
ally, a two-image lens requires a significant offset because the regions with small
offsets lead to four images. For CTQ 414, however, the ellipticity of the poten
tial seems to be quite small, allowing a fairly round ring. As we go around the
ring, there are two surface brightness minima where the ring crosses the tangen
tial critical line, another characteristic of the Einstein ring in a two-image lens.
The ring is, however, moderately boxy and asymmetric (see Figure lb), which is
a sign that the source must be moderately elliptical.
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6.3.1

"Standard" Models

A common practice in studies of host galaxies is to parametrize the host galaxies
by a single Sersic profile and then compare the best fit index to those of a classic
bulge (n=4) or exponential disk (n=l) (Dunlop et al. 2003, Kukula et al. 2001,
Sanchez & Gonzalez-Serrano 2003). We proceeded in the same fashion, and Fig
ures 3a and b show the best fit bulge (n free) and disk (n = 1) models for the
host galaxy. It is obvious simply by visual inspection that none of these mod
els are able to provide an acceptable fit, with xl — 1-27 and 1.35 respectively for
the Sersic and disk models computed with the QSO images masked. The best fit
Sersic model comes out close to being de Vaucouleurs (n = 3.7), is fairly round
(q — 0.83) and quite large {Re = 1.8 kpc). The results do, however, depend on

whether we force the host to be centered on the quasar. The results of Figures 3a
and b allowed the host galaxy to be offset from the quasar, and the residuals are
far worse if we force the two components to share a common position. This could
indicate a true offset or a significant asymmetry in the host structure that cannot
be properly modeled using ellipsoidal surface brightness profiles. These general
results do not depend on whether we mask the QSO images or change the PSF
model.
The presence of extended residuals in both of these models and the approxi
mate convergence of the Sersic model to a bulge suggests that a standard bulge
(n = 4) plus disk (n ~ 1) model might provide a better fit. Figures 4a-c show three
such models. In the first model (Figure 4a and Trial 1 in Table 2), we forced all
three components (QSO, bulge and disk) to have a common position. The bright
residual flanking image A is typical of models in which the host positions are
locked to the quasar position, and this model actually fits the data worse than the
best single component models with the position free to vary (x^ = 1.33 versus
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Figure 6.3: The residual images after decomposing the Einstein Ring with { a ) bestfit 1-component Sersic (n = 3.72) and {b) an exponential disk. The positions of the
hosts are not constrained.
1.27). In fact, this model closely resembles an exponential disk model because
the bulge effective radius has become so small {Rg = tftoS) that it has effectively
turned into a correction to the QSO PSF. If we try to force the bulge to be larger, as
we do in Trial 2 (Fig 4b) by setting

= 0f'.10, the goodness of fit becomes worse.

Only when we allow the components to be offset from the quasar separately, as
we do in Trial 3 (Fig 4c) can we eliminate the bright residuals near image A and
obtain a significantly lower fit statistic of xf, = 1-196.3.2

Best Fit Models

Given the failures of the standard models, we now investigate more non-standard
profiles by allowing the Sersic indices of the bulge and the disk to find their opti
mum values, and allowing the centroids to be free parameters. For ease of com
parison, we show the best-fit 1-component bulge model in Figure 5a, next to the
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Figure 6.4: Classical B/D Decomposition Trials: residuals all based on modeling the
host galaxy with a classical de Vaucouleurs bulge (n = 4) and an exponential disk
function {n~ 1), corresponding to parameters shown in Table 2. In Figures a and
b, the centroids of the hosts are fixed to the center of the quasar source. Figure b

is similar to a, but with additional bulge constraints

= 2.5 pix and q — 0.75).

Figure c releases the position and the bulge constraints.
result of the new best 2-component model in Figure 5b. The improvement is sig
nificant - most of the Einstein ring appears now to be well subtracted, and a
summary of this photometric model in the //-band image is presented in Table
3. In this fit, using a mask, we find significant offsets in the positions of the com
ponents (by (t!02-0fto7 or 0.2-0.6 kpc), with the deprojected quasar positions lying
in between the two host galaxy components. This fit reduces xl to 1.12 from a
previous best of 1.19, where Ndof ~ 18,779.
Despite the good fit, there are still residuals, particularly near the Airy rings
of the quasars, in the two component models (see Figure 5b). These are likely
to be artifacts created by PSF mismatches, but we tested to see whether a third
host component could significantly reduce the residuals. Even though the third
component does eliminate one of the residual peaks (Figure 5c), it is so offset from
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Figure 6.6: The deprojected host galaxy images (summing the bulge and disk
components) corresponding to those shown in Figure 3a, b, and c. In Figure a, the
square marks the center of the host. In all figures, the circle marks the location of
the quasar after deprojection.
the other two components that we conclude it is simply being used to remove a
PSF artifact rather than representing a genuine component of the host galaxy. The
fit statistics (without using a mask) for the three models are xl ~ 5.9,5.2,3.2 and
show that two components are necessary, but 3 may not be justified on physical
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grounds.
One other cause for concern in the current model, as shown in Table 3, is that
the Sersic indices for the bulge (n = 0.97) and the disk (n — 0.37) significantly
deviate from the standard models. Historically, even though the profiles of some
elliptical galaxies can be well described by a de Vaucouleurs function, the case for
using de Vaucouleurs profile for disk bulges was less clear. Nonetheless, using
a de Vaucouleurs profile to fit late-type galaxy bulges was a common practice,
limited in part by the analysis technique. Early on, morphology studies relied
on fitting functions to galaxy profiles in 1-D which had well known degeneracy
issues if the galaxy did not have a clear transition between the bulge and disk
components, and if the Sersic parameter n was not constrained. With more re
fined numerical techniques, especially in extending galaxy fitting into 2-D, it is
now known that galaxies often do not have classical profiles (e.g. Courteau, de
Jong, & Broeils 1996; Carollo et al. 1997; Balcells et al. 2003, MacArther, Courteau,
& Holtzman 2003; Boker, Stanek, & van der Marel 2003; Tamm & Tenjes 2003). In
stead the index n has a range of distributions: for bulges that are considered to
be early-type, 1.5 ^ n ^ 6, while for disks and exponential bulges, n ^ 1.5.
Galaxies which have low n values have profiles which are flatter at the center
and more steeply truncated beyond Rg than galaxies that have high n. Galaxies
that have low n for disks are often easy to identify by the appearance of sharply
truncated disks that are often associated with young disks and spiral arms. One
other main difference between earlier studies and this one is that studies which
enforced classical bulges and disks often accept large residuals as a trade-off. In
this study, however, we are specifically interested in minimizing the residuals.
For the remaining discussions below. We adopt the 2 component best fit model
of Figure 5b and Figure 6b (Table 3) as our standard model. We reiterate the fact
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that the host galaxy has two photometric components is not ambiguous: one of
the component has to be moderately eccentric {q = 0.56) to create the elliptical ER,
while the other is needed to remove the strong arc seen most easily around image
A. This latter component appears to be fairly round (q = 0.76) and more compact.
Nearby elliptical galaxies and red sequence galaxies at high z, in addition to be
ing characterized by older stellar populations than average, also tend to exhibit
smooth morphology and steep central, Sersic n > 2 profiles. In our decompo
sition, the elongated component has a profile significantly shallower, and more
sharply truncated outer profile (n = 0.37), than an exponential disk of n — 1. The
concentration index of the bulge-like component is near exponential (n = 0.97).
However, its reality is less certain because of contamination by the central quasar
and PSF uncertainties. The bulge component value of n is probably not as steep as
the de Vaucouleurs profile of ?i = 4; it qualitatively and quantitatively produces
a significantly worse fit around the quasar images, and does not account for all
the flux of the ER (as shown previously in Figure 4). These properties (shallow
profile and highly eccentric disk) suggest the host is a galaxy later in type than
an elliptical. It is likely that the host galaxy is composed both of a disky and a
bulge-like structure.
Hereafter, we will simply refer to the two host components as the bulge and
the disk without necessarily implying properties that are normally associated
with low redshift disky-type galaxies. The bulge and the disk have nearly a 1:1
luminosity ratio in the H band. In sum, the host galaxy at H = 18.8 ± 0.2 is about
1.5 to 2 magnitudes brighter than an elliptical galaxy that eventually evolves to
be a II. galaxy by 2; = 0. The disk has a large effective radius, with B,. = 5.4 ± 0.3
kpc, and the bulge is relatively small with Rg ~ 0.9 ± 0.1 kpc. This is broadly
consistent with the finding by Kukula et al. (2001), Ridgway et al. (2001), and
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Hutchings (2003), that the host galaxies tend to have large scale lengths and be
fairly luminous. However, CTQ 414 appears to have a significantly higher ellipticity than the typical z > 1 host galaxies observed in previous studies.
Nearby imaging studies (e.g. McLeod & McLeod 2001, Bahcall et al. 1997,
and McLure et al. 1999) find that it is not uncommon for host galaxies to be in
teracting with their neighbors or to appear irregular. There is also evidence that
merger/interacting pairs are more common at 2 > 1 (Conselice et al. 2003 and
references therein), and there is a popular notion that the AGN phenomenon is
driven by such activity (e.g. Menci et al. 2003). In our best fit, it appears that
most of the ER can be fitted with two smooth components, so it is not obvious
that the host galaxy is in a merging or interacting system. However, there are
subtle residuals that remain in the fit that cannot be completely removed, in par
ticular the region surrounding quasar image B which is slightly over subtracted.
Exposures deeper than the current 1-orbit if-band image are needed to probe the
CTQ 414 host galaxy structure to lower surface brightness limit.
Incidentally, often in the literature there is a preference for characterizing
quasar host galaxies and high-2 galaxies bimodally either with an n = 1 (expo
nential disk) o r a n n = 4 ( d e Vaucouleurs) profiles. S o m e t i m e s resolution o r S / N
does not permit a finer characterization even though it is well known that galaxy
profiles form a continuous sequence in n (e.g. Blanton et al. 2003). However,
here we illustrate a potential danger of cast-typing host galaxies bimodally into
disky and elliptical (i.e. de Vaucouleurs profile) categories based on low signal to
noise detections. Using a single component to fit the host galaxy (i.e. Figure 5a
and Figure 6a), we indeed find that de Vaucouleurs (3 < n < 6) profile produces
a lower

than an exponential disk. Furthermore, it is fairly round {q = 0.83).

With lower S/N data, the diffuse residuals seen in Figure 3a might have been
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missed, and a naive

analysis leads to the conclusion that the host galaxy is

bulge-dominated with a de Vaucouleurs profile. However, in high S/N data,
this is evidently wrong. The fact that the components do not have one common
centroid, in addition to the bulge being comparably luminous as the disk, con
spire to produce a misleading conclusion about the profile. The relatively lower
eccentricity comes from averaging over the two components in a flux-weighted
mean. Thus this object serves as cautionary tale that high resolution, high S/N
imaging and detailed modeling of the host are needed to truly distinguish bulgedominated galaxies from unresolved later-type galaxies.
While we are obtaining significantly more information about the photomet
ric profile of a high redshift host galaxy while using significantly shorter expo
sures by taking advantage of the lens magnification, it is also true that the result
ing photometric properties contain some puzzles. In particular, while success
ful models require offsets between the components, this could equally well be
due to asymmetries in the host structure that are not incorporated in our mod
els and are difficult to characterize simply by examining the images. Similarly,
the concentrations of our profiles would be far better constrained if the exposure
times were longer. Finally, the close alignment in the position angle of the host
galaxy with a line joining the quasar images is merely a coincidence. This implies
that, in projection, the host galaxy major axis points towards the lensing galaxy.
Though an unlikely arrangement, the high symmetry of the ring requires it. If the
host galaxy orientation is more askewed, it would result in a more lopsided ring,
which would be easy to notice because the ring has high S/N.
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6.4 The Host Galaxy Color and its Evolutionary State
The //-band data roughly correspond to the 7?-band (7000 A) in the rest frame of
the quasar where the stellar emission is large enough to allow us to fit an accurate
photometric model. The /-band and I'-band images measure the f/-band (3500A)
and near ultraviolet (2400A) emission of the host galaxy. While we detect the host
in both optical bands, the contrast significantly worsens compared to the //-band
data, and the sensitivity to the PSF model becomes greater. Thus, in order to es
timate the optical fluxes, we held the photometric model fixed and only adjusted
the fluxes of the three components (the quasar, the "bulge" and the "disk"). We
did allow the positions of the point sources to vary, to compensate for any small
uncertainties in the relative plate scales and orientation of the NIC2 and PC cam
eras. The results of the fit are shown in Figure 7 for the /-band data, and Figure
8 for the I'-band data. The strong "spike" residual in Figure 8, oriented 20 de
grees clock-wise from the vertical, is caused by charge-transfer trapping in the
pixels during the CCD readout. This could not be modeled. The resulting esti
mates for the restframe colors are summarized in Table 4 based on the observed
FSFs and A:-correction using the closest matching CWW SEDs. On average, after
combining the bulge and disk components, the observed host galaxy color are
I - H = 2.5 ± 0.2 mag and V - / = 1.0 ± 0.2 mag, where the uncertainties are

statistical uncertainties.
To roughly obtain possible systematic errors due to PSF effects, we compare
the fits to the V and I band images using PSFs created using TinyTim and ob
served in real data. We find that, for the total flux of the host (bulge + disk), the
results are robust to the use of the PSFs in the I filter: the TinyTim PSF produces
a slight a more luminous host in I (A/ = 0.03 mag). For I - H color, the results
are again robust to PSF assumptions; the difference is A(/ - //) < 0.1 for when
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284
the host is summed, and when the bulge and disk components are taken individ
ually. However, in the T '-band, the individual components are quite sensitive to
the PSF, but not the sum. Because the wings of the TinyTim PSF are not quite as
extended as the observed PSF, using the TinyTim PSF produces a bulge brighter
by 0.8 mag. This removes some light from the disk, making it fainter by 0.4 mag.
The sum of the two components, however, is changed by only AV = 0.09 mag
compared with using an observed PSF. We regard the large differences for the
individual components in V an upper limit, given that the wings of the observed
PSFs are probably more realistic. These systematic effects, even though large for
V, are nonetheless small enough to not affect our conclusions. In the discussions

below, we quote values using the observed PSFs.
The host galaxy colors are important because they allow us to estimate the
evolutionary state of the stellar populations of the host and to provide an esti
mate of the stellar mass corrected for the age of the stellar populations. Figure
9 compares the V — I and I - H colors of the host galaxy to evolutionary tracks
from the Bruzual & Chariot (1993, G1SSEL96 implementation). The E/SO, Sa, Sb
and Sc evolutionary tracks assume star formation starts at Zf — 5 followed by
simple prescriptions for star formation histories. For an E/SO, the star formation
rate is proportional to exp(—1/1 Gyr), while for spiral galaxies we use a Scalo
IMF with star formation rates given by Guiderdoni & Rocca-Volmerange 1998).
They are meant more as generic models for their stellar content than specific in
dicators of their morphological type. The average color of the host is fairly blue.
In particular, it is far bluer than a passively evolving E/SO model. The "bulge"
component, however, has colors that are consistent with an evolving E/SO popu
lation, and the blue average color is driven by the very blue color of the "disk."
Crudely, the average color is similar to an Sb/c model, the bulge color is similar
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to an E/SO, and the disk color is similar to a rapidly star forming Sc/Sd. For the
bulge, I - H ~ 3.1 mag and V - I = 1.5 mag, and for the disk, I - H ~ 2.2 mag
and V

— I =

0.86 mag.

An alternate way of understanding the colors is to compare them to the colors
of local galaxies. We made the comparison by simply redshifting the Coleman,
Wu, & Weedman (1980, hereafter CWW) template spectral energy distributions
(SEDs) to 2;s = 1.29 using the prescription of Hogg et al. (2002). Compared to
the present day colors of galaxies, the bulge is relatively blue, with colors similar
to that of present day Sb/c galaxy. The disk is better matched by the colors of a
present day Magellanic Irregular (Im), although the Im template is 0.2 mag bluer
in V - I than the host. Table 4 compares the rest frame colors of the host galaxy
and the quasar based on /c-corrections using the best matching CWW SEDs, and
a powerlaw of

respectively. We also provide the rest frame colors in the

Sloan Digital Sky Survey filter system in Table 5. The Galactic extinction is small
{Ay = 0.05 mag, Aj = 0.03 mag. AH = 0.01 mag, Schlegel et al. 1998) hence is not
corrected.
Using the templates to make the /^-corrections, we find that the total absolute
magnitude of the host is

MR

= —23.8 mag, which is 2 magnitudes brighter than

a present-day X, galaxy. Nonetheless, the host is of comparable or slightly lower
luminosity than radio galaxies (i.e. no bright, central quasar) with similar redshifts (Lacy, Bunker, & Ridgway 2000; Zirm, Dickinson, & Dey 2003). CTQ 414 is
also very similar in luminosity to the RLQ high-z hosts reported by Kukula et al.
(2001), but it is brighter than the radio quiet quasar (RQQ) hosts in the Kukula et
al. (2001) and Ridgway et al. (2001) samples by roughly a magnitude. Compared
to lower redshift (z < 0.5) quasar hosts, CTQ 414 has a luminosity typical of
RLQ ((Mii)^g = -24.0 mag) and BL Lac

= -23.5 mag) hosts (Falomo,

286
Carangelo, & Treves 2003). However, these lower redshift hosts are primarily el
liptical galaxies and presumably have old stellar populations, while the CTQ 414
host appears to be a disky, star-forming galaxy. As the stellar population ages, we
would expect the CTQ 414 host to be 1-2 mag fainter than these local hosts. As
we do not find neighboring galaxies in deep V'-band imaging, it would presum
ably still have prominent disk given the absence of nearby galaxies with which it
could have a major merger.
The CTQ 414 host is very different from the general galaxy population at simi
lar redshifts. It is far bluer, by one magnitude in the rest frame U—V color, and has
a shallower surface brightness profile than galaxies on the red sequence, but its
luminosity is similar to the brightest early-type galaxies at these redshifts (Bell et
al. 2003). On the other hand, compared to galaxies with similar

U ~ V =

0.3 mag

colors, it is almost ten times more luminous. Thus, the host galaxy may be an ex
ample of the massive but rare progenitors of the giant galaxies observed locally.
6.5 Comparing The Black Hole Mass and the Bulge Mass
At low redshift, there is a strong correlation between the mass of supermassive
black holes with the bulge mass and bulge luminosity (e.g. Kormendy & Richstone 1995; Magorrian et al. 1998; Ho 1999; Laor 2001; Kormendy & Gebhardt
2001; Marconi & Hunt 2003; Merritt & Ferrarese 2001, McLure & Dunlop 2002),
with a dispersion of between 0.3 to 0.5 dex depending on the sample used. While
early works suggested that the black hole mass and bulge mass were linearly pro
portional, Laor (2001), using a sample of PG quasars and nearby galaxy samples,
finds that the relation may deviate from linearity. More recently, using a sample
of 18 black holes found in inactive galaxies, and slightly larger dynamic range,
Kormendy & Gebhardt (2001), Merritt & Ferrarese (2001), and McLure & Dunlop
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(2002), find A^bh= 0.00127Wb„ige/ fully consistent with linearity. However, this im
portant issue may remains unresolved due to sparse amount of data at the low
and high mass ends that anchor the relation.
With one object we cannot explore all aspects the change in these correlations
at high redshift, but we can test whether or not the ratio between the stellar mass
of the bulge and the mass of the black hole powering the quasar have a simi
lar ratio to the local estimates. A common way to estimate Mmi in AGNs is to
use their broad emission lines (Civ, H^, and Mg il) and the continuum luminos
ity (Kaspi et al. 2000, McLure & Jarvis 2002, Vestergaard 2003). As we do not
have a spectrum for CTQ 414 we estimate the mass of the black hole using the
quasar bolometric luminosity and the assumption that it is radiating at the Eddington luminosity. Because the estimate of the bolometric luminosity is crude,
due to the limited wavelength coverage, and uncertainties about the assumption
of an Eddington luminosity, the mass estimate is crude (see Woo & Urry 2002).
We measure a demagnified V-band absolute luminosity of
ing the /^-corrections appropriate for a
standard conversion factor of 10 between

MY = -24.4 mag us

power-law spectrum. Assuming the

V-band luminosity and bolometric lu

minosity, the total quasar luminosity is roughly 1.3 x Iff'® ergs/s. For a black hole
radiating at fraction Lnai/LEdd of the Eddington luminosity, the black hole mass
is ,Mbh~ 1 X 1 {LiCiUi/LBOI)M(.:..
Comparing the black hole mass estimate with the luminosity in

MR,

and

MY

(Table 4), we find that CTQ 414 is consistent with the relations found by McLure
& Dunop (2002), Laor (2001), and Merritt & Ferrarese (2001) for nearby galaxies
and AGNs. However, perhaps a more apropos comparison is between A4BH with
A4buige/ where

M

BU= 0.0012.Mbulge determined locally (Kormendy & Gebhardt

2001, Merritt & Ferrarese 2001, McLure & Dunlop 2002). We can make a similar
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estimate by using our measurements of the bulge colors to constrain the stellar
population or equivalently the mass-to-light ratio. Based on the rest frame col
ors, we estimate that M/£ ~ 1 in i?-band based on the models of Bell & de Jong
(2001), although these relations have significant scatter even for local galaxies.
This implies that the bulge mass is Albuige— 9 x 10^°

This may well be an up

per bound if high redshift stellar mass functions contain larger fractions of high
mass or younger stars than present day galaxies. If the estimate of the black hole
mass from the arguments based on the Eddington luminosity are correct, then
the ratio of the black hole and bulge masses, Mmi /.Mbuige~ 0.001(-Lj^dd/Lsoz)/
which would be in good agreement with local estimates if the quasar LBoifLEdd
is near unity. Spectroscopy would be needed to determine the black hole mass
more accurately.
6.6 Summary
By magnifying the host galaxy out from underneath the quasar, gravitational
lensing enhances the detectability of quasar host galaxies by roughly a factor of
100 in surface brightness contrast between the host and the quasar. This makes it
possible to obtain detailed morphological information about quasar host galax
ies with redshifts greater than unity. While the modeling is computationally more
difficult than for unlensed quasars, the need to include a model for the lens po
tential adds no large systematic uncertainties to the analysis.
As a particular example, we determined the properties of the host galaxy in
the two-image lens CTQ 414 as a prototypical case for deriving morphological
information from a lensed system. The host is composed of two distinct pho
tometric components: a round, compact (Rg = 0.9 kpc), exponential bulge-like
structure embedded in a bluer extended, but sharply truncated eccentric disk
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(Re — 5.4 kpc). The two components are clearly different in shape, concentra
tion, and color. The result is not very sensitive to the PSF because the ring is so
dramatically extended. Moreover, the two components appear to be relatively
centered, implying that the host galaxy may be regular in shape near the center.
Since the //-band data from which the morphology was derived are fairly shal
low (l-orbit) by the standards of other attempts to resolve higher redshift host
galaxies, it would be relatively easy to obtain the deeper images needed to see if
the host galaxy has regular or disturbed isophotes at larger radii. In a shallower
image, or an image without the benefit of the lens magnification, the faint disk
would be difficult to detect, and a simple one-component fit to such an image
would strongly indicate that the host is a large elliptical galaxy - sensitivity to
the outer, lower surface brightness regions is essential for correctly estimating
the morphology of host galaxies.
Compared to quasar hosts at z ^ I (Kukula et al. 2001), the host galaxy of
CTQ 414 is brighter than the average RQQ host, but not as bright as the average
RLQ hosts. It is also comparable in luminosity to the z ^ 2 hosts detected by
(Ridgway et al. 2001). The host galaxy is considerably bluer than a passively
evolving elliptical galaxy. Compared to local SEDs, the bulge has colors similar
to a nearby Sb galaxy with a mass-to-light ratio (MjL) ~ 1 in R. This implies
a bulge mass of

bulge— lO^^A^©. The luminosity of the quasar implies a black

hole mass of MBH— 1 x 1Q^{LEM/LBOI) This implies that the ratio of the black
hole and bulge masses is very similar to local estimates if the quasar is radiating
at the Eddington limit.
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Table 6.1. CTQ 414 Observations

Filter

Exp. time

Camera

Plate Scale

Phot. zpt.

