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Abstract

We study specific aspects of the relationship between the stellar content and

the intracluster media (ICM) of galaxy clusters. First, we attempt to solve the

long-standing difficulty in explaining the highly enriched ICM by including a pre-

viously unaccounted for stellar component: the intracluster stars. To determine

the relative contributions of galactic and intracluster stars to the enrichment of the

intracluster medium (ICM), we present X-ray surface brightness, temperature, and

Fe abundance profiles for a set of twelve galaxy clusters for which we have exten-

sive optical photometry. Assuming a standard IMF and simple chemical evolution

model scaled to match the present-day cluster early-type SN Ia rate, the stars in the

brightest cluster galaxy (BCG) plus the intracluster stars (ICS) generate 31+11
−9 %,

on average, of the observed ICM Fe within r500 (∼ 0.6 times r200, the virial radius).

Because the ICS typically contribute 80% of the BCG+ICS Fe, we conclude that

the ICS are significant, yet often neglected, contributors to the ICM Fe within r500.

However, the BCG+ICS fall short of producing all the Fe, so metal loss from stars

in other cluster galaxies must also contribute. By combining the enrichment from

intracluster and galactic stars, we can account for all the observed Fe. These models

require a galactic metal loss fraction (0.84+0.11
−0.14) that, while large, is consistent with

theoretical models of Fe mass not retained by galactic stars. The SN Ia rates, espe-

cially as a function of galaxy environment and redshift, remain a significant source

of uncertainty in further constraining the metal loss fraction.

Second, we study the effects of ram-pressure stripping on infalling galaxies using

a warm molecular hydrogen (H2) as a tracer by carrying out a Spitzer infrared

spectrograph (IRS) survey of four galaxies with signatures of ram-pressure stripping.

We have discovered two galaxies, ESO 137-001 and NGC 4522, with warm H2 tails
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stretching 20 kpc and 4 kpc in length, respectively. In the case of ESO 137-001

where we measure a warm H2 mass loss rate of ∼ 2 − 3 M⊙ yr−1, we estimate that

the galaxy will lose all of its gas in a single pass through the cluster core. Strong

warm H2 emission is detected in one other galaxy, CGCG 97-073, which a region

within its tail that is mainly dominated by H2 emission. The warm H2 observed in

these three galaxies share similar temperature and column density properties with

warm H2 masses ranging from 106 − 108 M⊙. From a comparison with the SINGS

warm H2 sample, our results indicate that these galaxies experiencing significant

ram-pressure stripping show anomalously high warm H2 emission that cannot be

explained purely from star formation. This adds credence to the hypothesis that H2

within these galaxies is being shock-heated from the interaction with the ICM. We

also discover that stripping of warm and hot dust, as measured at 8 µm and 24 µm,

is a common feature of the galaxies observed in our sample. In the case of NGC

4522, we capture the turbulent nature of the stripping process. We measure the star

formation rates using published Hα and measured 24 µm luminosities for all of our

galaxies and find that some of them have suppressed star formation rates compared

to similar mass counterparts in the field. We find a possible association between Hα

and warm H2 emission in three of the four galaxies observed. We conclude that the

variation of H2 properties observed in our sample is likely due to the galaxies being

in different stages of ram-pressure stripping.

Finally, we report on our efforts to improve the performance of the Lochkeed

Arizona Infrared Spectrometer (LAIRS), a near-IR, tunable filter imager. We have

made significant progress in identifying the sources of key issues such as the a highly

asymmetric line profile and the unstable performance of the servo controller at the

MMT. Solutions have been implemented for these issues, such as a revised mounting

strategy for the tunable filter plates and a completely new controller with higher



15

bandwidth. Significant progress has been made towards resolving these issues, but

a few issues remain before LAIRS meets all of its requirements.



16

Chapter 1

Introduction

The intracluster medium (ICM) is the low-density, primordial gas that fills the space

between the galaxies within all clusters. Only detectable in X-ray from its thermal

bremsstrahlung emission, the ICM is by far the dominant baryonic component in

rich clusters, often with masses ranging from 1013 − 1014 M⊙ (Vikhlinin et al.,

2006). In fact, it is so massive that it can account for 10% of all matter in massive

clusters (Vikhlinin et al., 2006) and is an order of magnitude more massive than

the cluster stellar content (Gonzalez et al., 2007). The fact that the cluster stellar

content is embedded within the ICM means that the evolution of both the ICM and

the stellar content is deeply intertwined. There are a few interesting observations

that warrant scientific discussion: 1. Despite being a large reservoir of primordial

gas, the ICM is highly enriched. In fact, X-ray iron (Fe) abundance measurements

typically reveal a Fe/H abundance of ∼ 0.3 ZFe,⊙ (Edge & Stewart, 1991). It is

thought that the cluster is essentially a closed-box and the metals must have come

from cluster galaxies. However, the vast metal content of the ICM has proved to

be difficult to explain; 2. Clusters tend to have more early-types than in the field

and exhibit a strong increase in early-types and fewer star-forming spiral galaxies as

one approaches the cluster center (Dressler, 1980). It is frequently thought that the

ram-pressure wind (Gunn & Gott, 1972) that galaxies experience as they fall into

a cluster and travel towards its core may be responsible for transforming healthy,

star-forming late-types into dead early-types. This wind is thought to strip the

atomic gas reservoirs of spirals eventually exhausting them of their fuel to form

stars. However, it has been challenging to obtain quantitative estimates on the

impact of ram-pressure stripping on galaxies. In this work, we attempt to answer
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two specific questions that shed more light on this intimate relationship: 1. How

is the ICM enriched and can its level of enrichment be explained by the pollution

from the observed cluster stellar content? ; and 2. Can we find a better tracer for

ram-pressure stripping and quantify the impact of ram-pressure stripping on cluster

galaxies?

The enrichment of the ICM has been difficult to explain due the vast quantity

of Fe found within the ICM. The most straight-forward approach is to assume the

metals come from galaxies losing their enriched gas to the ICM through galactic

winds (De Young, 1978), ram-pressure stripping (Gunn & Gott, 1972), or gravita-

tional interactions (Moore et al., 1996). The amount of Fe in the ICM cannot be

explained by standard models, which assume standard initial mass functions (IMFs)

and rates of Type II and Type Ia supernovae (Maoz & Gal-Yam, 2004). Maoz &

Gal-Yam (2004) show that for a standard IMF, the most significant contributors of

Fe are Type Ia supernovae. They argue that in order to explain the Fe in clusters,

the Type Ia delay time would be shorter than that computed from Type Ia rate

measurements out to z < 1 assuming a reasonable cosmic star formation history.

They conclude that the only way to explain the Fe is to assume a top-heavy IMF

where most of the Fe is produced by core-collapse SNe. Similar work has been done,

though the details have varied, where the authors reach the same conclusion that

assuming a standard IMF cannot explain the enrichment of the ICM. Solutions of

to the enrichment problem are exotic and include top-heavy IMFs (Loewenstein &

Mushotzky, 1996; Gibson & Matteucci, 1997) to severe mass loss from galaxies (Ren-

zini et al., 1993; Renzini, 1997), and pre-enrichment from Population III hypernovae

(Loewenstein, 2001).

One component that has not been considered in this mass accounting is the dif-

fuse, low surface brightness component of stars not attached to any specific galaxies,
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which have been discovered in nearby clusters (Domainko et al., 2004; Zaritsky et

al., 2004; Lin & Mohr, 2004; Gonzalez et al., 2005; Zibetti et al., 2005). These

intracluster stars (ICS) have been argued to be distinct from the central dominant

(cD) galaxy through two-dimensional surface profile fitting. These surface bright-

ness profiles of the central regions of clusters consisting of light from the cD galaxy

and the extended intracluster component often exhibit sharp breaks in ellipticity

and position angle at scales of 10s of kpc (Gonzalez et al., 2005). These profiles

are well fit by a two-component de Vaucouleurs profile, one component with a scale

length of 10s of kpc and the other with a scale-length of 100s of kpcs. Gonzalez et

al. (2005) suggest that the extended diffuse stellar component is associated with the

cluster and is the dominant stellar component containing up to 30% mass out to

r500 (∼ 60% of the cluster virial radius). If that is the case, these intracluster stars

pollute the ICM in-situ and deposit all of their metals directly into the ICM, which

make them a significant contributor to the enrichment of the ICM.

Some initial work on this issue was promising. Zaritsky et al. (2004) showed that

the intracluster stars can play a significant role in the enrichment of the ICM. The

primary limitation of this work was that the Fe within the ICM and the Fe produced

by the ICS were measured over mismatched apertures and for a small number of

three clusters that had published X-ray measured Fe masses. It is a known fact that

ICM in clusters can exhibit strong metallicity gradients as a function of distance from

the cluster center (De Grandi & Molendi, 2001). Moveover, Gonzalez et al. (2007)

also suggest that intracluster stars are typically more concentrated than cluster

galaxies (Gonzalez et al., 2007). Therefore, this comparison needs to be carried out

with matched apertures for a larger sample of clusters to fully understand the effect

of the ICS on ICM enrichment. In our work, we provide a more definitive answer by

addressing the shortcomings of the initial work. We expand the sample to include
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12 nearby clusters that were observed by the XMM-Newton telescope, which also

had well-measured optical stellar properties (Gonzalez et al., 2005). With these

data, we measured the Fe content present in the ICM and predicted the Fe mass

generated by the ICS within the same aperture. In addition to the ICS contribution

the cluster Fe, we also include the cluster galaxy contribution to the cluster Fe to

obtain the overall Fe mass loss fraction for cluster galaxies. The full details of our

work are presented in Chapter 2.

We have discussed how cluster stellar content can affect the properties of the

ICM, but how does the ICM affect cluster galaxies? Earlier, ram-pressure strip-

ping was presented as a possible mechanism for stripping the tenuous atomic gas

from cluster galaxies and possibly halting their star formation. Even after years

of studying clusters, there is still heated debate as to which cluster process(es)

are responsible for the different star-formation, stellar population, and gas proper-

ties of galaxies seen in clusters when compared to those in the field (see Boselli &

Gavazzi (2006) for a review). In addition to ram-pressure stripping, tidal interac-

tions between galaxies (Moore et al., 1996) and the cluster potential (Henriksen &

Byrd, 1996) may also be at play. Or, there is an additional possibility that galaxies

are preprocessed in group environments before they enter the cluster environment

(Zabludoff & Mulchaey, 1998) where cluster mechanisms may not be solely responsi-

ble for the observed environmental dependence in galaxy properties. The main issue

is the relative impact of each one of the cluster processes is not clearly known. For

example, even though there is plenty of evidence for the existence of ram-pressure

seen by displaced gas in galaxies with relatively unperturbed stellar content (e.g.

Kenney et al., 2004; Chung et al., 2007) or long gaseous Hα or X-ray tails (e.g.

Gavazzi et al., 2001; Sun & Vikhlinin, 2005; Sun et al., 2007), more quantitative

estimates of mass-loss rates and gas loss timescales are required to fully understand
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the impact of this process.

A better method of detecting and quantifying the gas associated with ram-

pressure is required. In a recent Spitzer infrared spectrograph (IRS) observation

of a known group-wide shock in Stephan’s Quintet, Appleton et al. (2006) serendip-

itously discovered strong molecular hydrogen (H2) emission. In fact, the H2 emission

was so remarkable that it dominated over all other line emission seen in the IRS

spectrum; the H2 line luminosity was 10 times the X-ray emission associated with

the shock front, making H2 the dominant coolant in the shock. It was believed

that the H2 gas had been shock-heated by a collision of a high velocity intruder

galaxy (v ∼ 1000 km s−1) with the intergalactic medium (Cluver et al., 2010). The

full group-scale H2 shock was spectrally mapped using IRS by Cluver et al. (2010)

who find that there are multiple temperature components to the H2 gas with lowest

temperature warm component (T∼ 160K) being the dominant mass component.

This discovery motivated us to carry out a Spitzer IRS spectral mapping sur-

vey consisting of four galaxies known to have strong signs of on-going ram-pressure

stripping because the collision velocity observed in this group scale shock is similar

to the interaction velocity between the ICM and the interstellar medium (ISM) of

an infalling cluster galaxy. The size of the sample was limited due to the length

and complexity of the observations, which were carried out during the last Spitzer

cryogenic cycle. We sought to find signatures of shock-heated H2 gas associated

with ram-pressure stripping and quantify the gas mass associated with ram-pressure

stripped gas. Because H2 does not have a dipole moment, its quadrupole transitions

are optically thin. This allows one to calculate gas masses and temperature distri-

butions with minimal assumptions. This shock mechanism may allow the removal of

H2 gas from galaxies by dissociating H2 gas at the shock front, which will reform into

molecular gas further down stream, possibly outside the disk of the galaxy. How-
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ever, the current ram-pressure paradigm does not allow the direct stripping of large

amounts H2 gas due to the high surface densities of molecular gas clouds. Simply

detecting H2 gas stripped from galaxies will challenge this paradigm. Moreover, if

stripping of H2 gas is common, this would directly affect the star forming properties

of galaxies. This may explain the growing body of evidence that there is extraplanar

star-formation associated with ram-pressure stripping (Cortese et al., 2007; Sun et

al., 2007, 2010; Yagi et al., 2010; Smith et al., 2010).

The four galaxies in our sample were carefully chosen to be currently undergoing

significant ram-pressure stripping. Selection parameters included the existence of

long, collimated Hα or X-ray tails stretching 10s of kpc, arc-like star forming regions

observed at Hα, and extraplanar star forming regions. ESO 137-001, a spiral galaxy

in a nearest rich cluster (Abell 3627), is the poster-child of our survey. It has

coaligned X-ray (Sun & Vikhlinin, 2005) and Hα (Sun et al., 2007) tails stretching

70 and 40 kpc, respectively, and spectacular fan-like extraplanar star formation,

some of which exist outside the tidal truncation radius of the galaxy (Sun et al.,

2010). We present our Spitzer IRS results for this galaxy in Chapter 3 where we

develop the techniques to detect and quantify warm H2 gas that may be associated

with ram-pressure stripping. We also place constraints on the mass-loss rate and the

time-scale associated ram-pressure stripping based on our results for ESO 137-001.

The results of the other three galaxies within our sample are presented in Chapter 4.

The three galaxies are not any less spectacular than ESO 137-001. CGCG 97-073 is

an irregular galaxy in another rich cluster, Abell 1367, which exhibits a 50 kpc long,

collimated Hα tail that can only be explained by ram-pressure (Gavazzi et al., 2001).

NGC 4522, a spiral in Virgo often considered to be the poster child of ram-pressure

stripping, is also part of our sample. It was chosen for its truncated, arc-shaped Hα

emission (Kenney & Koopmann, 1999), and displaced HI gas (Kenney et al., 2004).
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Finally, we chose NGC 1427A in the Fornax cluster for its arc-shaped star formation

that occurred along the edges of the galaxy. The final sample had a large range in

stellar masses (<L∗), and cold gas masses if they had been measured. In Chapter

4, we present the complete results of our Spitzer IRS warm H2 survey and discuss

their implications.

This thesis also consists of an instrumentation component, which involved the

development of the Lockheed Arizona Infrared Spectrometer (LAIRS). LAIRS is

a tunable filter imager with R ∼ 1000, capable of carrying out diffraction-limited

imaging in the 1.2 − 2.5 µm band over a 33′′ by 33′′ field when coupled with the

MMT’s adaptive optics (MMTAO) system. The original scientific motivation was to

carry out near-IR H2 (2.12 µm) imaging to follow up the galaxies observed as part

of our Spitzer IRS survey. LAIRS would provide superior spatial resolution over the

Spitzer observations of H2 gas. There would be three advantages to these ground-

based narrow-band observations: 1. Better understand the excitation mechanism

for the observed H2 gas; 2. Resolve H2 shocks if they are present; and 3. Expand the

sample to a much larger set of cluster galaxies. Unfortunately, LAIRS’s development

had not proceeded fast enough to reach this stage. The issues encountered and the

solutions implemented are discussed in great detail in Chapter 5. The general utility

of an imager like LAIRS is also discussed in the introduction of Chapter 5.

In the final chapter, we conclude the thesis by providing a brief summary of our

findings from each research project tackled in this thesis. We also present the future

directions we intend to follow to better investigate the interaction between the ICM

and cluster stellar content.
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Chapter 2

The Enrichment of the Intracluster Medium

To determine the relative contributions of galactic and intracluster stars to the en-

richment of the intracluster medium (ICM), we present X-ray surface brightness,

temperature, and Fe abundance profiles for a set of twelve galaxy clusters for which

we have extensive optical photometry. Assuming a standard IMF and simple chem-

ical evolution model scaled to match the present-day cluster early-type SN Ia rate,

the stars in the brightest cluster galaxy (BCG) plus the intracluster stars (ICS) gen-

erate 31+11
−9 %, on average, of the observed ICM Fe within r500 (∼ 0.6 times r200, the

virial radius). An alternate, two-component SN Ia model (including both prompt

and delayed detonations) produces a similar BCG+ICS contribution of 22+9
−9%. Be-

cause the ICS typically contribute 80% of the BCG+ICS Fe, we conclude that the

ICS are significant, yet often neglected, contributors to the ICM Fe within r500.