(arcsec/pix)

(mag)

(3)

(4)

(sec)
(1)

(2)

Date Obs.

Propos. ID

(5)

(6)

(7)

F160W(H)

2^60

NICMOS/NIC2

0.038

21.789

1998 Apr 08

7887

F814W(I)

4,400

WFPC2/PC

0.046

21.688

2001 Aug 22

9138

F555W(V)

10,500

WFPC2/PC

0.046

22.573

2001 Aug 24

9138

Note. — Col. (1): HST Filter. Col. (2): Exposure time. Col. (3): Camera/detector Col. (4): Plate
scale in arcsec/pbcel (note that the normal plate scale for NIC2 is O'.'076/pix). Col. (5): Photometric
zeropoint used (Vega magnitude system). Col. (6): Date of observation. Col. (7): Proposal ID.
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Figure 6.9: The color (Vega magnitude system) of the host galaxy CTQ 414 plotted
over stellar synthesis tracks generated by Keeton, Kochanek, and Falco (1998),
based on Bruzual & Chariot (1993) Stellar evolution models. The tracks shown
alternate in thickness/style every Az = 1. The models plotted have a burst of
star formation at redshift Zf — 5, followed by star formation histories for E/SO,
Sa, Sb, and Sc-type galaxies (see text). The lensing galaxy color (open circle) is
consistent with a passively evolving galaxy at z ps 0.3; the size of the circle is
representative of the measurement uncertainty. The square with error bars is the
observed color of the host galaxy, while the solid circles are the bulge (lower
point) and the disk (upper point) sub-components found in the decomposition.
The crosses are theoretical colors for E/SO, Sa, Sb, and Sc-type galaxies also at
^ = 1.29.

Table 6.2. de Vaucouleurs + Exponential Disk Host Models

Filter

Comp.

ARA

ADec

(arcsec)

(arcsec)

mag

iie or 5

n

1

PA

xl

Comments

(arcsec)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Sersic Host

QSOA

=0

=0

16.52 (0.01)

—

—

—

—

1.27

Quasar image A

QSOB

-L16 (0.00)

-0.40 (0.00)

17.20 (0.03)

—

—

—

—

Lens

-0.77 (0.02)

-0.24 (0.03)

17.11 (0.05)

0.44 (0.03)

3.23 (0.15)

0.71 (0.01)

65.4 (1.)

Host

-0.54 (0.04)

-0.13 (0.03)

19.08 (0.01)

0.21 (0.03)

3.72 (0.98)

0.82 (0.02)

55.7 (1.)

QSOA

S0

=0

16.36 (0.01)

—

—

—

—

QSOB

-1.16 (0.00)

-0.40 (0.00)

17.16 (0.03)

—

—

—

—

Lens

-0.77 (0.02)

-0.24 (0.03)

16.90 (0.05)

0.61 (0.02)

3.67 (0.07)

0.66 (0.01)

63.9 (1.)

Host

-0.52 (0.04)

-0.12 (0.03)

19.63 (0.01)

0.20 (0.03)

[1]

0.82 (0.02)

56.6 (1.)

QSOA

=0

H0

16.52 (0.01)

—

—

—

—

QSOB

-1.16 (0.00)

-0.40 (0.00)

17.33 (0.01)

—

—

—

—

Lens

-0.77 (0.01)

-0.24 (0.01)

17.36 (0.02)

0.34 (0.02)

2.52 (0.09)

0.67 (0.02)

58.8 (1.)

Host A

[-0.60]

[-0.17]

20.12 (0.01)

0.05 (0.01)

[4]

0.37 (0.01)

-17.31 (1.)

HostB

[-0.60]

[-0.17]

19.28 (0.01)

0.66 (0.02)

[1]

0.51 (0.01)

66.67 (1.)

QSOA

S0

S0

16.49 (0.01)

—

—

—

—

QSOB

-1.16 (0.00)

-0.40 (0.00)

17.30 (0.01)

—

—

—

—

0.37 (0.02)

2.67 (0.10)

0.64 (0.02)

60.1 (1.)

Expdisk Host

B/D Trial 1

B/DTrial2

Lens Sersic light profile

1.35

1.33

1.37

-0.77 (0.01)

-0.24 (0.01)

17.30 (0.04)

Host A

[-0.60]

[-0.17]

19.67 (0.01)

[0.10]

[4]

[0.75]

-18.4 (1.)

Bulge component

HostB

[-0.60]

[-0.17]

19.48 (0.01)

0.76 (0.01)

[1]

0.51 (0.01)

65.5 (1.)

Disk component

QSOA

EE 0

=0

16.56 (0.01)

—

—

—

—

QSOB

-1.16 (0.00)

-0.40 (0.00)

17.37 (0.01)

—

—

—

—

Lens

B/DTriaI3

Quasar image B

1.19

Table 6.2—Continued
Filter

(1)

Comp.

ARA

ADec

(arcsec)

(arcsec)

(3)

(4)

(5)

Lens

-0.77(0.01)

-0.24(0.01)

Host A

-0.57(0.01)

HostB

-0.55(0.01)

(2)

mag

Re or 6

n

q

PA

x?

Comments

(6)

(7)

(8)

(9)

(10)

(11)

17.39(0.02)

0.28(0.01)

2.55(0.11)

0.79(0.02)

66.65(1.)

-0.15 (0.01)

19.56(0.01)

0.04(0.01)

[4]

0.71(0.02)

-7.6(1.)

-0.14(0.01)

19.40(0.01)

0.61(0.02)

[1]

0.55(0.02)

66.9(1.)

(arcsec)

Note. — Items enclosed in [ ] indicate the values are held fixed. Items enclosed in () are 1-a imcertainties. Col. (1): Trial type. All models
are held fixed to n = 4 for the bulge and n = 1 for the disk components. Other constraints: Trial 1 and 2 have positions held fixed to the
deprojected centroid of the quasar in the source plane. Trial 1 bulge Re and q held fixed to values shown. Col. (2): Component type. Col.
(3, 4): RA and Dec offsets relative to quasar image A. Col. (5): Integrated apparent magnitude of the component. Col. (6): Radius of the
component in arc-seconds. For SIE, it is the mass parameter b; for Sfeic, the effective radius Re • Col. (7): Sersic index n. Col. (8); Axis ratio
q = b/a. Col. (9): Position angle (degrees). Col. (10):

per degree of freedom using bad pixel masks. Col. (11): Comments.

Table 6.3. Adopted Photometry and Lens Model

Filter

Comp.

ARA

ADec

(arcsec)

(arcsec)

mag

Re or 6

n

g

PA

xi

Comments

(arcsec)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

H

QSO A

=0

=0

16.49 (0.01)

—

—

—

—

1.12

Quasar image A

QSOB

-L16 (0.00)

-0.40 (0,00)

17.30 (0.01)

—

—

—

—

0.32 (0.02)

2.55 (0.12)

0.72 (0.01)

64.3 (1.)

Lens Sersic light profile

I

Quasar image B

Lens

-0.77 (0.01)

-0.24 (0.01)

17.37 (0.04)

SIE

-0.77 (0.01)

-0.24 (0.01)

—

0.62 (0.00)

—

0.96 (0.15)

39.7 (9.)

Mass model of the lens

Host A

-0.54 (0.01)

-0.13 (0.01)

19.67 (0.08)

0.10 (0.01)

0.97 (0.23)

0.76 (0.02)

58.1 (1.)

"Bulge-like" Sersic component

HostB

-0.63 (0.01)

-0.18 (0.01)

19.48 (0.08)

0.65 (0.02)

0.37 (0.04)

0.56 (0.02)

67.9 (1.)

"Disk-like" Sfeic component

QSO

-0.60 (0.01)

-0.17 (0.01)

18.09 (0.20)

—

—

—

—

EE 0

S0

17.69 (0.01)

—

—

—

—

QSO A

-1.17 (0.01)

-0.40 (0.01)

18.42 (0.01)

—

—

—

—

Lens

[-0.77]

[-0.24]

19.35 (0.03)

[0.32]

[2.55]

[0.72]

[64.3]

Host A

[-0.54]

[-0.13]

22.77 (0.14)

[0.10]

[0.97]

[0.76]

[58.1]

HostB

[-0.63]

[-0.18]

21.68 (0.08)

[0.65]

[0.37]

[0.56]

[67.9]

-0.59 (0.01)

-0.17

19.31 (0.20)

—

—

—

—

QSOB

QSO

Deprojected quasar parameters
1.08

Table 6.3—Continued
Filter

Comp.

ARA

ADec

(arcsec)

(arcsec)

mag

Re or b

n

9

PA

xl

Comments

(11)

(arcsec)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

V

QSO A

=0

=0

18.23 (0.01)

—

—

—

—

1.13

QSOB

-1.18 (0.01)

-0.40 (0.01)

19.02 (0.01)

—

—

—

—

[-0.77]

[-0.24]

21.14 (0.05)

[0.32]

[2.55]

[0.72]

[64.3]

[0.10]

[0.97]

[0.76]

[58.1]

Lens
Host A

[-0.54]

[-0.13]

24.29 (0.34)

Host B

[-0.63]

[-0.18]

22.54 (0.13)

[0.65]

[0.37]

[0.56]

[67.9]

-0.60 (0.01)

-0.17

19.85 (0.01)

—

—

—

—

QSO

Note. — Items enclosed in [ ] indicate the values are held fixed. Items enclosed
in ( ) are 1-a uncertainties. Col. (1): HST Filter. Col. (2): Component type. Col.
(3,4): RA and Dec offsets relative to quasar image A. Col. (5): Integrated apparent
magnitude of the component. Col. (6): Radius of the component in arc-seconds.
For SIE, it is the mass parameter b; for Sersic, the effective radius i?,.. Col. (7): Sersic
index n. Col. (8): Axis ratio q = b/a. Col. (9): Position angle (degrees) Col. (10):
per degree of freedom using bad pixel masks. Col. (11): Comments.
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Table 6.4. Rest Frame Physical Parameters, Standard System

Component

U -B

B - V

Mv

V - R

R - I

He

(mag)

(mag)

(mag)

(mag)

(mag)

(kpc)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Host A

0

0.6

-22.5

0.5

0.6

0.9

1

Sb/c, "Bulge"

HostB

-0.4

0.3

-22.9

0.3

0.5

5.4

0.5

Im, "Disk"

Host A+B

-0.2

0.5

-23.4

OA

0.6

-

0.9

QSO

-0.7

0.2

-24.4

0.3

0.3

-

-

Note. — Based on Ho = 70 km
Um = 1,

HA

fc-corr

{M/L)r

spectrum

I/-0-4

Mpc~^, Drn = 0.3, HA = 0.7. In ffo = 50 km

= 0. cosmology, the absolute magnitudes are brighter than the table values by 0.05

mag. Col. (1): Component type. Cols. (2-6): Absolute magnitude of the component (Vega system);
My — 5 logig/i Col. (7): R-band effective radius

of the component in kpc. Col. (8): Mass-to-light

ratio in i?-band. Col. (9); Spectrum used in rough ^-correction using observational constraints in H, 1,
and V band filters. The uncertainties are ±0.2 mag.
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Table 6.5. Rest Frame Physical Parameters, SDSS Magnitude System

Component

u' — g'

g' — r'

r'

r' — i'

i' — z'

/^-correction

(mag)

(mag)

(mag)

(mag)

(mag)

spectrum

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Host A

1.2

-0.5

-22.7

0.4

0.3

Sb/c

HostB

0.7

0.2

-22.9

0.2

0.2

Im

Host A+B

0.8

0.3

-23.6

0.3

0.3

QSO

0.1

0.1

-24.4

0.1

0.1

^-0.4

Note. — Based on HQ = 70 km s"' Mpc~\ Qrn — 0.3, OA — 0.7.
In //() = 50 km s~^ Mpc~^

= 1, OA = 0. cosmology, the absolute

magnitudes are brighter than the table values by 0.06 mag. Col. (1):
Component type. Cols. (2-6): Color and absolute magnitude of the
component (SDSS system); Mr' - 5 log^o^ Col. (7): Spectrum used in
rough /c-correction using observational constraints in H, I, and V band
filters. The uncertainties are ±0.2 mag.
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CHAPTER 7

QUASAR HOST GALAXY PROPERTIES AT

Previous studies of quasar host galaxies at

2

Z > I

> 1 arrived at various conclusions

regarding the nature of their evolution. Several studies (Kukula et al., 2001;
Sanchez, & Gonzalez-Serrano, 2003; Falomo, Carangelo, & Treves, 2003) found
the hosts to have increasing luminosity out to higher 2;, leading to a natural
conclusion that they may already be fully formed and passively fading galax
ies. However, at least one other study (Ridgway, Heckman, Calzetti, & Lehnert,
2001) offers evidence to the contrary, arguing that though more luminous than L*
galaxies today, ,2

2 hosts have luminosities consistent with coeval Lyman-break

galaxies, and may be consistent with imdergoing formation. Trying to make
sense of conflicting observations is difficult because the current sample size is
small in the literature, the observations and analysis techniques have been non
uniform, the selection effects are complicated, and the reliability of some detec
tions may be questionable. In light of these issues, gravitational lensing offers
a promising route towards understanding the hosts. In previous Chapters, we
illustrated the advantages of gravitational lensing over direct imaging. In this
section, we present the results of a systematic survey to study 29 gravitational
lenses observed with

HST/NICMOS

to measure the intrinsic luminosity, size,

and morphology of the quasar hosts.
By simultaneously modeling the lens systems and deblending the light pro
files of the foreground (lensing galaxies) and background (host galaxy and quasar)
sources, we remove the lensing distortion to recover the properties of the host
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galaxies. We compare the host galaxy properties at all redshifts with closed box
stellar evolution models to study evolutionary trends. As an ensemble, the host
galaxies appear not to decline in absolute luminosity. Their luminosities at high-2
are consistent with a broad range of closed box evolution scenarios, from Sbc to
E/SO type galaxies. However, it is worth stressing that we still do not know what
galaxies they evolve into today.
Earlier studies also point to a separation in the host luminosities between ra
dio loud and radio quiet quasars (RLQs and RQQs, respectively), and the sepa
ration increases at higher redshifts. They conclude that the supermassive black
hole mass is responsible for driving radio emission, giving rise to the RLQ-RQQ
dichotomy. Gravitational lenses are more efficiently selected based on radio data,
making our sample particularly useful for a direct comparison to test this hypoth
esis. We find that the hosts of RLQs are not any more luminous compared to RQQ
hosts. We believe that the dichotomy found previously arises from the study of
the most powerful radio sources, which serve as "homing beacons" for selecting
a typically massive black holes, thus unusually massive hosts (if there is a black
hole mass to bulge mass relationship). Therefore, even if the fraction of similarly
massive black holes is equally represented in RQQ hosts, they would be dispro
portionately harder to find because the most massive hosts are rare. An earlier
study tries to mitigate this concern by selecting quasars with similar optical lu
minosities and redshifts. However, even then the restframe RLQ luminosities are
in fact significantly brighter than the RQQs by about 0.5 mag at ZRS 1, ~ 1 mag at
z

2, and the Eddington efficiency varies over a wide range. Moreover, sample

bias would again be responsible for previous claims if, simply, the RLQ fraction
in quasars is lower at low-z than at high-,-. Our lensing study, which has a large
uniform sample of radio quasars, circumvents these biases by not selecting from
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radio power itself. Thus the intrinsic radio luminosity of our lensed RLQ sample
is significantly less than the radio power of direct imaging studies. We have thus
found that the hosts of RLQs in general are in fact similar in luminosity to those
of RQQs.
Because of lensing magnification, for the first time there is a large sample of
host galaxies that are clearly resolved out to 2;

3 for studying morphology

and scalelengths. After deprojection we find that the hosts have a raiige in mor
phology, spanning from disks to bulges. The hosts also show a magnitude-size
relation as previously reported. There is a slight preference towards disky-types,
suggesting the bulges may not yet have been fully formed. There is no obvious
trend between the Sersic index n and the luminosity of the host, nor a correlation
between the index and the half-light radius (Re), out to high 2;. The lack of objects
with low concentration indices at 2

2 suggests an increasing bias against find

ing disky-type galaxies, due to cosmological surface brightness dimming. Taken
together, these trends suggest the hosts may not be fully evolved as indicated in
previous studies. Lacking any firm connection between the hosts and their coun
terparts today, and color information, we can only surmise that the star formation
rate should be high given their high restframe luminosities, and if they faded to
L* galaxies by z — 0.

7.1 Introduction
In previous Chapters, we illustrated how gravitational lensing can be used as a
powerful tool for studying quasar host galaxies. In this Chapter we present the
overall statistical results of the host galaxy survey comprised of 29 quasars that
have HST H-band images from the CASTLES (CfA - Arizona - Space Telescope Lensing - Survey) study.
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7.1.1 Low to Moderate Redshift Studies (z < 1)
The properties of moderate-^ (.r < 1) quasar host galaxies, such as their morphol
ogy, luminosity, and sizes, have been fairly well quantified. Quasar hosts are now
being imaged with regularity and detected with a success rate exceeding 80% in
both the optical (e.g. Taylor et al. 1996; Bahcall et al. 1996; Disney et al. 1995), and
the near-infrared, where the nuclear to galaxy luminosity ratio is more favorable
(McLeod, & Rieke, 1994; McLure et al., 1999; Dunlop et al., 2003). Though initially
with some confusion about the nature of the hosts, recent high-resolution studies
have shown that the hosts of luminous AGNs tend to be massive galaxies. The
fraction of quasars living in massive early types increases with growing quasar
luminosity, with over 80% of quasars brighter than My < -23.5 found in lumi
nous early-types (;^ 2L*) at z < 0.5. The luminous hosts have large scale lengths
of

10 kpc.
The spectral energy distributions of the hosts also provide other support for

this picture. Dunlop et al. (1999) and McLure et al. (1999) obtained R — K color
of the hosts, showing them to be passively evolving elliptical galaxies with ages
~ 12 Gyr, which suggests that most of the stellar mass was formed at z

3. Their

findings, confirmed by off-nuclear spectroscopy in the optical (Hughes, Kukula,
Dunlop, & Boroson, 2000; Nolan et al., 2001), show that the hosts were dominated
by old stellar populations redward of the restframe 4000 A break. In light of cor
relations found between the galaxy bulges and black hole mass (e.g. Kormendy,
& Richstone, 1995), these discoveries are in concordance with the hypothesis that
the most luminous AGNs must also be comparably supported by the most supermassive black holes.
One of the enduring mysteries in quasar studies concerns why some (^ 10%)
quasars are radio loud (RLQs) while the vast majority (?» 90%) are radio quiet
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(RQQs). One of the first steps is to compare the hosts of the two populations to
look for global trends. Early on, there were conflicting claims that RLQs primar
ily live in early type galaxies while RQQs in spirals. With a better defined sample,
Dunlop et al. (2003) show that the two sets of quasars are morphologically indis
tinguishable. However, even though the host luminosities of the two population
are also roughly equal at low z {z ^ 0.3), the differences begin to grow out to
higher redshifts. By ^ w 1, the host galaxies of RLQs are on average 1.5-2 times
brighter than RQQ hosts (Kukula et al. 2001, MNRAS, 326: 1533 [hereafter KOI],
D03), although with a considerable scatter.
7.1.2

High-redshift Studies (z > 1)

The findings that the quasar host galaxies at low redshift are massive and mature
suggest a natural scenario whereby they were formed through successive ma
jor merger events, in a hierarchical manner. If so, the natural questions to ask are
when the mass buildup take place and when the stellar populations formed? One
of the clues lies in the quasar number density evolution which peaks at z

2.5,

followed by a dramatic decline to ^ — 0 (e.g. Boyle, Shanks, & Peterson 1998;
Dunlop & Peacock 1990; Warren, Hewett, & Osmer 1994). This rapid change also
coincides with the rapid color and structural evolution of field galaxies, making
this epoch crucial for studying host-quasar relations. Whether or not these two
interesting coincidences are the result of cause and effect remains largely specu
lative. Therefore, it is important to extend the study of the hosts out to high z to
understand how the process of galaxy evolution is related to AGN activity, and
to connect the evolutionary paths of high 2; host galaxies to galaxies in present
day.
Detecting the hosts reliably beyond 2 = 1 becomes much more challenging be
cause of the cosmological surface brightness dimming, compounded by the high
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quasar luminosity. However, there is a growing number of successful studies in
this intermediate redshift regime both from groundbased and

HST observations.

The few studies of high redshift hosts have depended critically on the small and
stable PSF of the NICMOS cameras (KOI; Ridgway et al. 2001, ApJ, 550:122 [here
after

ROL]) or

deep groundbased imaging under conditions of excellent seeing

(Sanchez & Gonzalez-Serrano 2003, MNRAS, A&A, 436:435 [S03]; Falomo et al.
2003, astro-ph/0312234 [f03]).
The general picture that emerges is very surprising in the context of galaxy
evolution in general. Hierarchical galaxy evolution has successfully explained a
wide array of observations at low z, from stellar populations to galaxy morphol
ogy. In this context, Kauffmann & Haehnelt (2000, MNRAS, 311:576) predicted
a large variation in stellar mass out to 2 = 3, using a semi-analytic cosmological
simulation that is constrained by the evolution in the quasar luminosity function
and number density. However, observations show that in a A-dominated cosmol
ogy, quasar hosts at z ^ 2 are 2-3 magnitudes brighter than typical quasar hosts
at low z. Accounting for passive fading, therefore, they are consistent with either
little to no change in mass over this period (KOI). In a matter dominated cosmol
ogy {Qrn = 1)/ only some quasar hosts appear to be marginally lower in mass.
Clearly, observations show that the dramatic decrease in mass is not observed,
suggesting that most of the host galaxy mass is already in place even earlier than
z = 2. Moreover, KOI, S03, and F03 show that the hosts lie along on the Kormendy relation (surface brightness vs. effective radius) and the

K

- z relation of

early-type galaxies further supporting the notion that they may be fully evolved,
undergoing passive evolution.
The above results are compromised by the fact that the sample of high redshift hosts suffers from small number statistics and some discrepancies that arise
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from inhomogeneous data sets {HST vs. ground-based) and analysis techniques.
Moreover, they are all equivocal about the morphology of the hosts, and their
physical size. The limits placed on the luminosities are such that the fainter hosts
may yet be similar to the modest luminosity Lyman-break galaxies.
One other interesting finding is that KOI find the difference in the median lu
minosity between RLQ and RQQ hosts to be only a factor of ~ 2 at ^

1, but

continues to grow to a factor of 4 by 2 = 2. However, selection biases in host
galaxy studies are always subtle, and one of the more glaring here is that KOI
RLQs were drawn from among the most radio-luminous (;^ Jy) sources. Hence,
if the peak radio luminosity is related to black hole mass, and a A^bh/A^bulge re
lation holds, selecting highly radio luminous objects may lead to a bias in favor
of selecting massive hosts. Finally, in the KOI sample, the luminosity of RLQs at
2 ^ 1 is brighter than RQQ by a factor of L5 (median), while at z '^2, it is a factor
of 4 (median), which may also partially inflate the differences seen between the
RLQ and RQQ hosts, as the radio fraction is higher in higher luminosity quasars.
To increase the lever arm on the study of the evolution for host galaxy lumi
nosity, and to extend the comparison of RLQ and RQQ hosts, a uniform sample
at higher redshift is essential. We have shown in previous Chapters that grav
itational lensing magnification can in some cases dramatically enhance the de
tection of the host galaxies. In this Chapter we present the final results of the
detailed lensing analysis. In general, our comparison will be restricted only to
HST/NICMOS observations for sample uniformity. We do not compare with
other groundbased studies, e.g. 503 and F03, whose reliability may be harder
to gauge because of potential problems with the atmospheric seeing. Section 2
presents the deprojected apparent magnitudes of the host galaxies as a function
of redshift, followed by a discussion of evolutionary models (§ 3). Section 4 will
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compare the properties of the radio-loud and radio-quiet samples. In Section 5,
we discuss the intrinsic absolute luminosihes of the hosts and the implications
on the evolutionary scenarios. Section 6 will compare the correlation between
the intrinsic luminosity of the quasars and the hosts. Ultimately, one of the keygoals is to understand galaxy, black hole, and AGN evolution, in a global cosmological context. To do so, it is useful to compare observations with theory (§ 7).
Lastly, we will discuss the morphology of the hosts after lens deprojection (§ 8),
followed by an executive summary of the findings in Section 9.
7.2

The Apparent Luminosities

The undistorted luminosities of CASTLES quasar hosts (blue circles) are plotted
as a function of redshift in Figure 7.1, in addition to studies published by KOI
(green triangles) and ROl (red squares). For the low redshift comparison, we
choose the McLeod & McLeod (2001) as the canonical sample (black stars).
In the ROl sample, the host fluxes are measured using aperture photometry
after subtracting the quasars so that the host galaxy has a "flat top." Therefore,
several corrections needed to be applied. We make an aperture correction to their
raw host galaxy magnitudes and a correction based on morphology using their
published values. This is done to maximize the luminosity of the hosts.
In the Kukula sample we distinguish between RLQ and RQQ hosts, whereas
for the CASTLES sample we will make that distinction later. The CASTLE sam
ple solid points are strong detections, where the host is obvious based on visual
inspection. The open points are fits that converged on a solution and are statisti
cally significant, although the reliability may be questionable due to the crowded
lensing geometry, because there is uncertainty about whether the host is a fore
ground galaxy, or because the PSF residuals dominate the fit. In principle there
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Figure 7.1: The i7-band apparent magnitudes of quasar host galaxies observed by
HST. For the CASTLES sample, the solid points correspond to secure detections
while the open points are more questionable (see text). They can nonetheless be
considered secure upper-limits. For the Kukula et al. (2001) sample, the open tri
angles are radio-loud quasars, and the solid triangles are radio quiet. The quasars
in the Ridgway et al. (2001) sample are all radio quiet.
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are only three true non-detections. However, there are several objects where the
fit had problems converging (also open circles). For these we restrict the fit by
fixing the axis ratio to unity, and the Sersic index to be n = 4. If the fit does not
converge, we decrease the index to n = 1, all the while holding Re = 2 kpc. If the
fit still does not converge, as a last resort we hold Re = I kpc.
As it is clear from Figure 7.1, the de-lensed quasar host magnitudes are con
sistent with the radio quiet sample determined by ROl and KOI samples. What is
striking is that even though we have not separated CASTLES hosts based on the
RLQ versus RQQ criterion (although

30% are RLQ), they are all indistinguish

able from the RQQ sample of ROl and KOI. We shall return to the issue of radio
loudness in § 7.5.
To understand the selection biases. Figure 7.2 shows a plot comparing the ap
parent H-band quasar vs. the host magnitude. Apparently, the marginal detec
tions have a host magnitude that is roughly 4 magnitudes below the quasar (solid
line), roughly independent of the host luminosity. Moreover, the photon-count
limit for our shallow images is roughly 22 magnitude, although under favorable
circumstances (e.g. very strong magnification B2045+265, with magnification of
~ 240), the host can be detected to H=23 magnitude.
7.3 Evolutionary Models
To help interpret the host evolution, we overplot several simple stellar evolution
models for a flat A {ilx — 0.7) cosmology in Figure 7.3. The E/SO star formation
history is a single burst models with Zform = 5, with an initial 1 Gyr burst fol
lowed by an exponentially declining star formation rate, with a time constant of
1 Gy. The Sbc model uses a Scalo IMF with star formation rates given by Guiderdoni & Rocca-Volmerange (1998). Both the models are normalized to Ly in lu-
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Figure 7.2: The i/-band apparent magnitudes of quasars vs. their hosts in the
CASTLES sample. The solid points correspond to secure detections while the
open points are less reliable (see text).
minosity by z = G, where My -- —21.3 mag. This value comes from A:-correcting
the g and r-band filter values (AB magnitude system) determined from SDSS
(Blanton et al., 2001) into the Vega system, using our assumed cosmology. The kcorrections follow (Hogg, Baldry, Blanton, & Eisenstein, 2002). The main reason
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for normalizing the synthetic evolution models to restframe Ly is that the redshift
range 1.5-2.5 corresponds roughly to restframe V to R filters, making the compar
ison with low-0 galaxies more direct. The no evolution E/SO model is simply an
early type SED redshifted out to high ^ without any change in the SED other than
bandpass shifting (^--correction). The luminosity of the non-evolving SED drops
more dramatically than the evolving models because the evolving models, with
star formation, at some point must fade to reach luminosity equal to L*.
The choice for the formation redshift at Zf = 5 (cosmological age = 1.15 Gyr)
is simply illustrative. This assumption does not qualitatively change the conclu
sion even if the hosts were formed at a significantly higher redshift because of
the cosmological time compression at high z, and because young massive stars
that dominate the host luminosity at high 2: fade very quickly, giving way to a
slower fading, longer lasting (i.e. numerically degenerate), population. Further
more, even though the calculation is for a closed model the same formation his
tory could be achieved in principle with some amount of tuning of a hierarchical
buildup scenario - if smaller sub-pieces that have the right amount of total stellar
plus gas mass underwent merging and star formation by r

5. Thus the ad hoc

assumption is not too contrived. The degeneracy illustrates why it is impossible
to disentangle the evolutionary scenarios between a hierarchical formation from
a closed-box model in single filter images without other constraints.
The interpretation of Figure 7.3 depends how the host galaxies evolve to by
.2 = 0, which is unknown. The evolutionary lines may imply that the hosts at

2 = 3 evolve to hosts at z = 1 to z = 0 in the diagram. However, we know
from AGN lifetime arguments (10^ ^ tgso ^ 10® yrs (Yu, & Tremaine, 2002) that
there may be no actual connection between hosts at one redshift with any other
redshift. Putting it another way, the hosts probably do not evolve along the evo-
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Figure 7.3: The i/-band apparerrt magnitudes of quasars vs. their hosts in the
CASTLES sample, similar to Figure 7.1. The solid black line is an E/SO no evo
lution model obtained by redshifting a typical z = 0 spectrum. The long dashed
line is an E/SO evolution model formed at Zf = 5, followed by exponentially
decaying star formation of 1 Gyr time constant. For the Sb/c model, the starfor
mation prescription is given by Guiderdoni & Rocca-Volmerange (1988, A&A, 74,
185).
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lutionary tracks. Nonetheless, the diagram places interesting constraints on the
host evolution if further data, such as color and black hole mass, can be obtained.
We will explore this issue in the following Chapter.
For now, we can speculate on several simple scenarios, aided by the evolu
tionary models. Suppose the hosts all become > L* early-type galaxies, most of
the hosts must then gain in mass by a factor of 3-6 times since z ^ 2.5. But if their
end-stage morphology is late-type, they have already reached their end-state at
z = 2.5, and would typically be 1-2 magnitudes brighter than an L* galaxy today.
Lastly, if the hosts become faint late-type galaxies today, then the luminosity is
primarily due to a rapid but short lived star forming activity that produce only a
small fraction of the total final stellar mass. We discuss an interesting way to dis
entangle the various scenarios by combining color, morphology, and black hole
information, in the next Chapter.
7.4

Radio Loud versus Radio Quiet Hosts

In Figure 7.4 we show the same H vs. z diagram with the CASTLES' points dis
tinguished by radio-loud (RLQ, open blue circles) and radio-unknown ("RQQ?",
filled circles). Our distinction is simply a binary choice (at 0.1 mjy), with no
threshold placed on the radio flux. In most cases the magnifications are a few to
a few tens, while the total radio flux is few tens to hundreds of mJy. Thus the in
trinsic luminosities of the radio sources are of order ~ mJy. The radio-unknown
quasars are primarily gravitational lenses discovered in optical surveys, where
the radio data may not have been published. However, most these are likely to
be radio quiet because the typical RLQ:RQQ ratio of 1:9 (Hooper, Impey, Foltz,
& Hewett, 1996). From Figure 7.4 it is clear that the CASTLES RLQ and "RQQ?"
hosts are indistinguishable within our data set. They are also indistinguishable
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from the RQQ hosts of ROl and KOI samples. The large differences in luminosity
between RLQ and RQQ hosts seen in KOI is not evident in our sample, and we
suspect that the earlier claims of a dichotomy were caused by one or more subtle
selection effects.
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Figure 7.4: The observed //-band magnitudes of the quasars vs. the host in the
CASTLES sample, similar to Figure 7.1 except the CASTLES data points are dis
tinguished by RLQ (open) vs. RQQ (solid) points.

313
To explore the contradiction between KOI and our resul ts we note that the KOI
RLQs include some of the most luminous radio sources at > Jy, or few hundred
mjy. From 2DF quasar surveys we know that the typical radio loudness has little
correlation with the quasar optical brightness (Cirasuolo, Magliocchetti, Celotti,
& Danese, 2003) - no more than the typical quasar luminosity is correlated with
the black hole mass because there is a large range in Eddington luminosity (e.g.
McLeod, & Rieke, 1995). However, it is likely that the most radio luminous quasars
are also powered by the most massive black holes, hence more likely to reside in
some of the most massive hosts. On the other hand, massive black holes are rare.
Without an analogous proxy for RQQs, finding massive black holes is compara
bly harder, so a larger RQQ population must be surveyed. Thus the dichotomy
found by KOI may simply be an evidence to the fact that there is already a pre
existing Mbb. "VS. TWbuige relationship at high z, so that selecting on extreme radio
loudness also selected some of the most luminous host galaxies.
In addition the KOI RLQs and RQQs have a median difference in luminosity
of

0.5 mag at z = 1, and « 1 mag atz

In light of a possible A^BH vs. Albuige

relationship, this might partially explain the comparable median differences in
the observed host luminosities between RLQ and RQQs.
Lastly, KOI also show that the difference in the median luminosity between
the RLQ and RQQ host galaxies decreases from z ^ 2 to z

1. While it is less

clear where the selection bias lies, it could possibly be related to the fact their
z ^ 2 RLQs are 3x brighter than the z ^ 1 RLQs, which might explain their
finding by again considering a MBU-Mbnige relationship. Furthermore, part of
the difference may be accounted by a drop in Eddington efficiency or a drop in
the radio-loud fraction at lower redshifts. In this scenario, the upper-most rank
of the radio extreme quasars are preferentially removed so that even the most
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extreme RLQs are on average found in smaller black holes at low-.-. This would
artificially shrink the difference in the host luminosity between RLQs and RQQs
at low-2 compared to higher 2 (again, assuming a A^BH-A4buige relation of some
factor). While a drop in Eddington efficiency to low

2;

is anticipated, the small

sample size makes any attempt to estimate the effect of a reduction in the radio
fraction highly uncertain.
7.5 Host Absolute Luminosities
Up until now our interpretations have been based on the host galaxy apparent
luminosities, and we overplotted galaxy evolution models to draw inferences.
This kind of comparison is useful because we did not have to make any assump
tions regarding the nature of the host galaxy evolution or their stellar content.
Now, to further gain a qualitative understanding of the host evolution, we trans
form the observed quantities into rest-frame absolute V-magnitudes. To do so,
we apply /c-corrections to the hosts, which involves accounting for bandpass
shifting/stretching, cosmological distance corrections, time dilation, and surface
brightness dimming. For the fc-correction SED, we use an Sbc-type spectrum
for all the hosts, lacking any other information about their intrinsic SED shape.
Though our choice of the Sbc SED is not perfect, it may not be too far from real
ity. Just as importantly, in the redshift range 1^2^ 3 the if-filter corresponds
reasonably close to restframe V, therefore correcting into restframe V minimizes
uncertainties associated with our ignorance of the host galaxy spectrum. For in
stance, though the hosts are unlikely to be as red as an E/SO, above the restframe
4000A break it is sufficiently similar to an Sbc that the difference is small

0.25

mag over 1 ^ z ^ 2.5). At the blue extreme, the inferred host luminosity for
an Im SED is brighter than an Sbc by {0.25, -0.04, -0.41} magnitudes at redshifts
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2: = {1,2,3}. Our results are sufficiently clearcut that the conclusions are not
dominated by /c-correction systematics.
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Figure 7.5: The I '-band absolute magnitudes of the hosts vs. redshift in the CAS
TLES sample. Open points are marginal detections. The conversion from appar
ent H mag to absolute V mag assumes a typical Sb/c SED.
In Figure 7.5, we plot the restframe host galaxy i '-band luminosity with redshift, showing that virtually all of the points are brighter than Ly today. Part of
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the enhanced luminosity is probably due to a modest amount of star formation
generally present in high z galaxies. However, without color information or with
out knowing the end stages of their evolution, the crucial question of how high
is the starformation remains largly a mystery.
As shown in Figure 7.5, there is one unusual lens system B2045+265 with an
extreme magnification at ss 240 where the host has a luminosity of My ~ -19.2.
This is a four-image system but one of the quad images is not observed (due
to very high demagnification), so the lens model is not as well constrained as
it could be. The large magnification is due to the quasar and host lying nearly
on the tip of the diamond caustic. Because of the immense boosting by the very
fortunate geometry, the intrinsic quasar luminosity is only My = -17 - a very
low luminosity AGN even by local standards. The luminosity of the host is only
O.lbLy at z = 1.3. Allowing for passive fading, the host would become fainter
than a dwarf galaxy.
7.6

Mv (Host) vs. Mv (Quasar)

We now compare the luminosities of quasar and hosts by applying a fe-correction
to the quasar luminosity. To apply the A--correction, we assume the quasar has
an SED

oc

As we are correcting mostly to restframe

V

over most of

the redshift range, the correction is again relatively insensitive to the SED. Fig
ure 7.6 shows the result of the conversion. The diagonal line represents
Mquasar + 5. McLeod & McLeod (2001), in a survey of CfA quasar hosts and low
redshift quasars, show that the distribution is bounded by an analogous enve
lope. Thus, even though quasar activity may be present at various levels (due to
a large spread in Eddington efficiencies) in a galaxy, the most luminous quasars
can only be sustained by a sufficiently massive bulge. This is consistent with the
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correlation found between the Mmi vs. .Mbulge/ so that the envelope corresponds
to the typical Eddington ratio of ~ Q-lLEddingtcm at low redshift.
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7.7 Theoretical Framework of Quasar Host Galaxies
It is likely that all massive galaxies have gone through the quasar phase at least
once in the past because supermassive black holes of order 10® to 10^°

MQ

are

ubiquitous in galaxies today and it takes little fuel to cause them to flare. Re
siding at the deepest potential well in the galaxy, the sources of fuel are diverse
and the difficulty lies in identifying which mechanisms are dominant; star for
mation, galaxy tidal merger/interaction, supernova feedback, cooling flows, or
otherwise. The surprising findings that Mmi is correlated with many bulge prop
erties indicate that the process of black hole growth and galaxy evolution are both
intimately intertwined.
In recognizing the importance of AGNs in the global context of galaxy evo
lution, cosmological simulations have begun in the past few years to incorpo
rate the general process of AGNs in an attempt to tie together observations of
galaxy evolution (merger rate, star formation history, luminosity function) with
the AGN process (black hole mass growth and mass function, black hole-bulge
relationships, quasar luminosity function). In one such simulation, Kauffmann
& Haehnelt (2000) computed a semi-analytic model to follow the growth of su
permassive black holes and galaxy formation in a CDM universe. They assumed
that black holes merge in galaxy mergers, during which time a fraction of the
gas is accreted by the black hole to fuel the AGN. They were able to recreate
the observed relations between the galaxy bulges and their black hole mass and
the strong evolution of the quasar luminosity function. And they attributed the
strong decline in the number density of quasar since 2 KS 3 to a combination of
decreasing merger rate, the amount of gas available to fuel the AGN, and an in
crease in the accretion time scale.
We compare our observations with predictions of the host vs. quasar lumi-
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oc

for the quasar and an Sb/c SED for the host. The dashed

line marks the luminosity of an L* galaxy at z = 0
nosities predicted by Kauffmann & Haehnelt (2000) in Figure 7.7. Once again,
our A;-correction for the host SED is based on an Sbc galaxy and an

oc
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spectrum for the quasar. If we use a bluer SED, the absolute magnitude would
be somewhat fainter, but not by an amount that would affect our conclusions.
To do the comparison, we switch to the cosmology of HQ = 50 km s

Mpc"

Vtm — 1/ on which the grids were based. Note that the difference in the inferred
luminosity between the historic and the modern cosmology is small - which is
one reason why disentangling the two cosmologies has been so difficult. In the
plot for 2: = 0.4, the triangle encloses the region occupied by the samples studied
McLeod & McLeod (2001). We overplot our data points in red circles. For objects
at z > 3, we plot them all in the z — 3 bin. At intermediate redshift,= 1, there
is reasonable agreement between the data and the simulation. However, beyond
2

1.5-3 the disagreement grows larger. Some of the points do not have source

redshifts, and are not shown, while others which are constrained to z

1.8 we

assume z = 2.
The KOI and ROl points (not shown) fall in the region similar to our own,
and are thus also inconsistent with the model predictions. For the high-- points,
it is clear that both the observed hosts and the quasars are more luminous than
the predictions, and the quasars appear to be the more discrepant compared to
the hosts. This suggests either that the Eddington efficiency was higher in the
past, or the black hole mass is more evolved than their models suggest. In fact,
in independent MBU measurements using quasars, Vestergaard (2004) show that
the typical quasar black holes at

> 4 have already reached lO'^M even earlier.

The hosts appear to be more further evolved than the hierarchical model would
suggest, or the star formation rate in real galaxies is higher.
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7.8 Sizes and Morphology of the Hosts: Testing the Bulge Scenario for the Host
Galaxies
There are several reasons to expect that the hosts are bulge dominated at high z.
In nearby galaxies, more massive black holes are found in more massive bulges,
whose deep potential wells are good fuel reservoirs for AGN activity. Massive
bulges can be formed early on - radio galaxies are some of the most luminous
galaxies at all redshifts and their morphology is known to be early-type. The
luminosity and scale lengths inferred from quasar hosts also are pleasingly con
sistent with the expectation of a massive bulge. However, while these arguments
are internally consistent, there is otherwise little direct evidence that the hosts
are actually bulge dominated, in part because there has not been a large sample
convincingly resolved out beyond Z

1.

In this section, we use the lensing magnification to study the morphology of
the hosts to test the hypothesis that they are fully evolved early-types in mor
phology. As presented in Chapter 5, we model the host galaxies with the Sersic
concentration index n being one of the free parameters. In this section, we use
only the "solid detection" points which suffer less from complicated issues of
crowding and PSF mismatches. For the most part, the host galaxies are visible
after a simple PSF subtraction.
Gravitational lenses enhance host detection in several ways: the high surface
brightness cores are drawn out from beneath the luminous quasars, making it
easier to parameterize the hosts where the profile has high S/N. The AGN point
sources, though magnified as well, remain unresolved. The stretching of the host,
drawn out into arcs and Einstein rings are effectively magnified, boosting the
overall S/N. In addition, the arc profiles and shapes are so distinctly different
from foreground objects that it facilitates decomposition in a reliable way that is

322
much less sensitive to issues associated with PSF mismatch. The size measure
ments can therefore be made with high confidence.
In Figure 7.8, we show the scalelengths of the hosts with redshift. The solid
curve illustrates the spatial resolution of the HST/NICMOS //-band in the ab
sence of lensing magnification. For the most part, the host galaxy effective radius
can be resolved even by direct imaging. However, as KOI and ROl show, the
difficulties lie in the fact the surface brightness dimming diminishes the host ex
tension so that only the core of the most massive hosts can be reliably detected.
The reliability of the detection for the lensed host sample shown is high be
cause they are easily resolved after simply subtracting the PSF scaled to the peak.
We find that the radii range from ~ 1 kpc to ~ 6 kpc, showing that the hosts are
probably smaller compared to the sample of hosts at low-z, which typically have
R,; > 10 kpc. Qualitatively, host galaxies that have higher concentration indices
n also have some of the largest effective radii, consistent with this population be

ing bulge-dominated galaxies. On the other hand, at low end, R,. ^ 3 kpc, the
population is mixed.
One of the concerns associated with host detections is the disappearance of
the disk-like population due to surface brightness dimming of (1 + z)^. Often,
extended disks around bulge dominated hosts can only be seen in deep imaging.
Figure 7.9 shows the concentration index n with redshift, and it appears that at
z <2 many galaxies have low central concentrations. On the other hand, at z > 2

the concentration index is dominated by objects which are compact and bulge
like, probably as a result of surface brightness dimming.
In nearby galaxies, the most luminous bulges tend to have de Vaucouleurslike profiles and fainter galaxies tend to have disk-like components with lower
Sersic index. We compare the host luminosity with the Sersic index in Figure 7.10,
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Figure 7.8: The deprojected size (/?,.) of the host galaxies as a function of redshift.
The solid curve represents a constant angular size of 0.17 arcsec, which is the
angular resolution of HST in the //-filter.
showing interestingly that there is little noticeable trend. Our faintest host has
a Sersic index consistent with a disk. But for the most part the concentration
is fairly independent of the host luminosity, implying that the hosts may not be
fully evolved early types as had been suggested in previous studies. Again, this is
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Figure 7.9: The S&sic (concentration) index n of the host galaxy as a function of
redshift. The lack of n < 1.5 values above 2 > 2 is likely due to be a selection bias
against detecting low surface brightness objects.
consistent with the spread in Rg with redshift. As an ensemble, the high redshift
sample is evenly bulge and disk dominated, as shown in Figure 7.11, with a slight
preference towards disky types.
The most luminous nearby galaxies also tend to have the largest effective ra-
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Figure 7.10: The Sersic (concentration) index n of the host galaxy as a function of
absolute magnitude, showing that the galaxy concentration appears not to corre
late well with galaxy luminosity.
dius. In Figure 7.12 we plot this magnitude-size (mag-size) relation MB vs. R^,
where

M B is

obtained by assuming

B~V

= 0.5, showing indeed that most galax

ies are highly correlated in this respect.
We fit a line to the data points in log-log space, finding that Rg — —0.21 M B —
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Figure 7.11: The histogram of the Sersic (concentration) index n of the host galaxy.
The host galaxies appear roughly equally distributed between bulge and disk
dominated.
4.25 (all points). However, there is evidence that the two populations have a
different slope. For the disk-like population (n < 1.5), we get the fit: Rg =
-0.19Ma - 3.74 and for the bulge-like population (n > 1.5): Re = —0.32MB— 6.91.
It is an interesting coincidence that Schade, Barrientos, & Lopez-Cruz (1997) find
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Figure 7.12; The magnitude-size relation of the host galaxies. The solid line shows
the mag-size relation found for z = 0 bulges. The long-dashed line is a fit to the
bulge {n > 1.5) data while the short dashed line is a fit to the disk (n < 1.5) data.
The single upper limit datum on
= —0.30 M B

—

is due to uncertainty about the redshift.