However, the BCG+ICS fall short of producing all the Fe, so metal loss from stars

in other cluster galaxies must also contribute. By combining the enrichment from

intracluster and galactic stars, we can account for all the observed Fe. These models

require a galactic metal loss fraction (0.84+0.11
−0.14) that, while large, is consistent with

the metal mass not retained by galactic stars. The SN Ia rates, especially as a func-

tion of galaxy environment and redshift, remain a significant source of uncertainty

in further constraining the metal loss fraction. For example, increasing the SN Ia

rate by a factor of 1.8 — to just within the 2σ uncertainty for present-day cluster

early-type galaxies — allows the combined BCG + ICS + cluster galaxy model to

generate all the ICM Fe with a much lower galactic metal loss fraction (∼ 0.35).
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2.1 Chapter Introduction

The high measured Fe abundance of the intracluster medium (ICM) of galaxy clus-

ters, ∼ 0.3 ZFe,⊙ (Edge & Stewart, 1991), has been challenging to explain. The

source of these metals is still unknown. Various enrichment mechanisms have been

proposed, including models in which cluster galaxies lose enriched gas via galactic

winds (De Young, 1978), ram-pressure stripping (Gunn & Gott, 1972), or gravita-

tional interactions (Moore et al., 1996), but these have fallen short of producing the

observed metals unless non-standard assumptions are made; for example, top-heavy

initial mass functions (IMF) (Loewenstein & Mushotzky, 1996; Gibson & Matteucci,

1997), severe mass loss from galaxies (Renzini et al., 1993; Renzini, 1997), or pre-

enrichment from Population III hypernovae (Loewenstein, 2001).

Such exotic explanations are intriguing, but we must first rule out more mundane

explanations. One source of ICM metals that has only recently been considered is

the diffuse, stellar component in clusters, i.e., the stars that lie outside the member

galaxies (Domainko et al., 2004; Zaritsky et al., 2004; Lin & Mohr, 2004). These

stars must be a source of metals for the ICM because they pollute in-situ; the key

question is whether they are a significant, or perhaps even the dominant, source.

Recent measurements of the intracluster stars (ICS) in a large sample of clusters

demonstrate that this component contains roughly 30% of the stellar mass out to

r500
1 and an even larger percentage at the smaller radii typically probed by X-ray

measurements (Gonzalez et al., 2007). In previous work, Gonzalez et al. (2005)

detect these stars in every cluster in their sample out to a radius of at least 300 kpc

(h = 0.7). By stacking SDSS cluster images, Zibetti et al. (2005) detect the averaged

ICS to 700 kpc, demonstrating the large extent of this component. Without any

1The radius within which the mass overdensity is 500 times the universal value and which
corresponds to ∼60% of the virial radius (Cole & Lacey , 1996).
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further calculation, one concludes that these stars could contribute ∼ 30% of the

ICM’s Fe.

Our first test of this scenario was promising, suggesting that intracluster stars

could play a significant role in ICM enrichment (Zaritsky et al., 2004). This result

was preliminary because we lacked spatially-resolved metallicity profiles to match

apertures between the optical and X-ray measurements, and we had the minimum

necessary data to make the optical/X-ray comparisons for just three clusters, of

which only two had intracluster light measurements based on our high sensitivity

methods. Because intracluster stars are typically more concentrated than the cluster

galaxies (Gonzalez et al., 2007), and clusters often have radial abundance gradients

(De Grandi & Molendi, 2001), our test must be re-done using matched apertures

and homogeneous data.

We have measured uniformly the properties of the intracluster stellar components

for a sample of 28 clusters (24 of which are from Gonzalez et al. (2005), while the

remainder are from Kelson et al. (2008)). In this paper, we use XMM-Newton

archival and guest observer data to measure the radial distribution of the X-ray

emitting plasma and the Fe within that plasma for those 12 clusters with available

X-ray data. We then determine the gas and Fe masses enclosed within the same

radii used for the stellar mass measurements.

The outline of this paper is as follows. In Section 2.2 we review our sample. In

Section 2.3 we discuss the data and our analysis. In Section 2.4 we present the X-ray

spectral, morphological, and gas mass measurements. In Section 2.5 we discuss the

comparison of the observed Fe abundances with those predicted by a simple chem-

ical evolution model assuming metal enrichment from the intracluster and galactic

stars. Finally, in Section 2.6 we summarize our conclusions. Throughout this paper,

except where comparing to previous work and noted, we adopt the concordance
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cosmological model (ΩΛ = 0.70, Ωm = 0.30, and H0 = 70 km s−1 Mpc−1), which

we call LCDM70 and define rX to be the radius of a sphere within which the mass

density is X times the universal mean. All reported errors in this work are quoted

at the 1σ level.

2.2 Sample

The clusters in this study are a subset of those for which we have intracluster

light measurements (Gonzalez et al., 2005; Kelson et al., 2008). First, we searched

the XMM-Newton Science Archive (XSA) for European Photon Imaging Camera

(EPIC) observations of any of these clusters. Observations of eight clusters are

available, although one, Abell 3376, is not included here due to its highly disturbed

X-ray morphology. Second, we obtained XMM-Newton Guest Observer (GO) ob-

servations of five additional clusters. The selection criteria for the sample of twelve

clusters presented here (see Table 2.1) are a combination of those in our original

intracluster stellar light work, those by which others selected clusters for X-ray

observations, and those we imposed in selecting targets for GO observations.

Our original intracluster light catalog comes from two sources and so itself has

varied selection criteria: Gonzalez et al. (2005) chose their clusters to have a single

dominant brightest cluster galaxy (BCG) with a major axis position angle within

45◦ of east-west (to accommodate their drift-scan exposures) and no visual evidence

of an ongoing merger; Kelson et al. (2008) chose their clusters to have a BCG that

is kinematically stationary relative to the cluster, to appear relaxed in X-rays (when

such data were available), and to be at sufficiently large redshift to not overfill the

spectrograph slit length and close enough so that the kinematics of the low surface

brightness ICS could be measured.

Although we are unable to reconstruct the selection criteria for the X-ray archival
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Table 2.1. Observed X-ray clusters and their properties

Name 〈z〉 BM σ r500 r200 LX Tpeak

(km s−1) (Mpc) (Mpc) (1044 ergs s−1) (keV)

Abell 496 0.0329 I 743+41
−39 1.033 1.599 1.81+0.06

−0.08 4.39 ± 0.08

Abell 1651∗ 0.0845 I-II 990+110
−100 1.397 2.164 3.37+0.16

−0.16 6.16 ± 0.22

Abell 2811∗ 0.1079 I-II 860+110
−100 1.202 1.862 2.06+0.10

−0.11 5.76 ± 0.20

Abell 2877 0.0247 I 999+77
−71 1.406 2.177 – 3.27 ± 0.14

Abell 2984∗ 0.1042 I 490+112
−91 0.658 1.020 0.33+0.02

−0.03 2.01 ± 0.05

Abell 3112∗ 0.0750 I 940+140
−120 1.324 2.050 2.79+0.04

−0.04 5.24 ± 0.11

Abell 3693∗ 0.1237 - 1030+150
−130 1.452 2.249 0.83+0.04

−0.07 4.21 ± 0.14

Abell 3705∗ 0.0906 III 1010+80
−80 1.426 2.209 – 3.71 ± 0.22

Abell 4010∗ 0.0963 I-II 630+150
−120 0.867 1.343 1.46+0.08

−0.14 4.44 ± 0.34

Abell 4059 0.0475 I 653+74
−67 0.901 1.396 1.23+0.06

−0.07 4.14 ± 0.13

Abell S 84∗ 0.1100 I 520+160
−120 0.705 1.091 0.76+0.13

−0.08 4.28 ± 0.18

Abell S540 0.0358 I 760+36
−35 1.057 1.638 0.33+0.01

−0.03 2.65 ± 0.08

Note. — BM = Bautz-Morgan type. Velocity dispersions are from Zaritsky et al.