5.57 for their z = 0 bulge population, so that the slope is sta

tistically identical to the unconstrained fit we obtain for our bulge populations.
Therefore, if the hosts at 2 > 1 evolved to be bulges today, one of the plausible

328
scenarios is to have passive fading of the young stellar populations by almost
3 magnitudes, although merging may also translate the bulges parallel to the
magnitude-size relationship. Even more surprising is the fact our disk fit hap
pens to also have nearly the same shallower slope for the disk-population de
termined by Freeman (1970) of 0.2 (also see Simard et al., 1999). In the fit, the
cluster of disk points lies almost entirely above the fitted relation for the bulges.
These observations significantly boost our confidence that we may indeed have
detected a sample of disk-dominated host galaxies out at high - 2 .
7.9 Summary
In this chapter we presented statistical results from the CASTLES study of gravitationally lensed quasar host galaxies. We have detected host galaxies out to
z > A, with 17 secure detections and 12 marginal detections. The host galaxies are

significantly more luminous than L* galaxies today by

1-3 magnitudes. This

is consistent with evolutionary scenarios for Sbc-type galaxies if they evolve into
roughly L* galaxies today, or sub-L* if they evolve into E/SO-type galaxies. If so,
they have a significant fraction of young blue stellar populations. We compare
RLQ with RQQ hosts to find that there is no discemable difference in their av
erage luminosity, in contrast to KOI findings. This would seem to suggest that
the difference found previously may be caused by either small number statistics
and/or selection biases that facilitate finding massive black holes, thus massive
bulges, in the RLQ sample, even if the underlying parent populations may be the
same.
One clue on the evolution of the hosts comes from studying their morphol
ogy. The morphology of the well-resolved hosts at z > 1 is a mix of bulge and
disk dominated systems, and in some cases it requires 2 components to produce
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an accurate fit. The fraction of bulge and disk dominated systems is

1 : 1 in

our sample of secure detections. The effective radii are modest, from 1-7 kpc.
And even though the largest hosts are early types (n > 1.5), the moderate to
small galaxies are a mixed population. The reliability of the bulge and disk pop
ulation through galaxy fitting is supported by the finding of a separation in the
magnitude-size relation between the bulge and disk populations: the bulge-like
(n > 1.5) population ai z > 1 has a mag-size relation that has a slope parallel
to the 2 = 0 relationship. Similarly, the exponential-like (n < 1.5) population
exhibits a parallel relation to the low z disks, which is consistent with simple
luminosity evolution if they become late-type galaxies today.
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CHAPTER 8

PROBING THE COEVOLUTION OF SUPERMASSIVE BLACK HOLES
AND QUASAR HOST GALAXIES

At low redshift, there are fimdamental correlations between the mass of supermassive black holes (AIBH) and the luminosity and mass of the host galaxy bulge.
We investigate the same relation at z ^ 1. Using virial mass estimates for 15
quasars to measure their black hole mass, we find that black holes at high z
(z

2) fall nearly on the same M-en versus R-band magnitude

{MR)

relation

as low-redshift active and inactive galaxies, without any correction for luminosity
evolution. Using a set of conservative assumptions about the host galaxy stel
lar population, we show that the bulge stellar mass at a given MBU is probably
smaller in the past than today by a factor of 3 to 5. Barring unknown systematic
errors on the measurement of

M BW

erately luminous quasar hosts at z

we also rule out scenarios in which mod
2 were fully formed bulges that passively

fade to the present epoch. On the other hand, z « 1 hosts are consistent with cur
rent day

MBH - MR

relationship after taking into account evolution, appropriate

for that of E/SO galaxies. Therefore, z ^ 1 host galaxies appear to fit the hypothe
sis they are fully formed early-type galaxies. We also find that most quasar hosts
with absolute magnitudes brighter than

MR

= -2.3 cannot fade below

galax

ies today, regardless of their stellar population makeup, because their black hole
masses are too high and they must arrive at the local
z = 0.

MBR-MR

relationship by
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8.1 Introduction
There are currently ~ 40 galaxies in which supermassive black hole (BH) have
been directly measured using stellar and gas dynamics (e.g., reviews by Barth
2004 and Kormendy 2004). With a large number of secure detections, several
correlations have been discovered between the mass of the BHs and the global
properties of the galaxy bulge, such as its stellar velocity dispersion (o-,), mass
(Atbuige)/ and luminosity (e.g., Kormendy & Richstone 1995; Magorrian et al.
1998; Ho 1999; Gebhardt et al. 2000a; Ferrarese & Merritt 2000; Kormendy &
Gebhardt 2001). What makes the correlations even more striking is the relatively
small amount of intrinsic scatter; the relation between A^BH and cr* (Gebhardt
et al. 2000a, and Ferrarese & Merritt 2000) has only a scatter of

2.2 (0.3 dex;

Tremaine et al. 2002) in A4BH- The relationship between MBB. and the bulge lu
minosity is weaker, with a scatter of 0.5 dex (Magorrian et al. 1998, Kormendy &
Gebhardt 2001). When the bulge luminosity (Lbuige) is translated into mass, one
finds that the ratio of the BH mass to the bulge mass is MBB./

bulge ~ 0.0012 (Ko-

rmendy& Gebhardt 2001, Merritt & Ferrarese 2001, and McLure & Dunlop 2002).
These remarkable findings leave little room to doubt that the formation and evo
lution of BHs and galaxy bulges are closely tied. Understanding why provides
fundamental insights toward a coherent understanding of galaxy formation and
evolution in general.
To study the coevolution of black holes with galaxy bulges, there is a great
deal of interest in investigating the correlations at higher redshifts. In this study,
we explore the A^BH versus the i?-band luminosity (MR) of the galaxy bulge out
to z ^ 2. The MBU-MR correlation has been studied by McLure & Dunlop (2002),
and Bettoni et al. (2003) for 2 < 1 galaxies, and is an extension of the studies
pioneered by Kormendy & Richstone (1995) and Magorrian et al. (1998). Since
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Kormendy & Richstone's (1995) original finding, which was based on B-band
images of nearby galaxies, there have been many efforts to sharpen the correla
tion using larger samples and/or redder passbands (Magorrian et al. 1998; Ho
1999; Kormendy & Gebhardt 2001; Laor 2001; Merritt & Ferrarese 2001; McLure &
Dunlop 2002; Bettoni et al. 2003; Marconi & Hunt 2003, Ivanov & Alonso-Herrero
2003). The RMS scatter of the correlation, when both early- and late-type galax
ies with A4BH measurements are taken into account, is fairly large (~ 0.5 dex;
Kormendy & Gebhardt 2001; Marconi & Hunt 2003). When attention is focused
on just the early-type galaxies, several studies find the scatter in the A^BH-bulge
luminosity relation drops to 0.3-0.45 dex (McLure & Dunlop 2002; Bettoni et al.
2003; Marconi & Hunt 2003). While it is not clear what causes the larger scatter in
late-type galaxies, one of the complications is that it is not always straightforward
to obtain bulge luminosities, e.g. the bulge is not always well-defined when the
bulge is disk-like (e.g. Carollo 1999).
While measuring the bulge luminosity of normal (i.e. inactive) galaxies is fea
sible out to high 2:, measuring the mass of their central black holes accurately is
considerably more difficult. Currently, the most robust method for measuring
.Mbh m normal galaxies is through modeling the stellar and gas dynamics (e.g.,
Barth 2004 and Kormendy 2004). Doing so requires an exquisite spatial resolution
on the order of the BH sphere of influence, rgph = GA^bh/CT*, the radius at which
the Keplerian orbital velocity of the stars due to the influence of the central BH
is comparable to the stellar velocity dispersion of the bulge. This is feasible only
for the nearest, and often relatively luminous, galaxies. The

relation in

nearby galaxies offers an easier way to infer A^BH- However, despite the potential
for extending this technique widely to infer .MBH to study bulge and BH evolu
tion, in practice the technique is time consuming and has practical challenges:
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cr» is difficult to measure in a variety of circumstances, including low-mass and
low-surface brightness galaxies, distant galaxies, and galaxies in which the active
nucleus substantially dilutes the starlight. Furthermore, to study the co-evolution
of BHs with galaxy bulges, it is desirable to measure A4BH using a technique that
is more directly associated with the influence of a black hole, especially at high z,
rather than one which is more indirectly tied to the bulge itself.
On the other hand, active galactic nuclei (AGNs), whose energetic output is a
direct manifestation of supermassive black holes, are natural and promising can
didates for measuring MBH/ using a technique known as the "virial" technique
(e.g. see Ho 1999; Wandel, Peterson, & Malkan 1999). This technique is based on
measuring AGN broad-line region (BLR) sizes and linewidths that have been sub
jected to reverberation mapping (Blandford & McKee 1982; Peterson 1993). These
simple A^BH estimates appear to obey the MBH-I^* relation of inactive galaxies at
low redshift (z ^ 0.05) (Gebhardt et al. 2000b; Ferrarese et al. 2001; Wandel
2002), which provides an important crosscheck on the validity of the AGN virial
masses. For a sample of 34 \ow-z Seyfert 1 nuclei and quasars with reverbera
tion mapping data for the IT,5 line, Kaspi et al. (2000) showed that the BLR size
correlates strongly with the AGN continuum luminosity. This provides a conve
nient shortcut to estimate BH masses essentially for any (unbeamed) broad-line
AGN with a rest-frame optical spectrum. It offers a potential to extend the mea
surement of A4BH out to a large sample of objects, spanning a wide range in redshift. Since then, this virial mass measurement technique has been bootstrapped
to higher redshifts using the ultraviolet lines C IV A1549 (Vestergaard 2002) and
Mg II A2798A (McLure & Jarvis 2002). The calibration sample, however, is small,
currently based on ^ 60 objects.
Using the virial mass technique, the measurement of supermassive BHs has
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now been extended out to large redshifts in a large number of quasars. Their nu
merical abundance at high redshift (z > 1) and their high luminosities make them
ideal primary tracers for BH evolution, thus their host galaxies prime candidates
for studying galaxy evolution. The trade-off for having an easy proxy for measur
ing .MBH in quasars is that detecting quasar host galaxies is a much harder task
compared with studying inactive galaxies at high 2 (i.e., z ^ 1). The difficulty
in extracting robust parameters for the host galaxy in the glare of a luminous
quasar is well known. It is worth pointing out that even with the exquisite 0'D5
resolution images of the Hubble Space Telescope (HST), the task remains nontrivial because of the small host galaxy size and its low surface brightness, which
decreases as (1 -f z)"'. Despite technical challenges, careful observations are de
tecting more and more quasar hosts at high z, even from the ground, using deep
imaging and adaptive optics (Fynbo, Burud, & Moller 2002; Lacy et al. 2002;
Hutchings 2003; Sanchez & Gonzalez-Serrano 2003).
In this study we explore the M BH vs. MR relationship for quasar host galaxies
out to 2

1. We use the virial technique to estimate A^BH in quasars, combined

with i?-band luminosity of the bulge of quasar host galaxies, inferred from HST
studies of Kukula et al. (2001), Ridgway et al. (2001) and Peng et al. (2003). At low
2; quasars

brighter than My = —23.5 primarily live in elliptical galaxies (McLeod

& Rieke 1995 and Dunlop et al. 2003), and there are hints that indicate hosts at
2

1 may be early-types as well. In particular, Kukula et al. (2001) and Sanchez

& Gonzalez-Serrano (2003) find that the luminosities and scale lengths of galaxies
are consistent with a passively evolving scenario, moreover, that they follow the
Kormendy relation (the correlation between half-light surface brightness 111/2 and
effective radius ri/2). Therefore, in this study, we also explore the evolution in the
M BU- M R

relationship by testing the null-hypothesis that the host galaxies evolve
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like E/SO galaxies from a formation redshift of Zf = 5.
We note that at low redshift, the scatter in the

M BU- M R

relationship for el

liptical galaxies (McLure & Dunlop 2002 and Bettoni et al. 2003) is small enough
that when extended to high redshift it can provide a sensitive and useful probe
of the coevolution of BH masses with bulges. Black holes are a useful constraint
for understanding galaxy evolution because Mw only increases. Coupled to
Lbuige/ galaxies at any given redshift are restricted in how much they can fade in
the two-dimensional diagram of .Mnn vs. Lbuige- They cannot freely roam the
A^BH'-i'buige diagram, limited on the one hand by the Mnn, on the other by the re
quirement that they evolve toward the tight local MBH VS. Lbuige relation at 2; = 0,
and additionally by the local galaxy luminosity function and the mass function of
supermassive black holes. Thus, at a given bulge mass, luminosity, and redshift,
galaxies may follow a range of possible merger and luminosity evolution paths
that is initially wide but progressively narrows as they evolve towards the tight
local relations of A^BH versus other bulge parameters. If the idea is expanded into
n-dimensional space or "phase-diagram" (i.e. by measuring the A^BH vs. Lbuige
relation in several passbands), it may ultimately be a powerful, yet simple way
to visualize and to understand the complex paths of galaxy formation and evolu
tion. This technique requires calibrating Mnn vs. luminosity at many passbands
for local galaxies.
Our discussion below is structured in the following order. To obtain the M BB.Mfi relation for quasar host galaxies, one of the first steps is to make /c-correction
to the host galaxy photometry (§ 2). We will then measure the BH masses using
the virial technique and compare them to a cruder measurement using the quasar
luminosity by assuming an Eddington efficiency (§ 3). Section 4 presents the
results, and we conclude with brief remarks (§ 5). In this study, we use a standard
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cosmology with H Q = 70 km ^ s ^ Mpc ^
8.2

= 0.3, and SIA = 0.7.

Data and Bulge A:-Correction

We assemble a set of data on quasar host galaxies published by Kukula et al.
(2001), Ridgway et al. (2001), and Peng et al. (2003) observed using HST/NICMOS,
summarized in Table 1. All the magnitudes shown in the Table have been cor
rected for galactic extinction according to Schlegel, Finkbeiner, & Davis (1998).
The Kukula et al. (2001) sample consists of 18 quasars at z ^ 1 and z

2, equally

divided between radio-loud quasars (RLQ) and radio-quiet quasars (RQQ), while
the Ridgway et al. (2001) sample consists of 5 RQQs at 1.5 <

Z < 2.8. The Peng et

al. (2003) study has one additional object, obtained using the gravitational lensing technique of the CASTLES survey (Kochanek et al. 1999). The data from all
samples were observed in either NICMOS FllOM (~ J band) or F160W/F165M
(~ H band) filters so that they roughly correspond to rest-frame V, where the con
trast between the host and the quasar is favorable for detecting the host galaxy.
Altogether,

24 host galaxies are used in this study, which is the entire collection of

data in the literature published specifically to study quasar host galaxies detected
using NICMOS above ^

1.

There are other host galaxies found at z > 2 pub

lished using WFPC2 and ground-based data (e.g., Aretxaga, Terlevich, & Boyle
1998; Lehnert et al. 1999; Hutchings et al. 2002; Hutchings 2003). We exclude
these because the observations were made in the rest-frame UV, which is very
sensitive to star formation and extinction internal to the host galaxy. Therefore,
/c-correcting to the rest-frame R filter is highly dependent on assumptions of the
spectral energy distribution (SED) of the galaxy. We also exclude ground-based
data of RLQ hosts published by Falomo, Kotilainen & Treves (2001), Lacy et al.
(2002) and Sanchez & Gonzalez-Serrano (2003), to keep the sample uniform and
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to avoid the challenge of quasar-host separation relative to data obtained uniformly with HST.
To infer the i?-band absolute magnitude { M R ) of the quasar host galaxy bulge
from the raw values published in Kukula et al. (2001), Ridgway et al. (2001),
and Peng et al. (2003), we make several corrections. We note that the published
host galaxy fluxes primarily refer to the bulge because the images are too shal
low to detect the diffuse components of extended disks if they exist, except for
CTQ 414 (Peng et al. 2003). For that object, we take the bulge luminosity only.
Ridgway et al. (2001) compared their host galaxy detection with simulations,
from which they determined the host galaxy flux as a function of the morpholog
ical type. Thus, for their sample, to obtain the //-band bulge luminosity shown
in Table 1, we apply an aperture correction (their Table 4) to their 1"D1 aperture
photometry (their Table 2), and a correction that is dependent on assumptions
about the morphology of the host (their Table 5), appropriate for radio galaxies,
which have the largest corrections in their study Finally, to convert published
photometry into a rest-frame, standard Cousins, /?-band flux, we follow Hogg
et al. (2004) in computing detailed /c-corrections. We transform the HST Vegabased magnitudes to /{-band by using galaxy templates observed by Coleman,
Wu, & Weedman (1980), multiplied by the appropriate filter transmission curves.
The integrated fluxes are normalized to a spectrum of a-Lyr, "observed" in the
appropriate bandpass.
To compute /c-corrections to the host galaxy's rest-frame /?-band depends on
their SED. We have no color information for most of the host galaxies so we must
make an assumption. The filters used by Kukula et al. (2001; J and H) and
Ridgway et al. (2001; //) conveniently capture the hosts in their rest-frame V
(except for two objects at z

2.7 in Ridgway et al. 2001). Therefore, A:-correction
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to rest-frame R is not very sensitive to assumptions of the SED for both the quasar
or the host galaxies, especially as the V'-filter lies redward of the rest-frame 4000A
break in galaxies. Specifically, the difference in the inferred

MR

between an early

and late-type SED is only ~ 0.1 mag at 2 = 1 and ~ 0.3 mag at z = 2. For the
^-correction we use an SED of current-day E/SOs for the host galaxies because it is
the most conservative assumption with regard to the conclusions we are testing.
If the true SED is bluer the galaxies are systematically fainter than the

MR

values

shown in Table 2. In the discussions below, we will comment on how our results
would change if we had assumed a bluer SED.
8.3 Black Hole Mass Estimate
8.3.1 Virial A^BH Measurement.
For these redshifts, the virial technique relies on measuring the quasar con
tinuum luminosity and the widths (FWHM) of the C iv or Mg II emission line.
For z

2 quasars, C iv is the most readily available and was calibrated by Vester-

gaard (2002)^ Recalibrating her results using the same cosmology as ours, Netzer
(2003) refit the

vs. LA(5100A)"' relationship using linear least squares with er

ror bars in both coordinates and determined the broad line region of Ii/3 to have
a radius of:

^H/S

ALA(5100A)
10" ergs s"i_

0.68±0.03

light-days,

(8.1)

where LA(5100A) is the spectral density of the quasar continuum at rest-frame
5100 A. The value of the exponent, 7 = 0.68 ± 0.03, however, depends on the
sample used in the fit and the fitting technique. Using the BCES method (Akritas
& Bershady 1996), Netzer (2003) found rj^,^ oc LA(5100A)°-®®''=°'^^. TO err on the
'She used a cosmology of HQ = 74 km s"' Mpc' ^ UK = 0, and n„, = 1-
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conservative side, we will use a shallower value,

7

= 0.58, giving us a smaller

,MBH measurement by Ri 0.07 dex. Corbett et al. (2003) used Netzer's (2003) recalibration to bootstrap the A^bh measured from C IV to the H/3 measurements.
They determined the radius of the C iv relative to the H/3 broadline radius to be:
r'Q jY = 0.6^o;frf^^. Combining these two results, we obtain the relationship:

A4bh = 2.39 X 10®

•FWHM(CIV)]^ rALA(1350A)1°'^^
s~i _J
1000 km s ^ J [ lO'^^ erg s"!

^

For her cosmology, Vestergaard (2002) found a coefficient of 1.6 x 10® and expo
nent of 7 = 0.70. For z ss 1 quasars Mg II is a good surrogate for measuring Mbh
that conveniently falls in the visible region (McLure & Jarvis 2002), and has the
empirical relation:

Mm = 3.37 X 10®

FWHM(Mgll)]^ rALA(3000A)l°-^^
-1
Mq.

1000 km s

_ 10^"^ erg "

_

(8.3)

To obtain the C IV and Mg II emission line FWHM in QSOs with host detec
tions, we searched the literature for published spectra. The Ridgway et al. (2001)
sample comes from a survey published by Zitelli et al. (1992), while the Kukula
et al. (2001) sample is a composite of different surveys shown in Table 1. Alto
gether, we compile 15 (out of a total of 24) objects that have published spectra
or FWHM values. In the Kukula et al. (2001) sample, the quasar spectra pub
lished in Boyle et al. (1990) have very uncertain flux calibrations. However, what
matters more to our analysis is the FWHM values, given that the absolute fluxes
are determined by photometry (see below). Moreover, because the continuum
luminosity enters into Eq. 2 at most as the power of 0.58 (0.47 for Mg ll), even a
flux uncertainty as large as a factor of 2 translates into an uncertainty in A^BH of
at most 0.21 dex, which will not affect our conclusions. To measure the widths
of the emission lines, two of the authors independently measured the FWHM
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manually from published spectra, in a double blind test. The two independent
measurements of the FWHM agree closely. One other potential uncertainty in
measuring the FWHM is that the broad emission lines may be contaminated by
Fe II emission (Vestergaard & Wilkes 2001). As we do not have a way to esti

mate the Fe II contribution, we do not correct for this effect. However, we note
that the contamination is negligible for C IV emission lines and is more impor
tant for H/3 and Mg II lines (Vestergaard & Wilkes 2001). All of our z

2 objects

use C IV measurements and only our z ^ 1 objects rely on Mg II lines. In one
object, 4C 45.51, where both lines are observed, the inferred black hole mass is
comparable between using C IV (0.40 x

and Mg II (0.42 x 10^ A^©).

To estimate the monochromatic luminosity of the quasar, namely LA (1350A)
and LA(3000A), we apply the distance modulus to the published B- and V'-band
photometry values, and then applied the spectral irradiance in the V'-band (3.64 x
10~® erg s""^ cm~^ A~^) or B (6.4 x 10"® erg

cm"^ A~^), multiplied by (l+z).

The 5-band magnitudes found in literature were primarily measured from pho
tographic plates (see Table 1). The magnitudes of the SGP objects from Boyle et
al. (1990) were based on plate-scanned Bj magnitude system ("6-band"), zeropointed to the Johnson B magnitude system. The conversion to the standard B
magnitude has a small offset for typical quasar colors: b = B + 0.1 ± 0.05. In
comparison, the random errors are generally larger, about 0.2-0.3 mag. Similarly,
the magnitude of the MZZ objects from Zitelli et al. (1992) is based on photo
graphic Bj filter system. As the systematic corrections are small and will not
affect our conclusions, we do not apply a correction. For z ^ 1 quasars that lack
the required V'-band magnitude, we assume B — V = 0.4, which corresponds to a
continuum of /„ oc //"'. We correct the Li-band magnitudes for galactic extinction,
according to Schlegel, Finkbeiner, & Davis (1998).
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This technique for measuring the quasar flux density near 1350A and 3000A
is fairly robust, as the B and V filters land near the rest-frame B or UV of the
quasars, minimizing any SED-dependent extrapolation. Contamination by emis
sion lines in the broad-band filter is often negligible even in quasars because the
bandwidths of the V (FHWM = 890 A) and B (FWHM=1000

A)

filters are signif

icantly larger than the widths of the lines (FWHM ^ 100 A). The impact of such
errors on A^BH is negligible

5%) because the monochromatic luminosity en

ters into Eqs. 2 and 3 as the powers of 0.58 and 0.47, respectively. To extrapolate
the monochromatic continuum luminosity, we assume a flat spectrum. As the V
and B filters often fall to the red side of the emission lines, where the quasar con
tinuum either is flat or declining, we may be systematically underestimating the
M BU

by about 1%-10%, an error well below the scatter of the

M BH- M R

relation

(0.45 dex). All the transformed values are shown in Table 2.
8.3.2 Estimating A^BH from the Eddington Ratio.
A common but cruder method for estimating

M BE

is to use the V-band lumi

nosity of the quasars coupled with an assumption about the Eddington accretion
efficiency. The largest uncertainty in using the Eddington approach stems from
.simply assuming an efficiency t of producing the quasar radiation. It is often
stated that luminous AGNs emit at 6 = Lboi/^Edd ~ 0.1. But Woo &c Urry (2002),
using a large sample of 377 AGNs, found that there was no correlation between
e and Mmi- However, as their sample is mostly comprised of low-luniinosity
AGNs, for which there is known to be a much larger range in e, it is perhaps not
surprising that the correlation is not apparent. McLure & Dunlop (2002) found
that although luminous quasars show a relationship between E and A^BH (due to
excluding low-luminosity AGNs), there is also a sizable scatter.
A second significant uncertainty in using this teclmique is in inferring the
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bolometric luminosity from a A:-corrected V'-band luminosity of the quasars. While
the small /c-correction itself is hardly sensitive to assumptions about the shape of
the quasar continuum there is a larger scatter in the V-band bolometric correc
tion. To obtain the bolometric luminosity from ]/-band quasar luminosity, we
use the correlation found for quasars by Elvis et al. (1994) between log Lboi and
log ALA(5400A)^. The correlation is not completely linear over the entire luminos
ity range, in particular at luminosities log XL\ (5400A) < 44. However, over the
range between 44 < log ALA(5400A) < 45.9, which corresponds to the luminosity
range of the quasars in our sample, the relation is linear. For that range we use
linear regression [assuming the independent variable to be log ALA(5400A)] to
obtain the relation:

logLboi = 0.96 IogAi:A(5400A) + 2.93.
To check the net uncertainty of Eddington-based

M BH

(8.4)
arguments, we can

compare those estimates to the virial .Men estimates for 15 quasars based on
Equations 2 and 3. This way we can also determine the median Eddington ef
ficiency for the entire sample. Because of this bootstrapping, however, the Ed
dington efficiency argument is no longer an independent way to measure M BW
Nonetheless, this method provides a very useful handle on the robustness of our
conclusions because the scatter in the A^BH measurement is larger compared to
the virial technique.
Column 11 of Table 2 lists the Eddington efficiency based on the .MBH values
determined using the virial technique. To determine a rough value for e, we take
the median Lboi/^Edd values only for the RQQ quasars. RLQs deserve special
consideration because their emission may possibly be beamed: in Column 11
^All logarithms are base 10.
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of Table 2, all quasars in our sample have Lboi < Itkid/ except for the highly
unusual case of 4C 45.51, which apparently radiates at

Hence, for sample

uniformity, we leave out all RLQs in the median (4 out of 15 quasars). We obtain
6 = 0.15 which we will use in the discussions below.
8.3.3 Measurement Uncertainties
In this study there are a number of potential systematic and random errors that
enter each step of the analysis, which are important to distinguish and to under
stand. Some of the main sources are discussed in the previous sections and we
present a summary here. There are several important sources of random errors.
In particular, the literature measurement of the emission line widths are proba
bly imcertain by ~ 20 — 30% due to manual measurements and complications
from absorption-line features and probable Fe II contamination. This produces
roughly a random scatter of ~ 0.15 — 0.25 dex in MBW While the uncertainties of
the host galaxy magnitudes are better quantified, typically

0.2-0.4 mag (Ridg-

way et al. 2001), A;-correction introduces both a systematic bias (by assuming the
reddest possible SED) and a random component (the intrinsic SED scatter in the
hosts). In the Eddington method of measuring MBH, the main uncertainty is in
the intrinsic scatter (a factor of 5-10 for luminous AGNs) of the assumed Edding
ton ratio. This latter factor most likely dominates the uncertainty associated with
the V'-band bolometric correction, which may introduce ^0.1 dex in A^BH scatter.
The uncertainty in the MBH measurement using the virial technique is about 0.4
dex (factor of 2.5; Kaspi et al. 2000, Vestergaard 2002, and McLure & Jar vis 2002).
Despite the lack of an easy way to estimate the size of the random errors, often
the central-limit theorem applies in surveys with even a modest sample size. In
this regime, the scatter of points about a relationship is indicative of (but larger
than) the individual random measurement errors, because the confidence in a
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given relationship improves as EMS/y/N^j. Ultimately, our conclusions will
rely on the central-limit theorem more than the individual error bars. For this
reason, we use two estimates of the

the virial technique and an assump

tion about the quasar Eddington efficiency. They are not mutually independent,
but the difference in scatter provides a useful handle on how it can affect our
conclusions.
One object, an RLQ 4C 45.51, deviates significantly from other objects and it
is important to understand the relevant errors. The uncertainty in its A4BH is
not known, because the uncertainty in measuring the FWHM is not known. If
one assumes the FWHM is in error by less than 50%, a conservative limit, the
uncertainty is < 0.4 dex for A^BH- The potential that the quasar is beamed adds
an unknown systematic error into the estimate of Mjm- For the host galaxy, we
can assume that the uncertainty is generally 0.3-0.4 mag in
2001), hence roughly the same in

MR, barring

MH

(Ridgway et al.

uncertainties in A;-correction.

The systematic errors in our study are also difficult to quantify. In computing
the host galaxy

MR, the

main systematic error comes from the fc-corrections. We

have decided to err on the side of overestimating the host luminosity by assuming
a red SED, typical of present-day E/SO galaxies. Given that z > 1 hosts are almost
guaranteed to be bluer, the host galaxies will be fainter than the values we derive
in Table 2, e.g. by 0.3 mag for an Scd SED at z — 2. As we show in the end,
this approach will strengthen our conclusions. In addition, most of the NICMOS
images are not sufficiently deep to ascertain whether the hosts are bulge or disk
dominated. If disk dominated, the fainter bulge luminosity would also bolster
our conclusions.
The systematic errors for measuring A^BH are also hard to quantify. In par
ticular, there is considerable uncertainty in the exponent

7

and in the average
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broad line radius in using the C IV virial mass estimator (Eq. 2). Depending on
the line fitting technique used, and which sub-sample is being studied (e.g. highluminosity vs. low-luminosity)

7

ranges from 0.58 ^ 7 ^ 0.74. The values are

consistent within the error bars. In an independent recalibration, McLure & Jarvis
(2002) determined

7

= 0.61. We choose, conservatively, the low value 7 = 0.58.

The scatter in the broad line radius of C iv is smaller (I Q jy = 0.6;;!;o;irj^^) as deter
mined by Corbett et al. (2003). However, there are systematic differences of 20%
in the radius for H;3, depending on the calibration sample (Vestergaard 2002); we
use a value appropriate for the entire sample of Seyfert and quasars. This affects
the A4BH measurement by -0.1 dex. Lastly, our conclusions primarily rest on the
applicability of the local calibration for the virial technique for x; = 2 hosts, and
that they apply for RLQs whose emission may be beamed towards us (Oshiack,
Webster, & Whiting 2002). The applicability is discussed, e.g. in Netzer (2003)
and Vestergaard (2004).
8.4
8.4.1

Results
M u u - M f i Relationship for z > 1 Quasar Hosts

Figure 1 shows the

M BU- M R

relationship derived for high-2; quasars (open sym

bols) based on the virial mass measurements (Fig. la) or on the assumption that
the quasars radiate with 0.15 L^dd efficiency (Fig. lb). The round solid points
("z « 0 Comp.") are local calibrations of normal elliptical galaxies obtained in

various studies. In particular, the A^BH measurements ioi z TH Q sample are the
revised values given in Tremaine et al. (2002), while their photometry is com
piled from different sources and reprocessed into i?-band values by Bettoni et al.
(2003). There are many measurements of other galaxy types that can be (and have
been) placed onto this plot, such as radio galaxies (Bettoni et al. 2003) and low-2
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quasar and Seyfert hosts (e.g., McLure & Dunlop 2002). All of them essentially
fall along the solid line shown, which has the following relation fit to their data:

log [ M BU/ M Q) = -0.50(±0.02)My.> - 2.70(±0.48),

(8.5)

where we converted Bettoni's fit for H Q = 50 km s"^ Mpc~^ into our cosmology.
All object types have comparable scatter (McLure & Dunlop 2002; Bettoni et al.
2003). We choose to summarize those other data points as a solid line (corrected
for the HQ difference of 20 km s~^ Mpc" ^ between our cosmology and that of
Bettoni et al. 2003) instead of plotting them explicitly, for simplicity and to avoid
crowding.
Consistency in the MBU-MR Relation Between z ^ 0 and z ^ 2.

Figures la and

lb show a comparison of the techniques used to estimate BH masses out at high
2, illustrating curiously that most of the ^
M BU- M R

relationship atz

2 host galaxies already lie near the

The z ^ 1 quasar hosts appear to lie noticeably be

low the relation. However, as we have not yet accounted for luminosity fading, it
is not yet obvious what is to be expected. Most of the attention should be focused
on Figure la because we believe the estimates of MBH are more robust. Figure
lb merely confirms the fact that any reasonable assumption of the Eddington effi
ciency (here e = 0.15) would produce a similar result. In Figure la, the correlation
seen for z > 1 objects is probably real and not due to strong selection effects in
detecting the host galaxy, despite well-known challenges in extracting host galax
ies from underneath luminous quasars. While one does expect selection bias to
hamper finding hosts lying to the left of the sample points, this appears not to be
a serious problem because 23 host are detected out of 24 targets in Kukula et al.
(2001) and Ridgway et al. (2001). On the other hand, if host galaxies exist to the
right of the sample points, they would be easier to detect. Thus, the fact that there
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is not a larger and a more uniform scatter to the right suggests that the

M BE- M R

relation has already been established as early as 2 = 2, at least in RQQ hosts.
To further interpret Figures la and lb, it is useful to keep in mind that re
gardless of where the high-z quasar host galaxies lie, by 2 = 0 they must scatter
around the solid line representing the relationship for 2 = 0 galaxies. Thus, ig
noring any luminosity evolution, the MBH-MR relation of quasar host galaxies at
2

2 already falls near the same relation as local galaxies. To quantify the sim

ilarity of

RQQ hosts to the local relation, we fit a line (shown as a dotted

line in Fig. 1), holding the slope fixed to the value of -0.5 determined for low-2
galaxies (Equation 5). We do not include RLQ objects in the fit (only one object in
Fig. la) because of possible issues with beaming. The horizontal offset between
the dotted and solid lines in Figure la is -0.6 mag, and for Figure lb, -0.7 mag.
The average is heavily biased by a single object in Figure la, MZZ 9592, with
out which the average offset is only —0.4 mag. This host is the second highest
redshift object {z = 2.71) in the sample, and has the largest and most uncertain
fc-correction value applied because observations were made in the rest-frame Bband.
MBs/Mhuige Ratio at z ^ 2.

If the local MBR-MR relation more fundamentally

reflects a relationship between A4bh and .Mbulge/ rather than with the bulge lumi
nosity, then the fact that 2;

2 RQQ hosts lie near the same relationship as 2

0

data is unexpected even before applying a correction for luminosity evolution.
About half of 2 « 2 hosts are nearly on the 2

0 relation - more, if the SEDs of the

hosts are bluer (hence fainter) than we have assumed. If the hosts starved their
black holes (i.e. constant Mnu) and there has been no galaxy merger since z ^ 2,
this implies that the bulge mass was lower at high 2: as the host faded, more
stars would have to be formed in concert to build up the bulge mass (luminos
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ity), allowing the host galaxy to remain roughly fixed in the
We can constrain the

M BW M R

diagram.

bulge ratio at 2 ft; 2 if we assume an evolutionary

scenario that the (RQQ) host galaxies at 2

2 are fully formed ellipticals. The

offset between the dotted and solid lines (Figure la) allows a fading of O.G mag
on average since z

2 (less, if A^BH also increases or if the bulge SED is blue).

Such a small amount of dimming is perhaps surprising, and we will discuss sev
eral possible evolutionary scenarios below. We show later that under the premise
that the hosts evolve like E/SO galaxies, simple evolution models predict fading
by factors 1-2 magnitudes between z ~ 2 and z ~ 0 (Figure 2). In this scenario.
Figure 1 then indicates that the A^Bn/^buige ratio at z = 2 is higher than locally
by a factor of 3-5.
Deviations from the

M BH- M R

Relation.

Three of the five farthest "outliers" from

the dotted line in Figure la are RLQ hosts. However, only the most discrepant ob
ject, 4C 45.51 at 2: = 2 is significantly different from all the other objects. Taken at
face value, the 4C 45.51 deviation is so large that the apparently tight correlation
seen for most z ^ 2 hosts may not be clear-cut for all objects; RLQ hosts may fol
low a fundamentally different relation than RQQs. If the RLQ emission is in fact
beamed, the continuum luminosity alone would lead to an overestimate of ,MBH
by a factor proportional to 7^-^, where gamma is the Lorentz factor. For 4C 45.51,
it may be that 7

1 because of its apparent super-Eddington luminosity. On

the other hand, if the kinematics of the BLR are disk-like and the axis of the jet is
aligned with the axis of the disk, we expect the FWHM of the broad emission lines
in beamed objects to appear systematically narrower than their intrinsic width.
Since .MBH scales as FWHM^, the inclination effect may counteract the Doppler
boosting. Thus, the net effect on measuring MNII depends on better knowing
the BLR inclination and the intrinsic 7. For RLQs with low inclination and low

349
Doppler boosting, we probably underestimate AIBH- However, it is difficult to
draw a strong conclusion without a larger sample of objects.
Finally, we note that the horizontal shift in

MR

of the points in Figure 1 de

pends somewhat on the SED we assumed in making the /c-correction, and the
shift in MBB. is less dependent on the SED. Our use of the current-day E/SO SED
makes the host magnitudes an upper limit in

MR.

On the other hand, if the host

galaxies are bluer and have an SED similar to that of an Scd galaxy, then the restframe

MR

would be systematically fainter by 0.3 mag for

of the smaller rest-frame V
z= 2

8.4.2

— R

= 2 galaxies, because

correction. Therefore, the conclusion that hosts at

lie near the local MBH-MR relation would be even stronger.
Host Galaxy Luminosity Evolution

The near coincidence in the MBH-MR relation between z '^2 RQQ hosts and the
present epoch must reflect several compensating effects, as time has not stood
still since 2 ~ 2. Therefore, it places interesting constraints how the host galax
ies can evolve since the Universe was 2-3 Gyrs old. At low z {z ^ 1), McLure
& Rieke (1995) and Dunlop et al. (2003) show that most very luminous quasars
{My < -23.5 mag) live in ellipticals, with the variety of host galaxies increasing

towards lower-luminosity AGNs. At intermediate redshifts (1 ^ 2 ^ 1.5), sev
eral studies (Kukula et al. 2001, Sanchez & Gonzalez-Serrano 2003) also find that
the hosts may be preferentially early-type. At z > 1.5, host galaxies are poorly re
solved, but there is circumstantial evidence to suggest that they are also primarily
ellipticals, fully formed. Hence, we test the quite natural null-hypothesis, that the
quasar host galaxies had fully formed stellar bodies and have merely faded since
2 ~ 2. Alternatively, the hypothesis can be phrased as: was the ratio of M\m to
Aibuige the same at all earlier epochs than observed now.
The 0.6 mag displacement of the dotted line from the solid line in Figure la
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implies that host galaxies at a given A^BH appeared brighter in the past only by
{\dm/dz\) Si 0.30 mag in R. If host galaxies did only fade since z ^ 2, and by

more than {\dm/dz\) = 0.30 mag, they would now appear displaced off the z = 0
relation (solid line). If the host galaxies at z = 2 have bluer SED than assumed in
our A>corrections, the maximal fading rate would be even slower. For example, if
we use the SED of an Scd-type galaxy in our A:-correction, the fading rate would
be {\dm/dz\) = 0.15 mag. Of course, if they are to gain in

M BU, through

accretion

but not grow in A^buige/ the allowed fading rate for consistency with z ~ 0 would
be yet smaller still.
To interpret the fading rate in terms of the host stellar population content, we
generate a grid of stellar synthesis models from Bruzual & Chariot (2003) with
a Salpeter initial stellar mass function. The two sets of models (Fig. 2) have
formation redshift Zf = {2,5}, i.e. universe age = {3.2,1.2} Gyrs, each with star
formation rates that decrease exponentially with a decay time constant of r =
{0,0.5,1,2,5} Gyr, where r = 0 corresponds to an instantaneous burst followed
by passive evolution. For all the models except that for r = 5 Gyr, we find that
{\dmldz\) fti 0.9 mag over the range 0 < z < 2. Figure Ih illustrates how the

fading scenarios translate into B — R color of the host galaxies. Only the models
with T - {0,0.5,1, 2} Gyr evolve to early-type galaxy colors by z = 0; they have a
fading rate {\dm/dz\)

0.9 mag. The r = 5 Gyr scenario results in a present day

color 0.4-0.5 mag bluer than average early-type galaxies.
If the z = 1...3 host galaxies were simply to fade (and do not gain in MM\),
resulting in present-epoch early-type host galaxies we need to account for this lu
minosity evolution, before comparing to the local MBU-MR relation. We do this
in Figure 3 by taking the measurements of distant hosts (open symbols) from Fig
ure 1 by simply shifting the open points horizontally by an amount \dm/dz\ = 0.9
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mag (see Figure 2). Figures 3a and 3b show that in this scenario, the z ^ 1 points
evolve onto the z

0 relationship. Some of the deviations may be explained by

our ^-correction, or if the deviant galaxies underwent a starburst at z
ever, for host galaxies at z

1. How

2, what is immediately striking is that nearly all

would evolve to be fainter than local galaxies with similar mass BHs. The average
offset of z Rs 2 RQQ hosts after such fading would now be 1.1-1.2 mag below the
local

M BU' M R

relation. Hence our data are inconsistent with simple evolutionary

or passively fading models for an early-type galaxy. In fact, the only model that is
marginally consistent with the present-day luminosity constraint, \dmldz\ ^ 0.30
mag, requires an evolution that has a slow decline in star formation rate of r = 5
Gyr, and that evolves to a blue galaxy {B — R— 1.1 mag) by z = 0 (Fig. 2b). This
is only possible if all descendants of 2 ~ 2 RQQ hosts were blue bulges now. On
the other hand, for largely passive evolution of the host galaxy populations, the
only way to reconcile Figure 3 with the local

M ^H- M R

relationship is to require

the hosts to undergo mergers that increase the galaxy stellar mass by 70% (0.6
magnitude). However, in this process, they must not gain an equal proportion
of Mm at the merger, which takes them parallel to the solid line. Our conclu
sions that z ~ 2 hosts appear too faint to be reconciled easily with present-day
counter-parts of the same A4BH would be even stronger for any other plausible
^-correction we could make.
In the discussion above we have not considered that ,MBH may also evolve.
We collect here a few other interesting implications gleaned from Figures 1 and
3:
• If evolution occurs on the two-dimensional

M BU- M R plane,

the curious fact

that z = 2 hosts already lie close to the z — 0 relation implies that evolution
happens mostly along the relation, allowing for a modest amount of fading.
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Black hole growth, fading and the acquisition of new stars through mergers
or star-formation seem to be balanced.
• The BH masses for most of the host galaxies in our study at 2

1 are already

higher than that expected for L, galaxies (M^ — —20.88, Brown et al. 2001).
Therefore, regardless of the stellar population of the z =
brighter than

M R < —23

2

host galaxies

mag (as in the Kukula et al. 2001 and Ridgway et

al. 2001 sample), they cannot evolve to ^ L. galaxies today and yet agree
with the local

M BB- M R

® While the hosts at z

relation.
2 may subsequently increase in luminosity mod

erately via merging, and to increase

M BH,

Figure 1 shows that the most

massive BFIs may not grow by 3 to 5 times without becoming more massive
than the biggest BHs seen at low z. If the bulge mass grows proportionally
with A^BH/ this would also suggest that the host galaxies do not increase in
mass more than a factor of 3 to 5.
• Figure lb shows that the host galaxies of 2: = 1 quasars are roughly as lumi
nous as the hosts at Z

2 for objects that have comparable AIBH ; Figure la

is somewhat equivocal on this point because of the small number of points,
despite the smaller scatter than in Figure lb. The correspondence may be
fortuitous. Our evolutionary scenario suggests that the z ^ 1 hosts are con
sistent with a simple fading scenario for an E/SO galaxy with Zf = 5, while
the evolution of 2

2 hosts may be more complex.

8.5 Discussion and Conclusion
In this study, we have tested that both the stellar bodies of the host galaxies and
the central black holes were fully formed by zj — 5, evolving secularly thereafter.
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This is motivated by the evidence that z < 1 hosts of luminous quasars live in
elliptical galaxies (e.g. McLeod & Rieke 1995, and Dunlop et al. 2003). More
over, several studies (e.g. Kukula et al. 2001, Sanchez & Gonzalez-Serrano, and
Hutchings 2003) suggest that host galaxies as early as z
Our analysis of the existing data has shown that the

2 may be early-types.

M BU- M R

relation of high-2:

quasar hosts is nearly identical to that of low-s galaxies (Figure 1). On the other
hand, although z ^ 1 hosts appear to deviate from the relationships in Figure 1,
they are fully consistent with a secularly evolving E/SO model with Zf = 5.
However, the close agreement between z ^ 2 and z

0 relation is surprising

given that the underlying correlation seen at 2 = 0 is fundamentally one between
.MBH and

bulge/ and more superficially between A4BH and bulge luminosity.

There are several ramifications of this finding, one of which is that the bulge
luminosity does not evolve as much as simple stellar synthesis models would
predict, or else the bulge and A^BH do so in near lock-step upwards. We can
show, using a set of conservative assumptions about the stellar population of the
host, that the stellar bulge mass, A^buige/ at a given Mmir is probably lower in the
past than today. If there is luminosity evolution, but no A4BH evolution, then the
-MBn/A^buige ratio is larger at z > 1 by almost the same factor that the galaxy
dims due to evolution. Because fading (passive or otherwise) would cause the
host galaxies at z
be a build up in

2 to significantly over-shoot the z « 0 relation, there has to
bulge stellar mass towards z = 0, whether by star formation or

by mergers.
As BHs only increase in mass. Figure la puts a strong constraint on how much
the host galaxies can fade to arrive at the local M-BE_-MR relation by z = 0, re
gardless of their stellar population content at z

1. Luminous host galaxies

{MR^ -23 mag) with luminous quasars cannot fade to become L, galaxies to
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day, unless the mass estimators calibrated locally systematically and significantly
overestimate ,Mbh at high 2.
While this study supplies more questions than answers regarding the nature
of galaxy-BH evolution, we show that the

M BR- M R

diagram provides very use

ful constraints on the evolutionary paths of galaxies. Thus, it may be worthwhile
to extend this diagnostic by establishing locally the empirical relationship be
tween A^BH and bulge luminosity in multiple filters, since galaxies of different
morphological types are expected to trace distinct paths in this space. In this
parameter space of .MBH VS. multi-color bulge luminosity diagram the locus of
points for high-z galaxies can be used to predict the directions in which galax
ies evolve. Galaxies in this diagram are not allowed to arbitrarily roam in color
and luminosity because their evolutionary paths must ultimately take them to
the local A^BH-bulge luminosity relationship. To understand how exactly galax
ies traverse the phase diagram, it would be useful to obtain deep imaging of the
environments of high-z host galaxies in order to constrain their merger rates.
Thus far, we have not discussed how the presence of dust may affect our con
clusions. Sub-mm observations of 2

2 quasars (Isaak et al. 2002; Bertoldi et al.