(2006) or calculated for this paper using the method outlined in Zaritsky et al. (2006)

using radial velocities from the NASA Extragalactic Database. Luminosities are mea-

sured in the 0.5− 2.0 keV range out to r200. Our data do not extend that far in radius

and therefore we extrapolate our surface brightness fits to obtain the enclosed X-ray

luminosity. The quoted temperatures are the peak values obtained from our spectral

fits. We choose the peak value as it best reflects the depth of the cluster potential,

especially for clusters with a cool-core.

∗Gonzalez et al. (2005) clusters.
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sources, there is a natural tendency in the archival data to sample more X-ray

luminous systems and Bautz-Morgan (BM) (Bautz & Morgan, 1970) Type I clusters.

For our GO observations, our aim was to observe more of the Gonzalez et al. (2005)

clusters, for which clear distinctions between the BCG and ICS components has

been measured, allowing us to make better optical/X-ray comparisons.

The selection criteria described above do not lead to a representative sample of

clusters. Instead, all clusters have a central BCG (BM type I or I-II with Abell 3705

being the sole BM type III), Abell cluster richness class values of 1 or 2 (Abell, 1958),

and show no clear optical evidence of an ongoing major merger. The clusters are

within the redshift range 0.02 < z < 0.13 and have line-of-sight velocity dispersions,

σ, spanning 500 to 1000 km s−1, corresponding to the masses of rich groups and

clusters (∼< 1014 − 1015 M⊙). We determine the size of these clusters by associating

r200, the radius within which the mass overdensity is 200 times the universal value,

with the virial radius (Cole & Lacey , 1996). In practice, we measure r200 only for

the Gonzalez et al. (2005) clusters, for which we have measured galaxy overdensities

(see Gonzalez et al., 2007, for details). We then use the theoretical relation between

r200 and σ (Finn et al., 2005), renormalized to match the Gonzalez et al. (2007) r200

values, for the Kelson et al. (2008) clusters. We use the r500 −σ relation2 derived in

Gonzalez et al. (2007) to compute the r500 values for all our clusters. We present the

physical parameters of the clusters in Table 2.1. The quoted cluster temperatures

are the maximum annularly-averaged temperatures observed in our spectral fits (see

§4.6 for details). This choice mitigates the ambiguity of the global temperature for

cool core clusters and better reflects the depth of the cluster potential.

2All clusters in this paper lie in the σ range (∼ 500 to 1100 km s−1) where the r500−σ relation
is calibrated. We advise against extrapolating this relation to lower velocity dispersions (cf. Balogh
et al., 2008)
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2.3 Data and Analysis

2.3.1 X-ray Data: Preprocessing

For our sample of 12 clusters, we have XMM-Newton EPIC X-ray (0.1 − 12 keV)

observations, optical photometry (i-band from Gonzalez et al. (2005) or R-band

from Kelson et al. (2008)), and optical spectroscopy of member galaxies (Zaritsky

et al., 2006). In this section, we focus on the analysis of the X-ray data.

We present in Table 2.2 the observation ID of each X-ray data file, the date of ob-

servation, the source of the data, the filter used, EPIC-MOS camera exposure times,

and the radius, router, out to which we perform spatially resolved spectroscopy. The

exposure times quoted are the average exposure times of the MOS1 and MOS2 imag-

ing spectrographs. We provide both the original unfiltered exposure time tMOS and

the final flare-filtered exposure time tMOS,ff for each exposure. All MOS exposures

were taken in Full Frame mode.

We only analyze the MOS data because XMM-ESAS, a quiescent background

modeling software that effectively models the time-variable instrument and particle

background spectra, is only available for MOS and because the XMM reflection

grating spectrograph (RGS) does not offer the necessary field-of-view or sensitivity.

We use XMM Science Analysis Software (SAS) 6.5 and FTOOLS 5.3.1 to reduce

the MOS data and create any XMM calibration or ancillary data.

The MOS data are prepared for further analysis as follows. We run the EM-

CHAIN task on the original data products to generate the event lists for each

observation. We use recent calibration files (January 2006), which take into account

both the spatial and temporal variability of the MOS response (Stuhlinger et al.,

2006). We choose all events, without any restriction on the energy range, with

(PATTERN ≤ 12) to filter out cosmic rays and other non-X-ray events. We set

((FLAG & 0x766a0f63) == 0) to remove any bad pixels and retain the events that
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Table 2.2. X-ray data properties

Name Obs ID1 Date Type2 Filter tMOS tMOS,ff router

(ks) (ks) (arcmin)

Abell 496 0135120201 2001 Feb 01 XSA Thin 29.5 16.1 10

Abell 1651 0203020101 2004 Jul 01 GO Thin 15.2 8.0 6

Abell 2811 0404520101 2006 Nov 28 GO Medium 24.4 22.7 5

Abell 2877 0204540201 2004 Nov 23 XSA Thin 21.9 20.1 10

Abell 2984 0201900601 2004 Dec 27 XSA Thin 29.2 27.2 4

Abell 3112 0105660101 2000 Dec 24 XSA Medium 23.3 22.4 6

Abell 3693 0404520201 2006 Oct 14 GO Medium 34.6 29.4 3

Abell 3705 0203020201 2004 Oct 06 GO Medium 24.4 13.9 6

Abell 4010 0404520501 2006 Nov 13 GO Thin 19.6 18.5 6

Abell 4059 0109950101 2000 Nov 24 XSA Thin 29.4 12.4 9

Abell S 84 0201900401 2004 Dec 04 XSA Thin 34.6 17.7 4

Abell S540 0149420101 2002 Oct 11 XSA Medium 18.0 11.1 8

1XMM-Newton observation identification.
2XSA denotes data from the XMM-Newton Science Archive; GO denotes data from

our Guest Observer programs.
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fall outside the field-of-view, namely in the unilluminated “corner” pixels used later

for the background analysis.

2.3.2 Background Subtraction

Various sources contribute background to the observations: 1) soft proton flares,

which render the data coincident with the flare useless, 2) a quiescent low-energy

particle background, which exists even when no flares are present and is independent

of the observed field, and 3) a “cosmological” background, which consists of resolved

and unresolved sources in the field of view (for a complete review see Snowden et

al. (2008)).

XMM-Newton observations are plagued by flaring problems from the satellite’s

passage through the Earth’s radiation belt and proton clouds. These flares are

typically caused by soft protons that are funneled into the telescope through the

focusing optics and impinge on the detector. We remove these transient events

before further analysis by excising all events for which the 2.5 to 8.5 keV count rate

exceeds a specified threshold within a time interval of 1 second. We determine the

appropriate threshold value by generating a histogram of the count rate, fitting a

Gaussian to the distribution to obtain the mean and dispersion σctr, and identifying

the count rate that is 2.5σctr above the mean. We remove events in time intervals

where the rate exceeds this threshold and iterate this procedure twice. The final

integration times after flare-filtering are given in Table 2.2. This filtration is fairly

rudimentary because it is insensitive to low intensity proton flares. We account for

this transient component in our spectral fitting (see §3.4 for details). In general,

we find > 50% of the integration time of any given X-ray observation is useable for

further analysis.

The second background source consists of X-rays generated within the instru-

ment by the constant flux of low energy protons impinging on the detector and the
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surrounding housing. This background, both in the form of spectral lines due to

fluorescence (Al and Si Kα) and continuum, changes temporally and spectrally, and

is present even when no flaring is observed. All observations must be corrected for

it. We use the techniques outlined by Kuntz & Snowden (2008) and implemented

in the XMM-ESAS package for the quiescent particle background subtraction.

The procedure outlined by Kuntz & Snowden (2008) is a step-up in sophistication

from typical quiescent background subtraction techniques, which simply scale filter-

wheel closed (FWC) data to match the corner pixel (i.e., dark) count rates. The

quiescent particle background is known to vary temporally in spectral shape and in

strength over long time scales (i.e., over several orbits). Corner pixels, which are not

exposed to photons because they lie outside of the field-of-view, are exposed only to

this background over the same time interval as the observation. Kuntz & Snowden

(2008) characterize the observed corner pixel spectra using two spectral parameters:

the high energy (2.5 to 12.0 keV) power law slope and the hardness ratio, which is

the 2.5− 5.0 keV to 0.4− 0.8 keV band flux ratio.

There are too few corner pixel counts to generate a background spectrum with

sufficient S/N. Their method uses a database of FWC observations and extracts

corner pixel data with similar slopes and hardness ratios for each MOS chip to

augment and improve the S/N of the corner pixel spectrum of the observation. The

background spectrum within the region of interest is created by multiplying the

corner spectrum derived for each chip by the ratio of FWC object region spectrum

and the FWC corner pixel spectrum. Lastly, for a specified source region they

combine the individual background components derived for each of the 7 chips using

appropriate weights based on each chip’s coverage of the source region and create a

single background spectrum.