2003; Knudsen, van der Werf, & Jaffe 2003) indicate that at least some host galax
ies appear to be highly star forming and hence presumably highly obscured. If
this were generically true of all high-2 hosts, what we observe in the rest-frame
V'-band might be the dim light that filtered through a dense screen. In later
phases, star formation may use up gas and dust, while supernovae explosions
may blow holes in the ISM, causing host galaxies to become more transparent
with time. If this were to happen, the net effect of the fading populations and
the decreasing optical depth on the absolute luminosity of the host galaxies is not
clear. It is conceivable that the host does not evolve much in optical luminosity.
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if the galaxy dust extinction dropped at the same rate as fading of the stars. The
monkey-wrench thrown into the interpretation by the presumption of dust is yet
another reason why it would be worthwhile to establish a multi-color vs. A^BH
"phase" diagram, especially towards the rest-frame infrared. However, despite
the possibility of dust, its presence must somehow conspire with star formation
to preserve the good correlation seen at high-z (Figure 1), over 4 magnitudes in
host luminosity. This suggests that either the distribution of dust is regular across
galaxy-types, or that dust obscuration is not too significant in a number of galax
ies by z PS 2.
In computing the A--correction, we assumed an SED appropriate for a current
day E/SO galaxy, but galaxies at ^

2 are most likely bluer than current day E/SO

galaxies. Therefore the hosts are probably fainter in the rest-frame i?-band than
what we computed, and the MBU-MR relationship for z = 2 hosts would be even
more indistinguishable from z ^ 0 normal galaxies. This conclusion relies heav
ily on the assumption that the techniques used to estimate A4bh at low z do not
systematically and significantly overestimate

at high ,z. Currently, all A4bh

measurements are tied to locally calibrated values. It remains unproven that the
AGN broad-line regions at high z have similar structure at low z. Because under
standing the link between Mm\ and galaxy bulges is fundamentally important
to a coherent knowledge of galaxy evolution in general, it is important to more
fully understand how locally calibrated A4BH measurement techniques apply to
high z.
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Table 8.1. Quasar and Host Galaxy Data Compiled from Literature

Object

2

Filter

(3)

NICMOS Mag

Quasar

Radio

References/Comments

Host

Quasar

Filter

Mag

Loud?

(4)

(5)

(6)

(7)

(8)

(9)

(1)

(2)

SGP5:46

0.955

FllOM

20.09

19.45

y*

19,6

N

1, assumed quasar { B — y)=0.4

BVF225

0.910

FllOM

20.10

17.90

y

19.2

N

1

BVF247

0.890

FllOM

18.87

20.13

v

19.5

N

1

BVF262

0.970

FllOM

19.85

19.24

V*

19.4

N

1

PKS 0440-00

0.844

FllOM

18.79

18.42

V*

19.1

Y

1

PKS 0938+18

0.943

FllOM

19.46

19.78

V

18.8

Y

1, assumed quasar {B — y)=0.4

3C 422

0.942

FllOM

18.24

17.85

V

18.9

Y

1, assumed quasar (B — y)=o.4

MRC 2112+172

0.878

FllOM

18.06

18.85

V

17.7

Y

1, assumed quasar (B — y)=o.4

4C 02.54

0.976

FllOM

19.28

17.57

V

18.4

Y

1, assumed quasar (B — y)=o.4

SGP2;11

1.976

F165M

20.64

18.96

B"

20.9

N

1

SGP2:25

1.868

F165M

19.88

19.59

B*

20.7

N

1

SGP2;36

1.756

F165M

19.73

19.97

B*

20.7

N

1

SGP3:39

1,964

F165M

19.75

19.53

B*

20,8

N

1

SGP4:39

1.716

F165M

21.59

18.85

B*

20.8

N

1

PKS 1524-13

1.687

F165M

19.29

18.03

B

20.0

Y

1

B2-2156+29

1.753

F165M

17.81

17.91

B

19.7

Y

1

PKS 2204-20

1.923

F165M

20.63

18.54

B

20.1

Y

1

4C 45.51

1.992

F165M

17.79

17.41

B

20.1

Y

1

B"

21.5

N

2

MZZ 9744

2.735

F160W

21.73

20,02

MZZ 9592

2.710

F160W

20.70

19.57

B"

21.8

N

2

MZZ 1558

1.829

F160M

20.65

19.08

B*

21.5

N

2

MZZ 11408

1.735

F160M

20.79

21.08

B*

21.9

N

2

MZZ 4935

1.876

F160M

22.01

21.23

B*

21.8

N

2

1.29

F160W

19.67

18.09

V

19.85

7

3

CTQ414

Note. — Col. (1): Object name. Col. (2): Redshift. Col. (3): HST Filter. Col. (4/5); Apparent magnitude, in the
Vega magnitude system, corrected for extinction from Schlegel et al. (1998). Col. (6/7): Quasar magnitude (corrected
for extinction), in the Vega magnitude system, corresponding to the filter in Col. (6). Filters with superscript * are
photographic magnitudes. The B and V-band magnitudes of the quasars in Kukula et al. (2001) sample are from
V&on-Cetty & Veron (1996), and references therein, while the B-band magnitudes for MZZ objects are from ZitelE
et al. (1992). Where y-band magnitude is needed and unavailable, we used (B - T/) = 0.4, which corresponds to

f„ oc i/~i. Col. (8): Radio-loud quasar or radio-quiet quasar. Col. (9): The photometry for each set of objects comes
from the references shown. References.— (1) Kukula et al. 2001; (2) Ridgway et al. 2001; (3) Peng et al. 2003.

Table 8.2. Quasar and Host Galaxy Derived Quantities

Object

z

DM

(mag)

i-BOL/i-EDD

Host

Quasar

Quasar

MR

Mv

\ogXLx{5400k)

(mag)

(mag)

(ergs-i)

(10® M Q )

(A)

(10® M Q )

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

MBH

Emission

Observed

Line

FWHM

(1)

(2)

SGP5;46

0.955

43.98

-23.08

-23.14

44.60

0.29

Mg 11

55

0.10

0.42

BVF225

0.91

43.85

-22.88

-24.54

45.16

0.99

—

—

—

—

BVF247

0.89

43.79

-24.06

-22.44

44.32

0.15

—

—

—

—

—

—

—

—

(3)

BVF262

0.97

44.02

-23.38

-23.37

44.69

0.35

PKS 0440-00

0.844

43.65

-23.97

-23.94

44.93

0.58

Mg II

50

0.10

0.84

FKS 0938+18

0.943

43.94

-23.67

-22.83

44.48

0.22

Mgll

100

0.49

0.07

3C422

0.942

43.94

-24.88

-24.66

45.21

1.10

Mg II

140

0.93

0.18

MRC 2112+172

0.878

43.75

-24.83

-23.69

44.82

0A7

—

—

—

—

4C 02.54

0.976

44.04

-23.97

-25.02

45.36

1.51

—

—

—

—

SGP2:11

1.976

45.93

-23.36

-24.41

45.11

0.88

C IV

90

0.60

0.22

SGP2:25

1.868

45.78

-23.91

-23.73

44.84

0.48

C IV

70

0.39

0.18

SGP2;36

1.756

45.61

-23.84

-23.29

44.66

0.33

C IV

100

0.77

0.06

SGP3:39

1.964

45.91

-24.23

-23.84

44.88

0.53

C IV

85

0.58

0.14

SGP4:39

1.716

45.55

-21.91

-24.30

45.07

0.80

CIV

45

0.15

0.79

PKS 1524-13

1.687

45.50

-24.15

-25.00

45.35

1.48

—

—

—

—

B2-2156+29

1.753

45.61

-25.75

-25.22

45.43

1.80

—

—

—

—

PK S2204-20

1.923

45.85

-23.27

-24.78

45.26

1.22

—

—

—

—

4C 45.51

1.992

45.95

-26.24

-25.97

45.73

3.49

C IV/Mg II

58/101

0.40/0.42

1.23

MZZ 9744

2.735

46.78

-23.84

-24.10

44.99

0.67

C IV

110

0.78

0.13

Table 8.2—Continued
Object

z

DM

Quasar

Quasar

MR

MV

log AZ,A(5400A)

(mag)

(mag)

(ergs-i)

(10® A4©)

(4)

(5)

(6)

(7)

46.76

-24.81

-24.59

45.19

(mag)
(1)

(2)

MZZ 9592

2.71

-^BH

Host

(3)

Emission

Observed

Line

FWHM

Mbh

^'BOL/^EDD

(A)

(109 A^O)

(8)

(9)

(10)

(11)

1.04

C IV

100

0.52

0.30

MZZ 1558

1,829

45.72

-23.07

-24.10

44.99

0.67

CIV

120

0.75

0.13

MZZ 1140

1.735

45.58

-22.75

-22.08

44.18

O.ll

CIV

100

0.41

0.04

MZZ 4935

1.876

45.79

-21.80

-22.07

44.17

0.11

CIV

85

0.32

0.05

CTQ 414

1.29

44.78

-23.02

-24.4

45.11

0.87

—

—

—

—

Note. — Col. (1): Object name. Col.

(2): Redshift. Col. (3): Distance modulus (H

Q = 7 0 km s"" ^

=0.7, f2m = 0.3). Col. (4); Absolute H-band magnitude of the

MBH derived ^sumingO.15
Q. Col. (8): Emission line used. Col. (9): FWHM of line in Col. (8), measured manually in a "double-blind" manner. The line width for PKS 0928+18 was measured by Jaunceyet

host. Col. (5): Absolute V-band magnitude of the quasar. Col. (6): Monochromatic V-band luminosity of the quasar (log base 10). Col. (7):
of 10® M

al. 1984; PKS 0440— GO was measured by Jackson & Browne 1991; 4C 45.51 was measured by Stickel & Kiihr 1994; and 3C 422 was measured by Aldcroft, Bechtold, & Elvis 1994. Col. (10);
A^BH derived using C IV or Mgll broad emission line wldtli and continuum luminosity. Col. (11): Radiation efficiency in units of Eddington luminosity.
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: (a) Virial
IQSO r

(b) 0.15 L,

10® r
A2;$Z;$3 Ridgway
• z«l Kukula
O z«2 Kukula
• zwQ Comp.

-20

-25
-20
Afg (Bulge) [mag]

-25

Figure 8.1: The relationship of the black hole mass, Mm\f vs. bulge absolute
luminosity,
z

M R, at

low z (solid round points; compiled in Bettoni et al. 2003) and

1 (open points). Solid lines: line fitted to z « 0 solid points. Open triangles:

Ridgway et al. (2001). Open squares and Open circles: Kukula et al. (2001). Open
star: Peng et al. (2003). Panel (a): MBH derived using the virial mass estimate.
Panel (b): MBH derived assuming LBOI = 0.15LEDD- The dotted lines fitted to the
z ^ 2 points are displaced from the z = 0 relationship by (a) 0.6 mag and (b) 0.7
mag.
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1
Figure 8.2: Luminosity evolution for simple star formation histories. Top: We plot
the 7?-band luminosity evolution of stellar populations as a function of redshift
with formation redshifts at zj = 2 {thick lines) and zj = 5 {thin lines) for an instan
taneous burst and r-model bursts (Bruzual & Chariot 2003). Bottom: We plot the
colors of the objects as a function of the corresponding star formation histories.
The models are normalized to

= - 20.88 (Brown et al. 2001).
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:: (b) 0.15 L,

: (a) VIrlal

p"

a2;^;^3 Ridgway
• z)«l Kukula
O z^S Kukula
• zwQ Comp.

-20

-25
-20
(Bulge) [mag]

-25

Figure 8.3: This plot is the same as Fig. 1 , but the open points are shifted horizon
tally by assuming that the hosts evolve by cIMn/dz = -0.9 mag. The dotted lines
fitted to the z ^ 2 points are displaced from the 2 = 0 relationship by 1.2 (a) and
1.1 (b) mag.
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CHAPTER 9
THE FUTURE

Currently, AGNs are the best ways to understand the symbiotic relationship be
tween supermassive black holes and galaxy bulges back to their point of origin
at high z. For this goal, there are several projects that we are currently pursuing
or would like to pursue. They fall under the following general categories:
9.1 Enlarging the Data Sample
The field of high-z quasar host studies is, until now, data-starved, both in num
bers

25 host detections above

2; — 2), and

in the science scope (basic detection).

As we have shown, gravitational lensing magnification can significantly boost the
data sample, effectively increasing the detection sensitivity by 5-20 times com
pared to direct imaging of hosts. Despite the more complex analysis required to
extract the information from lensed image, we have developed a software that is
suitable for the task.
Since the NICMOS cryo-cooler servicing (NCS) mission, the CASTLES project
has nearly doubled the number of lenses observed with the F160W filter. We are
currently in the process of analyzing the data set in the manner identical to that
presented in this study. With a much larger sample, we will be able to better
understand the parent distribution in luminosity, size, and morphology of the
hosts. It will allow a more meaningful comparison with galaxies at

2

> 1 and

comparison with other non-quasar AGNs such as radio galaxies.
However, the limitation of the lensing sample is that there are few objects
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at z > 3. Stellar evolution models suggest going to z = 3-4 may be better for
studying the host stellar population. Through deep imaging, we would like to
perform searches of non-lensed hosts that enlarge the sample to cover a wider
Mmi-LqsoILEddingtmi space, out to higher

and to fainter AGNs.

Currently, the primary focus of host studies has been on studying luminous
quasars. However, supermassive black holes are ubiquitous in both big and small
galaxies. An interesting question to ask is whether the growth of supermassive
black holes in low mass galaxies parallels that of the high-mass cousins? Further
more, is a massive bulge necessary to sustain AGN activity at high-^, or perhaps
just having a lot of fuel is sufficient? To answer these questions, we are acquiring
HST/NICMOS data (Cycle 13) of low luminosity AGNs at z

3 that were dis

covered through the Lyman-break technique (Steidel et al, 2002; Hunt, Steidel,
Adelberger, & Shapley, 2004). These are some of the lowest luminosity AGNs
found above .z — 3, and Lyman-break galaxies are believed to be progenitors of
"normal" galaxies today. As such, we are effectively observing the formation of
both the bulges and black holes at an epoch where the Hubble sequence is just
starting to emerge.
9.2 Detailed Morphological Studies of Lensed Hosts
Several studies (Kukula et al., 2001; Falomo, Carangelo, & Treves, 2003; Hutchings, 2003; Sanchez, & Gonzalez-Serrano, 2003) have claimed to find extended
host galaxies that are consistent with passively or non-evolving, massive, earlytype galaxies. However, we have shown that under much higher effective spatial
resolution provided through lensing, the vast majority of the hosts probably have
small sizes Re

kpc. Quantifying their morphology requires high angular res

olution comparable to HST.
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While some gravitationally lensed host galaxies in CASTLES are much better
resolved, detailed morphological study will require exposures longer than the
current 1-2 orbit images. In Cycle 12, we have obtained deep imaging (5 orbits)
for five of the lenses with host detections: RXJ0911+0551, Q0957+561, B1600+434,
HE11044-1805, and PG1115+080. We will therefore perform an even more de
tailed analysis of both the lens models and the host galaxy morphology. For these
objects, we will obtain better constraints on the profiles, and in some cases, be able
to detect multiple components (e.g. bulge and disk) if they are present, using the
technique we have already developed herein.
9.3 Color of the Quasar Host Galaxies
One of the fundamental stumbling blocks in understanding galaxy evolution is
that we cannot easily measure the mass. Without that information it is hard to de
termine how the galaxies evolved, i.e. whether they grew by hierarchical buildup
or monolithic collapse. Therefore, we are left with a difficult option of studying
the color of the host galaxy to constrain the mass indirectly, through their stel
lar populations. We will also use the color information to understand whether
AGNs are fueled by global star formation in galaxies, and whether this coupling
can help to explain the decline in the quasar luminosity function since z = 3. For
the gravitational lensed host sample, we already have color information (WFFC2
V

and

I)

for a number of objects which are currently under analysis. However,

one of the main goal is to obtain deep imaging data longward of current observa
tions (rest frame F-band) where the image contrast is more favorable for probing
galaxy masses, and where field galaxies are luminous.
Similarly, we would like to simultaneously obtain multi-color wide field im
ages to probe whether the star formation rates and histories of the neighbors
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correlate with the quasar host galaxies, or whether they are unusual in those re
spects.
9.4

Environment of Hosts

One of the most basic and elusive questions in AGN studies is, what are the de
scendants of -0 = 2 quasar host galaxies today? As major mergers can produce an
elliptical galaxy (while minor mergers preserve the morphology of the dominant
host), addressing host evolution requires robustly establishing both the morphol
ogy of the hosts at s > 2, and their environment.
Environmental studies of hosts at z =

2 are crucial for addressing several key

issues. Assuming an infall velocity of 200 km s~', galaxies within r ^ 2 Mpc
(r ^ 4') of the host are those it is likely to interact with between z = 2 and now. If
embedded within rich fields, we know from the morphology-density relation that
the hosts are likely to evolve into ellipticals. Furthermore, the summed flux of the
immediate neighbors, combined with observations of gas infall rates, constrain
the luminosity of the descendant atz = 0. Environment studies are also needed to
address the separate issues of whether quasars are more clustered than galaxies,
whether hosts at 2: = 2 are more clustered than at z = 0, and whether there is
a difference in the environment of radio-quiet quasar (RQQ) versus radio-loud
quasar (RLQ) hosts. There are theoretical reasons (Cattaneo 2003) to expect that
RLQ environment may have a longer clustering length. Any such differences
between RLQs and RQQs should grow more obvious out to high 2.
9.5 Multi-wavelength Observations
For quasars in our sample that lack radio data, we would like to obtain deep ob
servations using the VLA ans sub-mm telescopes to understand the correspon
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dence between star formation rates predicted in the sub-mm and the restframe
optical. Recent sub-mm observations of quasar hosts (e.g. Isaak et al. 2002) sug
gest that the z > i hosts may be forming stars at a rate

(SFR) of ~ 1000 M Q

yv ~'.

It is not clear if the same is true for the sample of= 1-3 hosts, or if there
is a difference in the star formation rates between RLQ and RQQ hosts. One
of the goals is to synthesize sub-mm, optical and NIR data to understand what
drives the strong host evolution and the implications on the evolutionary models.
Deeper, redder, HST images of 2; = 2 hosts, coupled with sub-mm data are also
key to seeing if in fact quasar hosts are analogous to present day ultra-luminous
IR galaxies, as some theories propose.
9.6

Black Hole vs. Bulge Relation for Lensed Hosts

There is evidence (e.g. Yu & Tremaine 2002) to suggest BHs accrete most of their
mass during the quasar phase, which lasts 10® ^ TQSO ^ 10^ yrs. If so, one
might expect the ^Moir/^buige relation (Fig. la) to weaken during the BH build
up. However, competing theories also predict that BHs grew by mostly merg
ing with other black holes (e.g. Adams et al. 2003). If so, the correlation be
tween A^BH-'C'buige niay survive at all redshifts. In this work, we find evidence
that host galaxies at z ^ 2 already follow the relationship of ./Vfeir^-'buige (see
Chapter 8), although with some highly significant departures. We will expand
the study to a larger sample to see if the relation generally holds. To understand
the co-evolution of BHs with the host we will measure

MBB.

using the quasar

continuum with broad emission lines (i.e. the virial technique e.g. Vestergaard
2002), and Lbuige from deep imaging (HST, Magellan, and MMT).

In summary, a detailed understanding of galaxy and black hole co-evolution from
high

2:

requires a comprehensive s^Tithesis of high resolution, wide-field, and
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multi-wavelength imaging and spectroscopic campaigns. Quasar host galaxies
are a unique sample because we can measure the A^BH'-t'buige relationship accu
rately at high z. To draw a thread connecting hosts at 2

2 to nearby galaxies

requires robustly establishing the morphologies of hosts at high z and their envi
ronment: were they already fully formed ellipticals at z

2,

or, as some galaxy

surveys suggest, is their final morphological state yet to be determined by hierar
chical galaxy merging since the quasar era? These scenarios have fundamentally
different prediction for the .MBiri^buige relationship at high z.
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CHAPTER 10
CONCLUSION

The motivation behind studying galaxy evolution is on the one hand to under
stand the transformation of the galaxy content from their primordial state, such as
the stellar population and the enrichment of gas. On the other hand it is to under
stand the morphological transformation that takes place gravitationally through
either monolithic collapse, infall accretion, or by interactions with other galaxies.
These two broad problems are entangled webs, from which a fundamental goal
is to extract the primary threads that connect galaxies at high redshift with those
nearby, and over a range in galaxy mass of 5 orders of magnitude.
This work attempts to understand only one aspect of the galaxy evolution
by a detailed analysis of galaxy morphology, covering a range of redshift space
(0 <

2:

< 4.5). More specifically, we focus on the evolution of a subset of galaxies

that harbors AGNs, i.e. quasar host galaxies. However, this study is more broadly
relevant to the general galaxy population, because nearly all harbor supermassive
black holes and which probably have gone through an AGN stage at one time.
One unifying goal of this thesis is to study the relationships of

bulge and

Msn-Lbuige out to high redshift. These relationships are a useful constraint on
how the mass and light of galaxies coevolve, because they must arrive onto the
local Mim vs. bulge relationships, and because the masses of the supermassive
black holes can only increase monotonically. With the ease of measuring A^BH in
AGNs, the difficulty now lies in studying the galaxy properties. For this purpose,
one useful tool is gravitational lensing, which magnifies hosts out at z > 1, allow
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ing us to probe their properties at a detail unprecedented via any other means.
Towards this end, we now summarize and synthesize the key findings from each
chapter.
10.1 Galaxy Morphology in General
We started out in Chapter 2 by developing a software tool, GALFIT, to study
the light profiles of objects (generally galaxies, but can also do globular clus
ters, point sources, etc.). The morphology of a galaxy contains a lasting im
print of its formation process, depending on the relaxation time and the sizes
of merger/interaction. On the global scale, it is widely believed that galaxies
with a de Vaucouleurs light profile differ in formation from those that have an
exponential decline. In addition, with high spatial resolution imaging, it was
also known that galaxy profiles have complex and subtle sub-structures. GAL
FIT is useful because it allows a detailed decomposition using a wide variety
and number of components, for studying things such as bulge-to-disk decompo
sition, separating galaxy mergers, deblending nuclear features and AGNs from
their host galaxies. By way of examples, we performed detailed compositions on
11 galaxies (Chapter 2) and M31 (Chapter 3), to find that:
1. Galaxies which have complex isophotal twists and profile changes can be
fitted accurately with a finite number of model components in 2-D.
2. "Simple" smooth looking bulges are often quite complex. The complexity
may be related to the number and size of the mergers a galaxy has experi
enced in the past.
3. In the double nucleus of M31, mass of the eccentric disk is comparable to
the central supermassive black hole.
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4. Therefore, the disk was probably formed in place and excited by an m = 1
mode instead of being the shredded remains of a giant globular cluster.
GALFIT is now a publicly available software with user support. Though ini
tially it was designed to fit individual galaxies manually, it has been extended to
work in an automated batch fitting mode suitable for large galaxy surveys. To do
this, we provide a "wrapping" script that performs bookkeeping before and after
fitting, but which preserves GALFIT at the core to do the optimization. Other in
dividuals have also devised their own wrapping scripts. Currently, this software
is being used by several large HST galaxy surveys which include GEMS (GalaxyEvolution from Morphology and SEDs, Rix et al., 2004), GOODS (Great Observa
tories Origins Deep Survey), and COSMOS. It has also aided a number of studies
that appeared in refereed journals.
10.2 Gravitational Lensing: Software and Models
Gravitational lensing is a powerful tool in many astrophysical contexts (Chapter
1). To model the images of lenses we obtained through CASTLES (CfA-ArizonaSpace Telescoped -Lensing Survey), we devised an image fitting software called
LENSFIT based on the principles of GALFIT. In LENSFIT we can simultaneously
fit an arbitrary number of deflection models and light profiles of fore- and back
ground sources. We discuss the details of the software implementation that differ
from GALFIT in Chapter 4.
In Chapter 5, we discussed the CASTLES project and details regarding the
analysis and reduction of the NICMOS images. We then applied LENSFIT to the
data, fitting 28 images of gravitational lenses, and presented the lens models and
images of the lensed host galaxies. We find that, remarkably, the majority of host
galaxies can be well removed by using simple lens models and light profiles. For
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some objects, detailed lens models suggest that the host galaxies are asymmetric
or have substructures (CTQ414, LBQSl009-0252c, MG1131+0456, B1938+666). In
B2045+265 we may have also discovered the first dwarf galaxy host of a low
luminosity AGN above 2; = 1. In Q0957+561, we discovered the first supernova
in a lensed system. Although the position of the SN suggests it was likely to be
in the host galaxy of the quasar, without spectroscopic followup it may never be
confirmed. Continuing the discussion on detailed decompositions, in Chapter 6
we present a study of CTQ414 in which the images require the fit of two galaxy
components. The decomposition might possibly indicate the presence of a bulge
and a disk, and the colors are also consistent with that interpretation.
10.3 Tieing it Together
In this study, we have assembled the single largest, homogeneous, set of quasar
host galaxy studies ever observed with HST/NICMOS beyond z = 1. With a
large fraction of secure detections and morphology measurements, we have ar
rived at the following conclusions in Chapter 7;
1. The host galaxies at c

1 continue to increase in absolute luminosity as

found in previous studies (Kukula et al., 2001; Ridgway, Heckman, Calzetti,
& Lehnert, 2001; Sanchez, & Gonzalez-Serrano, 2003; Falomo, Carangelo, &
Treves, 2003; Hutchings, 2003).
2. However, they are 1-3 magnitudes fainter than would be expected for a
population that passively evolves to early-type galaxies by 2 = 0. Assum
ing passive evolution, they would arrive 1 - 3 magnitudes fainter than cur
rent day L* early-type galaxies. This contradicts the results found by the
previous findings except for Ridgway et al. (2001)
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3. If they are already fully formed and evolve to luminous galaxies today, the
host galaxies are consistent with being massive late-type galaxies.
4. The morphology of the hosts is mixed, ranging from late-type galaxies with
n

1, to bulge dominated with n ^ 4, and a median of n

2. this would

tend to further support the notion that the hosts are not mostly fully evolved
early-type galaxies.
5. There is little connection between luminosity and the concentration index
n.

6. The high redshift hosts follow a magnitude-size relation that is observed
in low-redshift objects, except with a parallel offset that can be partly ac
counted for by a luminosity evolution.
7. As gravitational lenses are most efficiently selected based on radio crite
ria, a large fraction

30% of the lenses are radio loud. We find no differ

ence in the host luminosities between radio loud quasars and objects whose
radio properties are unknown. The large fraction of the radio-unknown
quasars should be radio quiet. This again contrasts with previous find
ings (Kukula et al., 2001; Falomo, Carangelo, & Treves, 2003; Sanchez, &
Gonzalez-Serrano, 2003). We attribute the findings of previous results to
possible selection effects.
Chapter 8 synthesizes host galaxy measurements obtained by Kukula et al.
(2001) and Ridgway et al. (2001) to try and understand the bulge-A^BH properties.
To measure MBH, we used the virial technique. A similar analysis with the lensed
quasar host sample is currently underway and beyond the time scale of this work.
Already, with a small sample we come to the following conclusions:
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1. The host galaxies at 2:

2 already seem to lie on the

bulge relation

ship for 2 ss 0 galaxies. Therefore, accounting for evolution of an early-type
galaxy, they would not be consistent with the current day relationship. This
also seems to suggest that the hosts are not fully formed.
2. Assuming an evolution for an early-type galaxy, the MBH/Mhuige ratio is a
factor of 3 larger at z ^ 2 than today.
3. However, the fading of the z ^ 1 host galaxies do appear to be consistent
with an E/SO evolutionary model, thereby suggesting that the hosts may in
fact have been fully formed early-type galaxies.
4. Given findings of 1 and 3, the parent population of host galaxies at z ^ 2
may be different than those at ^ = 1.

For the first time we have assembled a statistically significant sample of AGNs
above z - 1 that has highly resolved hosts for studying their size, luminosity,
and morphology relationships. The discoveries of many luminous arcs and rings
are all the more remarkable because most images have shallow exposure times of
one orbit. This is mostly possible because of magnification by gravitational lensing. We also currently have deep 5 orbit HST/NICMOS H images for 5 objects in
this sample, along with deep multi-color V and I images for the most luminous
arcs and Einstein rings. On top of this already rich data set, we have additionally
30 new objects observed with the post-NCS NICMOS camera. Therefore, this
lensing sample will be particularly unique and powerful for studying the struc
tural details of the hosts in addition to their star formation histories. This work
is only the beginning of an interesting venture in our understanding of both the
host galaxies and the lens systems that facilitate their studies.
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APPENDIX A
GALFIT USER GUIDE

This document is intended to get new users quickly started on running GALFIT.
For a more detailed idea of how the program is implemented, see Peng, Ho, Impey,
& Rix (2002, AJ, 124, 266). There have been a number of upgrades since the pub
lication of Peng et al. (2002), improving on techniques, adding new features, and
fixing known bugs. Therefore, this document supersedes that AJ article when
ever there are differences.
A.l

Introduction

GALFIT is an algorithm that analyzes the light profile of astronomical objects by
fitting/decomposing them with one or more analytic functions. Each function
has a set of adjustable free parameters that are tuned to match the light distri
bution of an image, and multiple functions can be fitted simultaneously. The
available functional forms are defined below. Though the original purpose was
to fit galaxies, this algorithm can be used in a broader context of morphology
studies or for deblending objects into one or more components. For example, one
can analyze images of globular clusters, circumstellar disks, star clusters, galaxy
bars, and AGNs. GALFIT is fairly fast and flexible so it is useful for analyzing
complex images manually, quickly, and robustly. It is also modular, allowing for
the possibility to carry out large surveys where the fitting is done in a fully auto
mated manner. This involves inserting GALFIT into a "wrapping script", and an
example is provided in the software package (see the galfit.pl and galfit.cl tasks).

375
To find the best fit, GALFIT minimizes the ^ residual between the data image
and the model, adjusting all the free parameters simultaneously. This is done by
using a Levenberg-Marquardt algorithm, which is modified from the Numerical
Recipes (Press et al. 1997) subroutine. This downhill-gradient-type algorithm is
among the fastest for searching large parameter spaces. The definition of x is:
models,y)

summed over all nx and ny pixels,

(A.l)

is the weight at each pixel, for all pixels.

The weight or "sigma" at each pixel is either computed by GALFIT automatically
based on Gaussian (Poisson) noise, or can be supplied by the user in the form of
an image, which I call the "sigma image".
The fitting functions available in GALFIT are: Sersic/de Vaucouleurs, Nuker,
exponential, Moffat, Gaussian, (modified) King, and the PSF. All of the models,
except the PSF, are convolved with a PSF to simulate the blurring caused by the
telescope optics and/or the atmosphere. If a PSF is not provided fitting can still
proceed without PSF convolution. As of version 2.0, GALFIT allows the PSF to
be more finely sampled than the actual science data. This is a useful feature for
HST data whereby a super-sampled PSF may be generated by TinyTim (Krist &
Hook 1997) or other methods.
A.1.1 Compiling the Source Code
To compile GALFIT, please follow the procedure in the READMF.INSTALL file
on the GALFIT web-homepage or in the software package.
A.1.2

Important FITS Header Parameters and the Weight (Sigma) Image

GALFIT looks for four standard header keywords usually found in a FITS im
age: EXPTIME, GAIN (or ATODGAIN), RDNOISF, and NCOMBINE. These are.
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respectively, the image exposure time, gain (in units of electrons/ADU), image
readnoise (in units of electrons), and the number of combined images. If these
keywords are not found for some reason, GALFIT assumes the default values of
1, 7, and 5.2, 1, respectively (which correspond to values for the PC camera on
HST).
EXPTIME is used to calculate the object magnitude and surface brightness of
the fit. RDNOISE, GAIN, and NCOMBINE are used only to calculate a sigma
map (i.e. a weight map, i.e. ax,y in Eq. 1 above) to weigh the pixels in the fit
based on the Poisson noise model. Alternatively, the user may supply her own
sigma image (see § 3.4.1), whereupon the RDNOISE, GAIN, and NCOMBINE
parameters do not matter.
To get the sigma image, the default assumption in GALFIT is that the RDNOISE and
GAIN are values for a single readout and the image is averaged over NCOMBINE images
(not summed). As GALFIT converts the image ADUs into electrons using those
parameters, the ADU unit should be in counts - not counts/sec, not electrons
(unless, of course, GAIN=1), and not electrons/sec. On the other hand, if the
image is formed by summing sub-exposures, the equivalent is to set NCOMBINE
= 1, keeping RDNOISE and GAIN for also a single readout.
Sometimes the sky background in a reduced science image has already been
removed during data reduction. If the user does not provide a sigma image,
GALFIT will attempt to do so automatically. With the sky removed, the statis
tics calculation for low signal-to-noise objects may not be accurate. The original
background sky level should thus be added back if it has been subtracted. If the
DC level that has been removed is not known, one can nonetheless "reverse en
gineer" what the sky level was originally from the sky noise, and add that DC
level back to the image.
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A.1.3 Quick Start: Running the GALFIT Example
The quickest and easiest way to run GALFIT is to have a p re-format ted template
file like the one shown in Figure 1 (also look for the EXAMPLE.INPUT file in the
GALFIT source directory). Skip to § 4 to see what the menu parameters mean.
In the "galfit/EXAMPLE" directory there is a simple example that one can try
out immediately. After GALFIT has been compiled and aliased/linked, to run
the example, go into that directory and simply type "galfit galfit.feedme". Af
ter GALFIT finishes running it will produce three output files called "galfit.01",
"fit.log", and "imgblock.fits". To understand these files, please see Section 6.
You now know how to run GALFIT. The rest of this document will explain
what the parameters in the input file mean and the output files.

Please also read the "Frequently Asked Questions and Advisory" at the end of
this document.
A.2

Functional Forms

In this section, I will briefly describe the analytic functions available in GALFIT
for fitting light profiles.
A.2.1 Generalized Ellipsoid Parameters
All the profiles are axisymmetric, generalized ellipses in shape (i.e. azimuthally).
Thus, the (elliptical) radial distance of a pixel {x, y) from an object at {xcUc) is
defined as:

Here, the ellipse axes are aligned with the coordinate axes. The ellipse is general
in the sense that c is a free parameter, which controls the diskiness/boxiness of
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the isophote. When c = 0 the isophote shape is a pure ellipse, but becomes in
creasingly disky (diamond-like) with decreasing c (c < 0) and boxy (rectangular)
as c increases (c > 0). The free parameters in Eq. 2 are the axis ratio (q), and the
diskiness/boxiness parameter (c) and the centroid of the ellipsoid, {xc and Uc)The major axis of the ellipse can also be oriented to a position angle (PA - not
shown). Thus, there are a total of 5 free parameters.
A.2.2

The Radial Profiles

The radial profile can have the following functional forms. These are some of the
most frequently seen in literature, and more will likely be added in the future. If
there is any other which you are interested in fitting, feel free to contact me.

The Sersic Profile

The Sersic power law is one of the most frequently used to

study galaxy morphology, and has the following functional form:

(A.3)
Eg is the pixel surface brightness at the effective radius fg. The parameter n is
often referred to as the concentration parameter. When n is large, it has a steep
inner profile, and a highly extended outer wing. Inversely, when n is small, it has
a shallow inner profile and a steep truncation at large radius. The parameter
known as the effective radius such that half of the total flux is within

is

To make

this definition true, the dependent-variable K, is coupled to n, thus it is not a free
parameter. The classic de Vaucouleurs profile that describes a number of galaxy
bulges is a special case of the Sersic profile when n = 4 (thus K — 7.67).
The flux integrated out to r = oc for a Sersic profile is:

Ftot = 2 7 r r 2 E e e ' ^ m - 2 "r ( 2 n ) g /i2 ( c )

(A.4)
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where

ni,.] —

(A 5)

4/3(l/(c + 2),l + l/(c + 2))/3 is the so-called Beta function.

In GALFIT, the flux parameter that is fitted for the Sersic function is the inte
grated magnitude {mtot), not Eg (the user may do the inversion based on Eq. 4 and
5 to get Tie). The integrated magnitude is the standard definition:

mtot = ~2.5log,„ (+ mag zpt,
\ ^exp /

(A.6)

where texp is EXPTIME from the image header. Each Sersic function can thus
potentially have 8 free parameters in the fit: Xc, Vc, 'mtot/ re>

The Exponential Profile

?/ PA, c.

The exponential profile is a special case of the Sersic

function for when n — 1. And instead of using the effective radius

to character

ize an object size, here the scalelength (rj is used. When the Sersic index n — 1,
Ve = l.GTSr,. The functional form is:

E ( r ) = Ell exp (

j

(A.7)

Fun = 27rr%q/R{c),

(A.8)

The free parameters of the profile are the total magnitude and rg, in addition to
the parameters for the generalized ellipse, for a total of 7 free parameters.

The Gaussian Profile

The Gaussian profile is another special case of the Sersic

function for when n = 0.5, but here the size parameter is the FWHM instead of
Tg. The functional form is:
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E(r) = Eoexp

(A.9)

FTOT = 27RA%G/I?(C),

(A.IO)

where FWHM = 2.354(T . The free parameters of the profile are the total magni
tude and the FWHM, in addition to the ellipsoid parameters, for a total of 7 free
parameters.

The Empirical (Modified) King Profile

The empirical king profile is often used

to fit the light profile of globular clusters. It has the following form (Elson XXXX):

S(r) = So

(A.ll)
(1 + (r/rc)2)Va

(1 + (rt/rc)2)V"

The standard empirical King profile has a powerlaw a = 2. In GALFIT, a can
be a free parameter. In this model, the flux parameter to fit is the central surface
brightness (limit as n/rc -> oo)

EQ,

but expressed in mag/arcsec^ form, i.e. iiq,

where

where texp is the exposure time from the image header, and A x and A y are the
platescale in arcsec, which the user supplies (Item K in the GALFIT input file).
The other free parameters are the core radius (rc) and the truncation radius (rt),
in addition to the geometrical parameters. Outside the truncation radius, the
function is set to 0. Thus the total number of potential free parameters is 9.

The Nuker Law

The Nuker Law was introduced by Lauer et al. (1995) to fit

the nuclear profile of nearby galaxies, and it has the following form:
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V

1+ "
Jb.

a*

•y-0

n

(A.13)

There are 5 free profile parameters: /ij,, r^, a, {3,7, in addition to 5 ellipsoid pa
rameters (see above). The flux parameter to fit is Hb, the surface brightness of the
profile at

which is defined as:

» = -2.5 l o g , , (

+m a gz p t

(A.14)

The Nuker profile is a double powerlaw, where (in Eq. 13) /9 is the outer power
law slope, 7 is the inner slope, and a controls the sharpness of the transition.
The motivation for using this profile is that many galaxies appear to be fit by this
pretty well in 1-D (see Lauer et al. 1995). In all there are 10 free parameters.

The Moffat Function

The Moffat function is a special case of the King profile

when r, = 0 and when a = 1/n. The profile of the HST WFPC2 PSF is also well
described by the Moffat function. Other than that, the Moffat function is less
frequently used than the above functions. The functional form is:

" [l + (r/rJ2]"'

[n — l)/?(c)

(A.16)

The free parameters are the rritot (instead of fiQ as in the King profile), FWHM
(instead of r^), the concentration index n, and the 5 ellipsoid parameters.
Fitting the PSF

As of GALFIT version 1.9a, one can fit pure stellar PSFs to an

image (as opposed to narrow functions convolved with the PSF). The PSF func
tion is simply the convolution PSF image that the user provides (in Item D of
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the GALFIT menu), hence there is no prescribed analytical functional form. This
is also the only profile that is not convolved. The PSF has only 3 free param
eters: Xc, Vc and total magnitude. Because there is no analytical form, the total
magnitude is determined by integrating over the PSF image and assuming that it
contains 100% of the light. If the PSF wing is vignetted, there will be a systematic
offset between the flux GALFIT reports and the actual value.
If one wants to fit this "function", make sure the input PSF is close to, or superNyquist sampled. The PSF shifting is done by something called the Sinc+Kaiser
interpolation, which can preserve the widths of the PSF even under sub-pixel
shifting. This is in principle much better then Spline interpolation or other high
order interpolants. However, if the PSF is under-sampled, aliasing will occur,
and the PSF interpolation will be poor. If the PSF is undersampled, it is better to
provide an oversampled PSF if possible, even if the data is undersampled. With
HST data this can be done using TinyTim or by combining stars. GALFIT will
take care of rebinning during the fitting.
Note that the alternative to fitting a PSF is to fit a Gaussian with a small width,
i.e. 0.4-0.5 pixels, which GALFIT will convolve with the PSF. This is generally not
advisable if a source is a pure point source because convolving a narrow function
with the PSF will broaden out the overall profile, even if slight. The convergence
can also be poor if the FWHM parameter starts becoming smaller than 0.5 pixel.
However, this technique can still be useful to see if a source is truly resolved.

The Background Sky.

As of GALFIT version 1.8b, the background sky is a

flat plane that can tilt in x and y. Thus it has a total of 3 free parameters. The
pivot point for the DC sky level is taken to be at geometric center {xo,yo) of the
image, calculated by {ripix + l)/2, where Upix is the number of pixels along one
dimension. This position is fixed. The tip and tilt are calculated relative that cen
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ter. Because the galaxy centroid located at { x , y ) is in general not at the geometric
center (xo, yo) of the image, the sky value directly beneath the galaxy centroid is
calculated by;

sky (a;, y) = sky(a;o,yo) + (x -

+ (p -

(A.17)

A.3 Running GALFIT
Running GALFIT is easy, and so is quitting GALFIT. GALFIT doesn't care when
and how you quit. To quit abruptly, hit control-c at anytime at your pleasure,
but note that the results will not be saved. In this section, I will describe one of
several ways to run (and quit) GALFIT.
A.3.1 The Template File
GALFIT is completely menu driven, and the menu can either come via a text file
template (easy! - this is the way to go), or it can be filled in manually (tedious! not a good way to go). The menu items will be more fully described in § 4.
Figure 1 below shows an example of the GALFIT input (template) file. When
you start GALFIT without a template file, you see a similar screen except the
entries are blank. You can enter everything interactively on the command line of
GALFIT - this is extremely tedious, but that's certainly possible (§ 3.3 will show
you how). After the menu Item S, the length of the list is flexible, and it depends
on how many components you want to fit. You can add or remove the number of
components as you deem necessary.
In the input file, things after hash marks "#" are comments, and are always
ignored by the program. Blank lines are also ignored, and the column alignment
you see is optional (purely aesthetic). There is pretty much no error checking to
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catch problems in the input file, so I suggest one sticks to the following format
pretty closely. For example, in the input file, do not modify "3) xxx" (note the
spaces), to look like "3 )xxx" (bad spacing). Everything else about the format
should be pretty intuitive. If there are errors in the input file, GALFIT may not
complain about them.
A.3.2 The Easiest Way to Run GALFIT: Reading in a Template File
A.3.2.1 From the Unix/Linux Prompt
To facilitate fitting with minimal interaction, once you have a pre-formatted text
file shown in Figure 1, the typical GALFIT session is just a single step. On the
Unix command line, type:

> galfit input__file_name
If Item S is set to 1, GALFIT will wait for you to hit 'q' before starting to fit.
Otherwise it would start fitting right away.
The example shown below fits a galaxy with a PSF, a Sersic, exponential disk,
and a Nuker model, while holding the sky level constant at 2 counts (ADU).
A.3.2.2 From Within GALFIT Prompt
The second way to run GALFIT is by typing at the UNIX/LINUX command
prompt:

> galfit
If you don't have an input file, ignore the first question by hitting return, which
then brings you to the GALFIT prompt where you can edit object and image
parameters manually. The GALFIT prompt looks like:
Enter item, initial value(s), fit switch(es) ==>
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Below, I will not bother to re-show the prompt; all commands issued are assumed
to come after that generic prompt.
At the GALFIT prompt, you can read in one or more template files. To do so,
simply type:

t file_name
or

t
followed by a return. Be careful about reading in two or more input files: while
additional models will be added to the pre-existing file, the parameters A-S, i.e.
input data image, output file name, noise file, etc., will take on values of the
newest input file. (Note: most of the time you won't use this option anyway, but
you can.)
A.3.3 OPTIONAL Interactive Command Line Options While in GALFIT - a.k.a.
"Running GALFIT the Hard Way"
Note: you may skip this entire subsection and go on to § 4 if you already prepared your
own input file.
You can modify any of the parameters while on the GALFIT command line.
But, you probably don't want to do this because the easiest way is to modify a
parameter file instead (which you can reuse should there be a crash), and feed it
into GALFIT on the Unix command line, as in §3.2.1. The only time you might
want to do things interactively in GALFIT is if there's a strange reason the input
file isn't working.

(Re)displaying the Menu
have been made, hit "r".

To display or redisplay the menu after new changes
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Adding New Objects, Changing Initial Parameters, Deleting Objects

If you

don't have an input file when you first start GALFIT, hit return when the program
asks you for one. Then you can enter initial parameters, add new objects, etc.,
interactively on the command line.
To add a new object on the command line, hit 0 or N, followed by the name
of the model you want to add. For example, when you get the GALFIT prompt,
simply type:
0 devauc
will add a de Vaucouleurs function. Initially, all the parameters are set to 0 which
you can then change.
To change the value of an item, enter the following on the GALFIT command
line in consecutive order, separated by one or more spaces only:
1. the item number/alphabet (without the right parenthesis),
2. the initial value, then
3. optionally followed by whether to hold that parameter fixed or not during
the fit. To hold a parameter fixed, use the value 0; to fit, use 1.
Here are 3 examples you can enter on the command line that would produce
some of what you see in the table below:
a v.fits

{See Item A -- Changes the
input file name to

h 300 440 330 470

v.fits.)

(See Item H -- Changes the
4 corners of the fitting box)
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1 369.4 395.3 1 1

(Change the initial x,y position
to (369.4,395.3), and allow both
to vary)

If you have more than one model and, for instance, you want to change param
eters for model jnumberi , you can do so at any time (before you start fitting) by
first typing m jnumberi to designate it. For example, to change the magnitude of
object 4 to 19th magnitude, you have to first enter:
m 4

followed by entering:
3 19.0

You only have to designate a component once if you're modifying that com
ponent only. Right now the program does not check to see if the parameters you
entered make any sense or even if they're valid numbers.