We discuss our methods for addressing the “cosmological” background in the
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next section.

2.3.3 X-ray Data: Spectroscopy

To measure abundance and temperature profiles, we generate spatially resolved

spectra for circular annuli centered on the clusters. We first identify the cluster

center, set the annuli, locate point sources within each annulus, and remove point

sources. We find the cluster center on a surface brightness map. Then, we radially

bin the data in multiple annuli of variable widths ranging from 30 to 300 arcsec

to obtain the highest radial resolution while maximizing the signal-to-noise in each

bin. We choose 30 arcsec as a lower limit to minimize PSF blending effects between

adjacent bins. The binning choice varies for each cluster and is a function of the

signal-to-noise of a particular observation. To remove point sources, we generate

an image of each exposure and use the CIAO (Chandra Interactive Analysis of

Observations) 3.3 wavelet source detection utility, WAVDETECT. For each source,

we obtain from WAVDETECT the elliptical aperture that contains 99.73% (within

3σ of a Gaussian distribution) of the source light. Elliptical apertures are necessary

due to the off-axis changes in the XMM-Newton PSF. We visually inspect each

source list and associated elliptical apertures to remove any spurious detections and

ensure that the source extraction regions are large enough. We generate a region

file containing the acceptable (point-source free) pixels in each bin.

Next, we extract spectra and correct for the particle background spectrum. Us-

ing scripts available in XMM-ESAS that implement in the Kuntz & Snowden (2008)

algorithm for determining the particle background, we generate particle-background

spectra that we subtract from our annularly binned cluster spectra. We compare

the background and observed spectrum within an annulus to ascertain the quality

of flare-filtering. At high energies (>10 keV) where the telescope sensitivity is effec-

tively zero, we do not in any case find that the background spectrum significantly
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deviates from the observed spectrum, indicating that the flares were effectively re-

moved. If there remains low-level flaring, which cannot be detected by the above

technique, we remove it by explicitly modeling it in our spectral fits as discussed

below.

Using GRPPHA, we group all of the response and background files together per

spectrum, and we bin both the observed and background spectra to have 50 counts

per energy bin, which ensures Gaussian statistics. Ideally, we would want to con-

struct energy bins to maximize signal-to-noise, but GRPPHA does not have this fea-

ture. Count-binning is adequate for bins that are source count dominated, but inad-

equate for annuli that are particle background dominated. If the background counts

are >25% of the signal counts, the high energy tail of the background-subtracted

spectrum has very few counts, which results in a noisy spectrum.

We use XSPEC 11 to fit physical models to the data and obtain measurements

of temperature and chemical abundance. We fit to the 0.5 − 10 keV region of the

spectrum, because it covers the Fe L-shell (∼ 1 keV) and Kα (6.7 keV) transitions,

which are useful in determining the Fe abundance. XMM-Newton is known to have

calibration issues at lower energies (Kirsch et al., 2005) and there are too few counts

at energies greater than 10 keV. This range is required for proper determination of

the continuum level and for characterizing the instrument background (Snowden et

al., 2008). We use a complete model that accounts for the source, sky background,

and instrumental emission, and fit all of the annuli simultaneously. Our model of the

sky background includes emission from the local hot bubble, a residual soft proton

flare background, and unresolved X-ray sources. We assume the cosmic background

is constant over the field-of-view. Although this assumption is not entirely correct —

the galactic X-ray background is patchy over scales of a few arcmin — it is reasonable

because the XMM-Newton field-of-view is 30 arcmin, which effectively averages out
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small-scale variations. To constrain the low energy end of the background, we use

additional ROSAT All Sky Survey (RASS) data, which covers the 0.1 − 2.4 keV

spectral range. We use the X-ray background tool at HEASARC that culls the

RASS database to obtain a ROSAT position sensitive proportional counter (PSPC)

spectrum of the annular region 1 to 2 degrees from the center of the cluster and the

associated PSPC response file. Most of the emission in the 0.1 − 2.4 keV range is

“background” because the cooler galactic plasma (0.1 keV) emits more efficiently at

these energies than the cluster plasma (∼ 2 to 10 keV), therefore the PSPC spectrum

provides a critical constraint to the soft cosmic background.

We now fit the multicomponent model and follow to a large extent the prescrip-

tion outlined in Snowden et al. (2008). The actual fitting procedure begins with

the application of the IDL findspeclim routine to find the upper and lower spectral

channels that correspond to the upper and lower energy limits (0.5 − 10 keV). We

then run genfitfile.pl, with known column density (NH) derived from the Dickey &

Lockman (1990) HI survey (using the HEASARC nH tool) and the cluster redshift

from the NASA Extragalactic Database (NED) or our own data (Gonzalez et al.,

2007), to generate an XSPEC initial fit file. We simultaneously fit both the MOS1

and MOS2 data as well as the PSPC data with XSPEC using the following XSPEC

model expression: “model bknpower/b + gaussian + gaussian + constant( apec + (

apec + apec + powerlaw )wabs + ( apec )wabs”. bknpower/b is a broken power law,

which is independent of the telescope’s collecting area, that models any residual soft

proton flares and takes the following functional form:

f(E) = κE−α E ≤ E0

= κEβ−α
0 E−β E ≥ E0 (2.1)

where f(E) represents the flux of the model as a function of energy E, κ is the

normalization constant, α and β are power law exponents, and E0 is the break
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energy. We fix the break energy at 3.3 keV and allow the exponents on either

side of the break to vary freely along with the model’s flux normalization. We

assume that the soft proton flux is constant over the instrument, and we use the

data from all annuli scaled appropriately by the annular area (in units of arcmin2) to

constrain these parameters. The two Gaussians, signified by gaussian in the XSPEC

model expression above, represented in the analytical expression below model the

instrumental X-ray florescence lines: Al Kα (1.49 keV), which is especially apparent

in annuli with few cluster counts, and Si Kα (1.74 keV). The model flux is then

f(E) =
κ

σ
√
2π

exp

[

1

2

(

E −E0

σ

)2
]

, (2.2)

where κ is the normalization constant, E0 is the line center, and σ is the line width.

Kuntz & Snowden (2008) have shown that the strength of these lines vary with

each chip in the MOS instrument, so we fit for the flux normalization of these lines

for each annulus while keeping the line energies and widths fixed. We initially also

allowed the widths to vary but the best fit width values were < 0.01 eV, which is

less than the MOS spectral resolution.

The remainder of the parameters model the cosmic background and the source.

apec (Smith et al., 2001) is a collisional plasma model with the following free-

parameters: temperature (T ), chemical abundance (Z), redshift (z), and flux nor-

malization (κ). wabs (Morrison &McCammon, 1983) implements a neutral hydrogen

column photo-electric absorption model and is parameterized by NH . The constant

accounts for the solid angle each annulus subtends on the sky (in arcmin2). For

each annulus, we fix the value of the solid angle by appropriately scaling the value

computed by SAS BACKSCALE, a utility that counts the number of square pix-

els within a given detector area. This is necessary to equally weight the fitting of

background parameters over all annuli. The background is modeled with 4 com-

ponents: the local unabsorbed hot bubble (apec, T ∼ 0.1 keV, Z = Z⊙), the cool
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absorbed galactic halo (apec, T = 0.1 keV, Z = Z⊙, usually a negligible component),

the warm absorbed galactic component (apec, T ∼ 0.3 keV, Z = Z⊙), and an un-

resolved extragalactic background. The extragalactic background is modeled as a

power law in energy with an index of 1.41 and a flux normalization of 8.88 × 10−7

counts sec−1 keV−1 arcmin−2. We fit the neutral hydrogen column of the absorbed

models using the HI column density observed at the location of the cluster (Dickey

& Lockman, 1990) as an initial guess. Lastly, the cluster emission itself is modeled

with an apec model. For each annulus, all parameters for both MOS1 and MOS2

spectra are tied together. We fix the redshift of the cluster to that in NED or to our

own measured value (Gonzalez et al., 2007). We adopt Anders & Grevesse (1989)

solar photospheric abundances. We use χ2 minimization to obtain best fit values.

The fits provide a measure of the cluster temperature, Fe abundance, and flux nor-

malization for each annulus. The maximum radius of our spectral fits, rspec, given

in Table 2.3 is determined to be the radius within which the fractional error of the

derived cluster abundance does not exceed 50%.