Deleting an Object

To delete an object, use the x key, followed by the object

number. For example,
X 3

deletes the 3rd model from the fit.
Start Fitting

Once you're done with entering/changing all the parameters, to

start fitting, hit "q".
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A.4 GALFIT Menu Items
This section describes the menu items (Figure 1) in a little more detail. The GAL
FIT menu is separated into two sections: the image parameters (the top half of the
menu, i.e Items labeled A-S) and the object fitting parameters (the bottom half,
i.e. Items numbered 0-10 and Z). There is only one set of image parameters, but
there can be an arbitrary number of object parameters depending on the number
of objects that you want to fit simultaneously. In principle there is no limit to the
number of components, except by the computer memory and the computation
speed.
A.4.1 The Image Parameters A-S

Item A - Input Data Image: The input data image should be a FITS file and it
should be a single image, not an image block. If the user doesn't provide an input
image, a model image will be created using the input parameters.

Item B - Output Image Block: The output image block is a 3-D image cube
in FITS, created using CFITSIO (Pence 1999). Starting from GALFIT version 1.4h,
the first image is blahblah.fits[l], the second one is blahblah.fits[2], and the last
is blahblah.fits[3]. The first image is the postage stamp sized region specified in
Item 1. Image [2] is the final model of the galaxy in that region. Image [3] is the
residual image by subtracting [2] from [1].

Item C - Input Weight (Sigma) Image: The sigma image, in FITS format, is
optional, and is used to give relative weights to the pixels during the fit. If one is
not provided, or if the entry is "none" then a sigma image is generated from the
data image (see § 1.1). The pixels in the weight image should have the same units
as the data image. For example, if the image pixels are in electrons/sec then the
weight image should also have weights that are electrons/sec. Otherwise, the
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that GALFTT outputs will not make much sense.

Item D - Convolution PSF, and (optional) CCD Diffusion Kernel: The ob
served PSF image, in FITS format, is required only if one want to convolve a
model with the PSF or fit a PSF to a star. Otherwise, it is optional. The diffusion
kernel is also optional, and is mostly associated with oversampled HST PSFs that
are created using the TinyTim software for CCD imagers such as WFPC, WFPC2,
STIS, and ACS - more details below. If the PSFs are created through natural stars,
or if the TinyTim PSF is created to be 1-time oversampled, one can ignore the
CCD diffusion kernel.
The peak flux of the PSF image should be at the geometric center when the
number of pixels on a side is odd. However, if the number of pixels A' on a side
is even, the peak should be located at pixel position {N/2 + 1). If the peak is
anywhere else, the model that GALFIT generates will be systematically offset in
position by the difference from the predefined center. This is important to keep
in mind when the convolution box is small: you may want to make sure to refit
the image with a large convolution box after the solution has first converged.
The input PSF can also be followed by an entry for the CCD charge diffusion
kernel, which is simply a text file. It is usually only needed if one has created an
oversampled HST PSFs using TinyTim. If the PSF has unit sampling, the diffusion
is applied by TinyTim automatically, so GALFIT will not reapply it even if a ker
nel is specified. The appropriate charge diffusion kernel can be found under the
"COMMENTS" section in the PSF image header created by TinyTim. Here is an
typical example of what the diffusion kernel input file should look like:
The charge diffusion convolution is applied only after the model image has been
convolved and rebinned (see next Item) down to the original resolution of the
HST imagers. Note that if the science data has been drizzled to a platescale other
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Figure A.l: An example of the WFPC2 CCD charge diffusion kernel.
than the original instrumental pixel scale, it makes no sense to apply the diffusion
kernel (see Item E for further explanation). Also, note that observed HST PSFs
are sometimes slightly broader than the PSFs generated by TinyTim, which may
be caused by a small amount of spacecraft jitter.
NOTE: The sky in the PSF image should be subtracted out, or else in the model image
there would appear to be a DC offset in the values inside and outside the convolution box.
The PSF does not have to normalized - GALFIT will do so automatically. The DC offset
may also appear if the convolution box is small.

Item E - PSF Oversampling Factor: When the PSF is not Nyquist sampled
(FWHM

2 pixels), the Fourier transform is not uniquely invertible. Therefore,

in principle all data should be Nyquist sampled for convolution purposes. Even
if one might not have an oversampled science image, sometimes one can ob
tain a reasonably accurate oversampled PSF. For HST data one way is to use the
TinyTim software. The other alternative is to combine dithered sub-exposures of
bright stars during an observation, or by interpolating to get an "intrinsic" PSF
by using multiple stars in the same image, e.g. with globular clusters.
As of version 2.0, GALFIT can deal with situations where the PSF is more
finely sampled than the data, i.e. the PSF has a finer pixel scale (arcsec/pix) than the
data, but both are observed under the same seeing conditions. You can think of it
like observing a field simultaneously with 2 cameras mounted on the same tele
scope, one with a fine pixel scale (PSF camera) and the other with a coarse scale
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(science camera). When this happens, GALFIT will internally produce models at
the same sampling factor as the PSF, perform convolution, and finally rebin the
results to the data pixel scale. Note that the oversampling factor can only be an
integer value.
It is worth stressing that the oversampling factor is a ratio between the platescale
(arcsec/pix) of the PSF and the DATA, observed under the same seeing condition (i.e. op
tics convolved with atmosphere). If they have the same platescale + seeing, the factor
is always 1, no matter how finely they have been drizzled, dithered, magnified,
and combined from the original sub-exposures.
A TECHNICAL MEMO REGARDING HST CCD DATA, i.e. for WFPC2, STIS,
WFPC, and ACS, but not NICMOS: If the PSF being used is created from natural
stars, or if the TinyTim PSF is 1-time oversampled, there's no need to apply the
CCD diffusion kernel. However, if the PSF is created by TinyTim and N-times
oversampled (N > 1), TinyTim assumes the PSF will be binned down to the origi
nal CCD pixel scale, i.e. 1-time oversampled, before applying the diffusion kernel.
However, GALFIT doesn't know anything about how the science data have been
drizzled and combined. Suppose the original HST CCD data have been drizzled
to twice or more the original CCD resolution, then it makes no sense to create an
oversampled TinyTim PSF and use the diffusion kernel that TinyTim provides,
because GALFIT will bin the PSF to the drizzled resolution, not the original CCD
resolution. However, GALFIT will apply the kernel blithely along. The moral of
the story is that, for CCD data, if the science data have been dithered and driz
zled to a new resolution, either do not use a TinyTim PSF directly, or else figure
out a way to convolve the TinyTim PSF with an appropriate kernel before using
it in GALFIT, or else figure out a way to transform the diffusion kernel to the new
platescale before giving the kernel to GALFIT.
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Item F - Bad Pixel Mask: Sometimes one may want to exclude pixels from a
fit. This bad pixel map can be either a FITS file or an ASCII text file. If the file is
an ASCII, it should have 2 columns listing x and y coordinates (without a comma
separator). If you want to mark out an irregularly shaped region and have a list of
polygon vertices, you can run a program called "fillpoly" to create points inside
the polygon. See GALFIT website on Frequently Asked Technical Questions to
get a copy. The output file can then be read directly into Item D.
If the dust map is a FITS image, the bad pixels should have a value of > 0.
while good pixels have a pixel value of 0.

Item G - Parameter Coupling: Parameter constraint/coupling file (ASCII) is
optional. Parameters can be held fixed to within a certain range or can be coupled
between different components by providing this file. An example of the format is
found in the file EXAMPLE.CONSTRAINTS. When constraints are imposed it is
unclear what the errorbars mean, if anything. Furthermore, it may prematurely
force the solution to wander off into a corner of the parameter space from which
it is difficult to wander out. So use constraints at own risk!

Item H - Fitting Region: The image region to fit. GALFIT will cut out a sec
tion of the image specified by "xmin xmax ymin ymax" from the original image
and then minimize chi-square only over that region. The fitting region should be
large enough to include a significant amount of background sky, if the sky is a
free parameter in the fit.

Item I - Convolution Box: The convolution box size. As of GALFIT version
1.8b, the convolution boxes are ceritered on the individual components, and fol
low them around so the user no longer has to specify a convolution box center.
The convolution box can be rectangular in size.
The convolution box size and the PSF image size are the two most important
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factors in determining how fast GALFIT will run. Convolution can take up > 80%
of total execution time for a small image, usually. Because the convolution box
follows around all galaxy components, all components will be convolved at the
center. This is much more efficient than convolving the entire image. Of course,
if one wants to convolve the entire image, one can still set the convolution box to
the fitting region size or even larger.
In principle the box size should be just big enough so that the seeing does not
affect your galaxy profile outside of it (something like 20 or more seeing diame
ters, depending on how extended the PSF wing is.)

Item J - Magnitude Zeropoint: The magnitude zeropoint is used to convert
pixel values and fluxes into a physical magnitude by the standard definition:

mag = — 2.51ogio(ADUs/te^p) + mag zpt.

(A.18)

The exposure time is taken from the EXPTIME image header without prompting
the user. So please make sure the EXPTIME header reflects the data pixel values. There
are many images where the EXPTIME may not reflect the fact the image ADUs
has the exposure time divided out. If the "EXPTIME" keyword is not found,
GALFIT assumes the exposure time is 1 second. If you want GALFIT to generate
a Ox,y image internally and the ADUs are in [counts/sec], multiply EXPTIME back
to the image and update the EXPTIME header accordingly.

Item K - Plate Scale: The plate scale should be in units of arcseconds, and
is used only for the King and the Nuker profiles. Note that the sizes of objects
(re, Tg, rt, and FWHM) in the GALFIT output files are in pixel units rather than in
arcsec units.

Item O - Interaction Window: Sometimes it is nice to be able to quit out
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of the fit in the middle and output the results or be able to extend the number
of maximum iterations (default = 100). To do so, you have the option of using
the standard text window (regular, no interaction), curses window (partial inter
action), or both (which opens a new green xterm). I suggest using the "both"
option (see § 5) whenever possible.
In the "regular" option there is no interaction possible.
In the "both" option, a green xterm window will pop up to show you what
commands one can issue to GALFIT while it is fitting. To issue commands, so
so in the green window rather than in the fitting window (except when the fit is
paused, or when one is entering new number of iterations).
In the "curses" mode, one can issue the same commands as the "both" option.
But all the interaction is done in the fitting window instead of a separate window.

Item P - Create Model: If this option is set to 1, GALFIT will create a model
image based on your input parameters and immediately quit.

Item S - Menu Interaction: If Item S is set to 0, GALFIT starts fitting imme
diately after the input file is read in. It does not sit at the menu prompt and wait
for the user to hit "Q" to start fitting.
A.4.2 Object Fitting Parameters 0-10, and Z
GALFIT allows for a simultaneous fitting of arbitrary number of components
simply by extending the following object list (0-10, Z) for each component. Items
1-10 are the initial rough guesses at the object parameters, and they don't have to
be accurate. But of course, the more complicated a fit is, i.e. the more number of
components, the better the initial guesses should be so GALFIT doesn't wander
off to never-never-land.
The 2nd column in Items 3-10 are initial guesses for the parameter and the 3rd
column is where one can hold the parameters fixed (0) or allow them to vary (1).
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Note that items 1 and 2 (xc, Vc) are on the same line (except for fitting the sky).
Below is a more detailed explanation of what each of the parameters means:

Item 0: Object name. The valid entries are: sersic, devauc, nuker, expdisk,
moffat, gaussian, sky, psf.
Items 1, 2: X and Y positions of the galaxy in pixels. For the sky. Items 1 and
2 are on consecutive lines instead of the same line. For the sky Item 1 is the DC
offset in it ADUs, and Item 2 is the gradient in the X-direction.
Item 3: For Sersic, de Vaucouleurs, and exponential disk this is the integrated
magnitude of a galaxy. For Nuker and the King profile this is the surface brightness
(mag/square arcsec) calculated using the pixel scale from Item K. For fitting the
sky, this is the sky gradient in the Y-direction.
Item 4: Scalelengths of the fitted galaxy in PIXELS, not arcseconds. The scale
length is measured along the semi-major axis.

Item 5: For Sersic it is the concentration index n. For Nuker, it is the powerlaw
a. For King, it is the truncation radius beyond which the fluxes are 0. For all other
functions it is ignored.

Item 6: For Nuker, it is the powerlaw P, and for King, it is the powerlaw a.
For all other functions, this parameter is ignored.

Item 7: For Nuker, it is the powerlaw 7.
Item 8: The axis ratio is defined as semi-minor axis over the semi-major axis:
for a circle this value is 1, for an ellipse this value is less than 1.
Item 9: The position angle is 0 if the semi-major axis is aligned parallel to the
Y-axis and increases toward the counter-clockwise direction.

Item 10: The diskiness and boxiness parameter (c). When c < 0 the ellipsoid
appears disky, and when c > 0, it appears boxy.

Item Z: If you want this model to not be subtracted in the final image, set this
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to 1. If you want to subtract this model from the data, set this to 0. When this
parameter is set to 0 for all the objects, you will get a residual image. The default
is 0.
A.5 The Green Pop-Up GALFIT Window
If Item O is set to "both", a green GALFIT window will pop up to indicate that
the fit is ongoing. At any time, you can quit, output a menu file, pause the fit,
or change the number of iterations by hitting the keys "q", "o","p", or "n", re
spectively, in the green pop-up window. At the first convenient moment (i.e. after
the current iteration), GALFIT will do what you asked. The pop-up window has
memory, so if you hit a key multiple times, e.g. out of frustration, it will be reis
sued at the earliest convenience. To get rid of the memory, kill the green window.
The output menu file (option "o"is simply a pre-formatted file that you can
feed back into GALFIT. It stores parameters in the current fit iteration.
If you hit "p" or "n", you will receive a prompt in your iteration window (not
the green one). You must answer the question in the iteration window before it
would go on. Usually, GALFIT will decide when to quit fitting on its own. But,
if GALFIT iterates over 100 times (an artificial limit), it will also quit. You can set
the maximum number of iterations you want this to happen by hitting "n" and
specifying the number of iterations. Normally, GALFIT should converge between
10 to 30 iterations.
A.6 Output Files
Once GALFIT finishes fitting, it will store the final parameter information into 2
text files. The first file, "fit.log" summarizes all the final parameters and error bars
for the fit. This file just keeps getting appended and does not get removed. The
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errors quoted in "fit.log" are based on diagonalizing and projecting the covariance matrix. Thus the errors are purely statistical - some would say meaningless
because the errors are often dominated by systematics due to the real galaxies not
being idealized profiles. But I don't know what to do about that. The columns of
numbers in the output file are in the same order as the parameter numbers.
When GALFIT finishes fitting, it will also output a file called "galfit.iVA'" that
contains all the best fit parameters. NN is a value that keeps increasing so it will
never overwrite the previous fit. Note that if there are missing numbers in the
"galfit.iVA-" sequence, the gap will eventually be filled. One can modify this file
and feed it back into GALFIT to refine the fit.
Lastly, GALFIT will output a data image block, which is described in Item B
of § 4.1. The final fit parameters and a few important input parameters are also
placed into the FITS header of image[2] for convenience.
A.7 Hints On Difficult Fitting
The above information is all that one needs to know to run GALFIT. In this section
I will discuss some rules of thumb when dealing with difficult situations.
For simple one or two component models GALFIT can usually perform with
out any interaction. But once in a while you may come across a galaxy GALFIT
doesn't like to fit and requires some massaging, e.g. if a galaxy is irregular, dusty,
or even sometimes when using the Nuker profile. The Nuker profile can be a
little hard to use because the power law parameters are not intuitive, and can be
highly correlated. When the program crashes or doesn't converge well, it is often
because the initial

is too big (e.g. poor initial guesses, irregular galaxy), or the

powerlaws are too big or small (which can cause numerical problems), or when
GALFIT has settled into a local minimum (which doesn't cause GALFIT to crash).
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In troubled cases there are certain rules of thumb that can help GALFIT along:
1. One should consider using masking, especially if the area you're fitting is
too dusty or irregular in shape. For example, the jet in M87 will give GALFIT
problems because the knots are bright, even though they are local features. To
create a mask, I have a program which can help, so if you need to mask a lot,
please visit the "Frequently Asked Question" section on the GALFIT website.
There, I provide programs to expedite the process of creating masks.
2. If a galaxy covering hundreds of pixels is hard to fit, try reducing the fitting
region. Once a good fit has been obtained, enlarge the fitting region. I find this a
handy trick for fitting many large galaxy images.
3. If you can get a good estimate on the initial position of the galaxy peak,
such as by eye or using IMEXAM, hold it fixed to that position. If this is still not
enough for the program to converge, hold the PA and ellipticity fixed at some
reasonable guess values. They don't have to be precise. You can set them free
later when the fitting problems go away.
4. Also, for Nuker, make sure the parameters a, [3,7, don't have the same val
ues - this can easily cause singular values, and force the program to quit. Initially,
your best bet for a and /? parameters is somewhere between 0 and 3, and 0 to 1
for 7. I've had something which converged from

of 1 x 10® down to 1 or 2

without causing the program to crash. So the precise ini tial parameters aren't too
important.
To get a better feel for the behaviors of the parameters, take a look at Lauer et
al. (1995) and Byun et al. (1997).
5. Make sure the image header has the correct exposure time parameter (EXPTIME) and value.
6. Hold some parameters fixed to allow more degenerate parameters, e.g.
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a, 13, J, If,, and r^, to converge roughly, then let everything go free.
7. If one wants to test whether a compact source is a true point source, one can
convolve a narrow Gaussian with a PSE However, make sure FWHM10.3 pixels
or else the centroid may not move around much in position. Usually it's a good
idea to fit it once with a good FWHM ~ 0.5 pixel. Once the centroid is found, fit it
again by allowing the FWHM to vary. However, this method is not the best way if
one is interested in, say, extracting faint host galaxies from underneath luminous
quasars. The best way to do this is to fit a true point source.
1 hope these 7 tips will help when fitting very difficult cases. If the suggestions
above don't work after all of this, you're more than welcome to:
8. Email me (cyp@as.arizona.edu), and I'd be happy to give it a go to see what
the problem might be.
Good luck Fitting!
A.8

Frequently Asked Questions and Advisory

1. "Why is xl so small (<C 1 x 10"^) or big (:$> 1 x 10^?) for a good fit"

The estimate

of xl makes use of the sigma image. For GALFIT to generate a reasonable sigma
image, the image ADUs MUST be in counts, NOT counts/sec, with the appro
priate GAIN, RDNOISE, and NCOMBINE in the image header. If these things
are not right and

1, the sigma image GALFIT generates is bunk. GALFIT

may quit prematurely when this happens, or produce a bad fit because the pixel
weights are all screwed up. On the other hand,
2. If you are providing your own a sigma image, GALFIT doesn't care about the
units of the image ADU as long as the sigma and image ADUs units are the same.
3. "What fitting region size should one use?" Or, "Why does the fit depend so sensi
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tively on the fitting region?" Or, "Why does the fit depend so sensitively on the sky
value?"

The fitting region should be considerably larger than the galaxy being

fitted, if possible. A common assumption is that the sky can be well determined
if the image is 2, 3, or more, times the apparent size of a galaxy. However, that
may not be the case. The extended wing of a galaxy is degenerate with the sky
value. Moreover, if the intrinsic galaxy profile is not the function being fitted, the
sky parameter will always adjust to compensate. Thus, as a rule of thumb, try
to determine the sky value independently and hold it fixed in the fit, and then
compare the fit by allowing the sky to vary. This will give you a good idea of
how uncertain the fit is.
3. "When using the Sersic function why are the parameters of the fit so sensitive when n is
large (n ^3)?"

When n is large the profile has a steep central concentration and

a highly extended wing that extends out farther than the eyes can see. Because
there are a lot more pixels at large radius, the fit is often dominated by the wings
rather than by the central cusp. Thus when there is a neighboring galaxy that is
not masked out in the fit, n can be driven high to try and fit its flux. Also, because
there is a strong correlation between n and Re, and n with the background sky,
a small change in n or the sky can result in a large change in

when n is high.

Therefore, be very careful about neighboring contamination and image size when
the Sersic index n is a high value (i.e. n > 3 or so).
4. "The fit of a galaxy appears well centered, but why is there a systematic offset in the
values of the position?"

The absolute position parameter depends on how well

the convolution PSF is centered in the PSF image. Nominally, the PSF should be
centered on pixel N/2 +1 for even N number of pixels along a side, and N/2 + 0.5
for odd number of pixels.
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# IMAGE PARAMETERS
galasQ'. fits
fit_out. fits
C) none
Rpsf.fits kernel
2
none
none
133 380 133 380
100

J)
K)
0)
P}
S)

22.08
0.046
both
0
1

#
#
#
#
#
#
#
#
#
#
#
#
#
#

100

0.046

Input Data image {FITS file)
Output data image block
Noise image name (made from data if blank or "none"
Input PSF image and (optional) diffusion kernel
PSF oversaitpling factor relative to data
Bad pixel mask (FITS image or ASCII coord list)
File with parameter constraints (ASCII file)
Image region to fit (aatiin xmax ymin ymax)
Size of the convolution box (x y)
Magnitude photometric zeropoint
Plate scale (dx dy).
Display type (regular, curses, both)
Create output only? (l=yes; O=optimize)
Modify/create objects interactively?

INITIAL FITTING PARAMETERS
Object type allowed: psf, sersic, devauc, nuker, expdisk, moffat, gaussian, sky.
Column 2 : Parameter value
Column 3 : Pit = 1, Fixed = 0
Column 4+: Parameter name
# Object number; 1 -- A TRUE point source
0)
psf
#
Object type
1) 50.00 50.00 11
# position x, y
total magnitude
18.000
Output option (0
0
# Object number; 2
0)
sersic
1) 255.28 257.
3) 14.00
1
4) 32.85
1
5) 0.83
1
6) 0.00
0
7) 0.00
0
8) 0.87
1
9) 6.22
1
10) -0.17
1
Z) 0

Object type
#
position X, y
total magnitude
R_e
ej^onent (de Vaucouleurs = 4)

axis ratio (b/a)
position angle (PA)
diskiness(-)/boxiness{
Output image type (0 = residual, 1 = Don't subtract)

# Object number: 3
0)
expdisk
1) 255.38 257.:
3) 12.98
0
4) 8.88
0
5) 0.00
0
6) 0.00
0
7) 0.00
0
8) 0.72
0
9) 38.80
0
10) -0.05
0
Z) 0
# Object nvimber: 4
0)
nuker
1) 256.28 256.25
3) 15.88
1
4) 36.13
1
5) 1.17
1
6) 4.62
1
7) 0.43
1
8) 0.72
1
9) 38.97
1
10) -0.04
1
Z) 0
# Object number: 5
0)
sky
1) 2.00
0
2) O.OOO
0
3) 0.000
0
Z) 0

residual, 1 = Don't subtract)

#

#

Object type
position X, y
total magnitude
Rs

axis ratio (b/a)
position angle (PA)
diskiness(-)/boxiness(+)
Output image type (0 = residual.

Don't subtract)

Object type
position X , y
mu(Rb)
Rb
alpha
beta
gamma
axis ratio (b/a)
position angle (PA)
diskiness(-)/boxiness(+)
Output image type (0 = residual

Don't subtract)

#

1 1
#

#
#
#
#
#
#
#
#

#

#
#
#
#

Object type
sky background
dsky/dx (sky gradient in x)
dsky/dy (sky gradient in y)
Output option (0 = residual, 1

Don't subtract)

Figure A.2: Example of a GALFIT input file.
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