2.3.4 X-ray Data: Imaging

2.3.4.1 Generation of Smoothed Maps

Our principal objective for the imaging is to examine the cluster morphologies,

generate surface brightness profiles, and perform surface brightness fits. We take

the MOS1 and MOS2 flare-filtered event lists of each target and generate a soft

(0.3 − 1.25 keV) and a hard (2 − 8 keV) image. We choose these energy ranges

to avoid contamination from the Al and Si Kα fluorescence lines. We generate

exposure maps with EEXPMAP for each image, which are used to flatten the data

and remove vignetting. We create bad pixel masks using EMASK. We identify bad

columns by searching for steep gradients in the exposure map and remove them

using the gradient parameter in EMASK. Using the source region files produced for
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Table 2.3. X-ray derived cluster hydrogen gas mass

Name rspec rspec/r500 MH,rspec MH,r500

(kpc) (1012 M⊙) (1013 M⊙)

Abell 0496 392.7 0.38 6.1+0.1
−0.1 2.85+0.14

−0.12

Abell 1651 570.5 0.41 17.8+0.2
−0.2 6.60+0.16

−0.16

Abell 2811 590.5 0.49 15.5+0.2
−0.2 3.90+0.01

−0.01

Abell 2984 458.9 0.70 4.4+0.2
−0.2 0.77+0.03

−0.04

Abell 3112 511.9 0.39 12.08+0.09
−0.09 4.45+0.06

−0.07

Abell 3693 399.7 0.28 5.0+0.1
−0.1 3.65+0.18

−0.18

Abell 4010 642.0 0.74 12.2+0.2
−0.2 1.93+0.04

−0.04

Abell 4059 501.9 0.56 8.4+0.1
−0.1 2.09+0.03

−0.03

Abell S 84 481.0 0.68 6.0+0.2
−0.2 1.01+0.04

−0.05

Abell S540 339.8 0.32 2.33+0.05
−0.05 1.41+0.07

−0.07
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spectral fitting, we mask out point sources. For each image, we use XMM-BACK-

IMAGE to generate a corresponding particle background image. We mosaic the

background-subtracted images to form a single 0.3 − 8 keV image. If the data at

a given sky position are available in multiple exposures, we add the fluxes. If data

are available at a given sky position from only one pixel, we scale the flux up to

the total exposure time. If data are not available at a given sky position, i.e., if the

corresponding pixel is masked in both MOS exposures, we set the image value to

zero.

To produce higher signal-to-noise images, we adaptively smooth the mosaicked

image using ASMOOTH. Our goal is signal-to-noise ∼ 20 over the cluster, and

so we choose a maximum kernel width of 10 pixels (25 arcsec), no minimum size,

and ignore image values of zero. We present the smoothed images in Figure 2.1.

Contours are spaced logarithmically and the lowest contour is set at a fixed value of

2.0 × 10−6 counts s−1 arcsec−2 chosen to be unaffected by the noise present in the

smoothed image.

2.3.4.2 Surface Brightness Fitting

To measure and model the Fe mass, we require a measurement of the gas density

profile. We derive this density profile from the 2D surface brightness profile fitting of

MOS images and the spectral fits. The surface brightness profile constrains the shape

of the gas density distribution, whereas the spectral fits provide the normalization

for that distribution. We use SHERPA, a versatile fitting package that is part of the

CIAO 3.3 distribution, to fit the 2D model. Starting with the particle-background-

subtracted, exposure-corrected images, we prepare these images for fitting by first

adding a small offset of 1.6 × 10−6 counts s−1 arcsec−2 for the soft band and 3.2 ×

10−6 counts s−1 arcsec−2 for the hard band, which excludes negative pixels. We

then multiply the images with an unvignetted exposure map and add the particle
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Figure 2.1 15′ by 15′ Digital Sky Survey (DSS) images with overlaid 0.3 − 8.0 keV
X-ray contours (particle background subtracted) for all observed clusters. The DSS
images are stretched by first carrying out a 3σ from the mean clip of all pixels.
The lower and upper limits of the stretched image are chosen to be the mean of
the clipped pixels and the mean plus 3σ, respectively. The point sources have been
removed in the smoothed X-ray maps used to generate contours. Contour intervals
are logarithmically spaced, spanning 5 intervals from the lowest value of 2×10−6

counts s−1 arcsec−2 to the peak value in the smoothed map. In general, the clusters
are “relaxed,” i.e. are roughly spherical, and the contours are centered about the
brightest cluster galaxy (BCG). Abell 2877 and 3705 are exceptions. The X-ray
centroid of the diffuse emission of Abell 2877 is not centered on the BCG. Abell
3705, which is the only BM Type III cluster in our sample, is not spherical and may
be in the process of a merger with the NW clump.
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background to the image. For this fit, we use the unvignetted exposure maps with

point source regions zeroed out, and convolve the model with the 2D point spread

function (PSF) generated by CALVIEW. Because we are fitting an extended source,

off-axis PSF effects are not as important, so we use the on-axis PSF over the entire

field. For simplicity and consistency with previous studies, we choose to fit the

canonical beta model (Cavaliere & Fusco-Femiano, 1978), which is a straightforward

relation between surface brightness IX(R) and volume density ρg(r):

IX(R) = IX(0)

[

1 +
(

R

rX

)2
]−3β+1/2

(2.3)

and

ρg(r) = ρg(0)

[

1 +
(

r

rX

)2
]−3β/2

, (2.4)

where the free parameters IX(0) and ρg(0) are model normalizations, rX is the core

radius, and β defines the rate at which these profiles decline with projected radius

R and unprojected radius r, respectively.

We model the background, which includes both the vignetting-corrected sky and

unvignetted particle background, with a constant term. This approach produces

consistent results with fits performed using blank-sky subtracted images in two

representative fields. For the blank-sky subtraction, we use the Carter & Read

(2007) blank-sky files that were observed though the same filter as our observations.

These files include both the particle and cosmic backgrounds. We cast the blank-sky

event list files into our sky coordinates and scale them to match the exposure time

of our exposures before carrying out the background subtraction.

For our fits, we simultaneously fit both the soft and hard band data, using

the respective unvignetted exposure maps. We use the Cash statistic, which is

appropriate at low count levels, to evaluate goodness-of-fit and the simplex algorithm

to find the best fit parameters. We look at residuals to determine if there are clusters
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with bright cores. In clusters with unusually bright centers (see Section 2.7 for more

details), we mask the central ∼ 30′′ and refit the data. The best fit for Abell 496

converges to one with zero background flux, which is unphysical. We attribute this

to large residual non-axis symmetric features found in the inner 4′ of the cluster (see

Figure 2.2). Such anomalies are rare and are discussed in the Appendix.

Initially, using a simple spherically symmetric beta model, we fit for the center,

core radius, β, and constant background level. The best fit had large residuals in

most cluster centers, (see Figure 2.3 for one representative case), which suggested

that we consider more complex models. Therefore, we included variable ellipticity

and position angle. This change improved the fits, and the resulting residuals were

no longer globally asymmetric; however, the statistical improvement was marginal.

Because cluster X-ray emission can have two temperature components (a lower tem-

perature, higher density component near the core, and a higher temperature, lower

density component at larger radii; Jia et al. (2004)), we then explored fitting two

elliptical beta models. The two component model performed only marginally better

than the single component model and had poorly constrained outer component pa-

rameters as well as β values that were unphysically large (> 2). We therefore adopt

our single component, spherical beta model fits to maintain consistency with our

spectral analyses, which use circular and not elliptical annuli, and to simplify our

mass calculation.

To account for the fact that we are observing surface densities but want to work

with volume densities, we must deproject the observations to normalize the density

model. To do this deprojection, we model the cluster as spherically symmetric with

a gas density profile that obeys Equation 2.4. We calculate the gas density using the

Abell transform and compute the central gas density that reproduces the derived

cluster apec normalization constant κ (given below) for each annulus, assuming
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Figure 2.2 0.3 − 8.0 keV 2D surface brightness fit residuals (15′ on each side) for
observed clusters. The data are smoothed by a 25′′ gaussian kernel to make the
residuals easier to see. The color bar is in units of counts. These residuals are not
normalized by the total observation time. Several cluster residuals have a distinct
quadrupole pattern that is an artifact of carrying out a circularly symmetric model
fit to an intrinsically elliptical surface brightness distribution. However, several
clusters reveal real minor substructure that is clearly asymmetric. An extreme case
is Abell 496, where there is an apparent spiral structure leading to the center of the
cluster. Abell 3112 shows an extended tail to the southwest. Abell 3705’s residuals
show a very poor fit due to the cluster’s high asymmetry and the data’s low signal-
to-noise. In Abell 3693, there is a bright clump to the southeast. Abell 4059 has
a filamentary structure near the center. Overall, the observed substructure does
not significantly impact our analyses, as evidenced by the acceptable χ2 values we
obtain for most cluster surface brightness fits.
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Figure 2.3 Abell 3112 2D surface brightness profile (10′ on each side) fitting residuals.
The data are smoothed by a 25′′ gaussian kernel to make the residuals easier to see.
The color bar is in units of counts. The original data with the point sources removed
are shown in the top left. This plot illustrates the ability of different types of models
to fit the observed surface brightness. Spherically symmetric model fits (top right)
result in asymmetric residuals because of the elliptical nature of cluster emission;
a single component elliptical beta model (bottom left) fits fairly well, but only
marginally better than the spherical fit. Adding an additional beta model (bottom
right) to the fit again only improves the fit marginally.
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nH = 0.82ne (Pizzolato et al., 2003):

κ =
10−14

4π(DA(1 + z))2

∫

nenHdV, (2.5)

where DA is the angular diameter distance (in cm), z is the redshift, ne and nH are

the electron density and the Hydrogen density in cm−3, respectively. We average the

central gas densities derived from fitting to individual annuli for use as the central

gas density ρH(0). We compute masses by integrating Equation 2.4.

2.3.5 Monte Carlo Error Modeling

We determine all central density and cluster mass errors through Monte Carlo sim-

ulations. We adopt the spectral and radial profile best fit values and the 1σ errors

derived by XSPEC and SHERPA. The error distribution is modeled as Gaussian.

SHERPA’s projection function carries out its own proper Monte Carlo simulation

for a given fit and returns asymmetric 1σ errors. We model the asymmetric errors

with two Gaussians. We carry out 2000 trials per cluster where for each trial we

generate new values of spectral normalization, abundance, β, and rX , and compute

the masses. The resulting distribution of derived masses is slightly asymmetric,

but centrally peaked. Increasing the number of trials does not change the resulting

distribution. Using the resulting distribution of mass estimates, we evaluate our 1σ

confidence limits.

2.3.6 X-ray Luminosities

We measure cluster X-ray luminosities by combining the beta profile and spectral

fits. Therefore, we can only do this for clusters where we were able to fit a beta

profile, which excludes Abell 2877 and 3705. We first compute the luminosity en-

closed within the radius of our spectral fit by using the normalization parameters of

the apec model for each annulus. To determine the luminosity lying outside of the

spectral fit radius, we extrapolate the luminosity out to r200 using the beta model
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fit. To accurately quantify the errors in this luminosity, we carry out a Monte Carlo

simulation using XSPEC 12. We first load the best fit spectral model into XSPEC

and compute new parameters drawn from a multivariate gaussian for each trial. We

then use these new parameters to derive the new luminosity of the cluster within

the spectral fit radius after zeroing out all background components. This procedure

adequately accounts for the error in the complete spectral model rather than in just

a simple model considering only cluster emission. We also include the errors in our

surface brightness fit in our Monte Carlo simulation when we compute the total

X-ray luminosity within r200. We carry out a total of 200 trials and tabulate our

results in Table 2.1.

2.4 Results

2.4.1 Cluster Morphology and Profiles

The X-ray cluster emission from our sample clusters is generally smooth, mildly

elliptical, and centered on the BCG. In Figure 2.1, we show the 0.3− 8.0 keV X-ray

contours overlaid over the corresponding Digital Sky Survey5 (DSS) field. Abell

3693 has a clump to the southeast, although the central cluster appears relaxed.

Abell 2877 and 3705 are exceptions that do not appear to be dynamically relaxed.

Abell 2877’s diffuse emission is not centered on the BCG. Moreover, Abell 2877’s low

signal-to-noise and a bright, nearly central (2 arcmin from the cluster center) point

source complicates the analysis. The NED database indicates that A2877 consists

of two superposed clumps, which further suggests that it is unrelaxed. Abell 3705

has asymmetric, unsmooth contours and a clump to the northwest, and it is our

5The Digitized Sky Surveys were produced at the Space Telescope Science Institute under
U.S. Government grant NAG W-2166. The images of these surveys are based on photographic
data obtained using the Oschin Schmidt Telescope on Palomar Mountain and the UK Schmidt
Telescope. The plates were processed into the present compressed digital form with the permission
of these institutions.
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sole BM Type III cluster. Because we model our clusters as relaxed and symmetric

objects, the results for these two clusters are suspect.

In the left panel of Figure 2.4, we plot the 1D surface brightness profiles with the

point sources and particle background removed. Error bars represent the standard

deviation of the mean surface brightness value for a given bin. Our results from

fitting the single 2D beta model fits are in Table 2.4, and the radially averaged

surface brightness fit residual profile (in units of χ) is presented in a sub-panel

beneath each cluster’s surface brightness profile. We also compute 1D χ2 values

using our best fit 2D model, which serve as an additional measure of the goodness-

of-fit. Our fits to Abell 2877 and 3705 yield unphysical β and rX . We do not quote

errors for Abell 2877 fit parameters because SHERPA’s Monte Carlo error estimator

fails to converge on a result. Because of the evidence suggesting that Abell 2877 and

3705 are unrelaxed, we do not include either in our final BCG+ICS versus cluster

galaxy enrichment comparisons.
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Table 2.4. Best fit 2D beta model parameters

Name β rX nH,0 χ2
DOF

1

(kpc) (cm−3)

Abell 0496 0.473+0.001
−0.001 21.1+0.3

−0.3 0.033+0.002
−0.002 6.6

Abell 1651 0.549+0.006
−0.006 90.7+2.5

−2.5 0.010+0.005
−0.004 1.3

Abell 2811 0.66+0.01
−0.01 141.7+3.7

−3.6 0.006+0.003
−0.003 1.1

Abell 2877 0.28 0.38 – 2.9

Abell 2984 0.501+0.009
−0.008 33.6+2.2

−2.6 0.012+0.001
−0.001 1.2

Abell 3112 0.564+0.003
−0.003 51.6+1.1

−1.2 0.020+0.001
−0.001 1.7

Abell 3693 0.52+0.01
−0.01 82.0+5.5

−4.8 0.0052+0.0006
−0.0005 1.7

Abell 3705 – – – –

Abell 4010 0.500+0.004
−0.003 24.2+0.9

−0.9 0.031+0.002
−0.002 2.8

Abell 4059 0.497+0.004
−0.004 43.1+1.1

−1.0 0.013+0.006
−0.005 1.1

Abell S 84 0.58+0.01
−0.01 66.8+3.5

−3.4 0.0078+0.0007
−0.0006 1.3

Abell S540 0.49+0.01
−0.01 39.4+2.8

−3.1 0.0074+0.0009
−0.0007 1.2

1One-dimensional χ2 value normalized by the degrees of

freedom (DOF).



49

Figure 2.4 Surface brightness [0.3−8.0 keV] profiles and 1D fit residual in units of χ
(left), temperature profiles (middle), and metallicity profiles (right) of the sample of
clusters. The particle background has been subtracted from the surface brightness
profiles, leaving only the cosmic background. Several clusters with cool cores have
temperature profiles that rise from the center, peak, and then drop at larger radii.
A majority of the clusters have radial abundance gradients that flatten to Z ∼
0.3 ZFe,⊙ at large radii. The two clusters (Abell 1651 and 2811) with no obvious
abundance gradients are also isothermal. Abell 3705 has such low signal-to-noise
that its surface brightness fit fails to converge, as shown by its residual plot.
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Fig. 2.2 — Continued.
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2.4.2 Cluster Spectral Fits

We plot the results of our spatially-resolved spectral fitting in Figure 2.4 with tem-

perature profiles in the middle panel and chemical abundance profiles in the right

panel. Error bars denote 1σ values derived using XSPEC. Several of our clusters

have cool cores and steeply declining abundance gradients that peak at ∼ ZFe,⊙ and

fall to the canonical value of 0.3 ZFe,⊙ at large radii. These results illustrate the

importance of spatially-resolved spectroscopy out to large radii. Only four of our

clusters, Abell 1651, Abell 2811, Abell 3693, and Abell 3705, do not show steep abun-

dance gradients. Although the conventional wisdom is that clusters with isothermal

profiles typically do not have abundance gradients (De Grandi & Molendi, 2001), we

see here that even clusters that appear isothermal, Abell 2984, S84, and S540, have

abundance gradients. In addition to abundance gradients, a few of our clusters show

declining temperatures at large radii. This may be an artifact of the spectral fitting

arising from an over-subtracted background, but similar declines are observed by

Vikhlinin et al. (2005) in their Chandra study of multiple clusters using a different

analysis, and by Snowden et al. (2008), which suggests a physical effect.

2.4.3 Intracluster Gas and Fe Masses

We use the following prescription to calculate the deprojected gas mass within any

specified radius, which we determine by integrating the volume gas density profile

(Eq. 2.4). We choose to evaluate quantities to a radius of r500, the radius at which

the cluster mass density is 500 times the Universe’s current mass density and the

largest radius for which gas and stellar mass measurements are available for most

clusters. Reaching this radius often requires some extrapolation, so we also quote

gas mass values out to the maximum radius of our spectral fits, rspec.

Using the volume gas density profile, we compute the unprojected hydrogen

gas mass enclosed within each annulus used in our spectral fits, multiply it by
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the spectrally-derived abundance to obtain Fe mass, and then use the solar pho-

tospheric Fe/H mass fraction (0.0026; Anders & Grevesse, 1989) to determine the

physical quantity of Fe in solar masses present in that radial bin. For r > rspec,

we assume a constant abundance equal to that at rspec. The recently revised solar

values (Asplund et al., 2005) do not affect our results because our spectral fits also

use the Anders & Grevesse (1989) solar photospheric abundances and the derived

Fe abundances should thus scale linearly with the difference between the two solar

abundance catalogues. We present the calculated hydrogen and Fe masses in Ta-

bles 2.3, 2.5, and 2.6. Typically, the extrapolation is less of an issue for gas masses

than for Fe masses because the surface brightness fits that constrain the shape of

the gas density extend farther than rspec. Gas masses provided in these Tables are

for hydrogen (H) because abundances are quoted relative to H by convention. To

obtain the total gas mass, one must account for the mass fraction of helium and

multiply the hydrogen gas mass by 1.33 (assuming primordial relative abundance).

This adjustment is done in §2.4.5 for the comparison of our gas mass estimates with

those presented in other studies.

2.4.4 Systematic Error arising from Spherical Symmetry Assumption

One possible source of systematic errors that could affect both our and previous

studies is the assumption of spherical symmetry. Even relaxed looking clusters are

often elliptical (Figure 2.1). Because the gas mass prediction is critically linked to

the assumed geometry of the system, we test how the spherical assumption affects

our results by carrying out the analysis on gas distributed in different ellipsoidal

geometries. We start with the model gas density prescription outlined with β = 2/3

and rX = 5 in §2.3.4.2, and recast it into an elliptical form:

ρg(x, y, z) ∝
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Table 2.5. Deprojected BCG and ICS Fe contribution out to rspec.

Name MFe,rspec MFe,BCG,rspec MFe,ICS,rspec MFe,BCG+ICS,rspec
MFe,BCG+ICS

MFe,rspec

Abell 0496 5.7+0.4
−0.4 – – 5.8 1.02+0.17

−0.17

Abell 1651 16.9+2.8
−2.7 7.5 3.5 11.0 0.65+0.14

−0.15

Abell 2811 15.1+2.5
−2.4 1.8 8.5 10.2 0.68+0.15

−0.15

Abell 2984 4.9+0.8
−0.7 1.1 8.9 10.0 2.03+0.42

−0.45

Abell 3112 12.1+1.2
−1.1 1.0 10.6 11.6 0.96+0.17

−0.17

Abell 3693 4.5+1.1
−1.1 1.7 4.9 6.7 1.48+0.43

−0.43

Abell 4010 16.6+2.8
−2.9 1.7 8.3 9.9 0.60+0.14

−0.14

Abell 4059 7.4+1.0
−1.0 – – 6.4 0.86+0.17

−0.17

Abell S 84 7.5+1.3
−1.4 0.4 7.7 8.1 1.08+0.26

−0.25

Abell S540 2.4+0.3
−0.3 – – 6.6 2.77+0.54

−0.54

Note. — All Fe masses are in 109M⊙ units. These results are derived from our

baseline PEGASE model (Fioc & Rocca-Volmerange, 1997), which reproduces the

present-day current cluster early-type SNIa rate (Mannucci et al., 2008). For the

two-component SN Ia model values, divide the BCG and ICS Fe masses, and the Fe

fractional contributions by 1.39.
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Table 2.6. Deprojected BCG and ICS Fe contribution out to r500

Name MFe,r500 MFe,BCG,r500 MFe,ICS,r500 MFe,BCG+ICS,r500
MFe,BCG+ICS

MFe,r500

Abell 0496 23.3+3.4
−3.0 – – 6.5 0.29+0.06

−0.06

Abell 1651 61.9+13.6
−12.9 7.7 4.5 12.2 0.20+0.05

−0.05

Abell 2811 39.0+8.9
−8.5 1.8 9.5 11.3 0.29+0.08

−0.08

Abell 2984 5.9+1.0
−1.0 1.1 10.0 11.1 1.88+0.43

−0.43

Abell 3112 36.0+7.3
−6.7 1.0 12.1 13.1 0.36+0.09

−0.09

Abell 3693 34.6+12.9
−13.9 1.8 8.1 9.8 0.28+0.12

−0.11

Abell 4010 24.9+4.9
−5.2 1.7 8.9 10.5 0.42+0.11

−0.11

Abell 4059 14.7+3.8
−3.8 – – 6.9 0.47+0.14

−0.14

Abell S 84 12.3+2.2
−2.5 0.4 8.1 8.4 0.69+0.17

−0.16

Abell S540 5.7+2.3
−1.5 – – 7.3 0.55+0.15

−0.15

Note. — All Fe masses are in 109M⊙ units. These results are derived from our

baseline PEGASE model (Fioc & Rocca-Volmerange, 1997), which reproduces the

present-day current cluster early-type SNIa rate (Mannucci et al., 2008). For the

two-component SN Ia model values, divide the BCG and ICS Fe masses, and the Fe

fractional contributions by 1.39.
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where the ǫ’s are the ellipticities along each of the three principal axes. We cal-

culate the gas density on a 4013 grid with the line-of-sight along the z-axis. We

generate five different models: a spherical one, two oblate spheroids with ellipticities

(ǫx = 1, ǫy = 0.7, ǫz = 1) and (1, 1, 0.7), respectively, and two prolate spheroids with

ellipticities (1, 0.7, 0.7) and (0.7, 0.7, 1), respectively. We also bound all of the distri-

butions such that ((x− xcen)/ǫx)
2 + ((y− ycen)/ǫy)

2 + ((z− zcen)/ǫz)
2 < r2max where

rmax = 200. Because the X-ray emission is thermal bremsstrahlung, we compute

a surface brightness map by assuming isothermality, squaring the density profile,

and integrating along the line of sight. We generate radial profiles by azimuthally

averaging the surface brightness map.

Figure 2.5 shows that the spherical model has the highest surface brightness,

followed by the oblate and then prolate cases. By normalizing the profiles at a given

radius, we see similarities in the projected profiles despite the different geometries;

for example, all have similar slopes after the knee in the curve, which means that

they have similar β values. Starting with a cluster profile as shown in the right

panel of Figure 2.5, we compute the gas mass for each ellipsoidal geometry and

compare to the spherical case. We determine the upper and lower error bounds for

the oblate and prolate cases. For the oblate case, the error ranges from +19.5% to

+11.5%, relative to the spherical case, where the largest error corresponds to the

cluster being flattened along the line of sight. For the prolate case, the upper and

lower bounds are +17.5% and +25.9%, where the worse case error arises when the

cluster is flattened along the line-of-sight. We conclude that, except for extreme

geometries, the error arising from our spherical assumption is likely to be ∼ 15%.

2.4.5 Comparison with Previous Work

As a check on our procedures, we compare our temperature, luminosity and gas

mass measurements to those from previous studies. We first compare our luminosity
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Figure 2.5 Testing systematic errors arising from the spherical symmetry assump-
tion. In the left panel we show the azimuthally averaged surface brightness profile
for a range of shapes (the legend provides ǫx, ǫy, ǫz for each model). Although the
different clusters are offset in surface brightness the profiles are similar in shape.
The right panel demonstrates this to be the case after we normalize the profiles at
r = 25. These two plots suggest that intrinsic shape differences should not lead to
dramatic differences in profile parameters other than the normalization, except at
very large or small radii. The bias is for elliptical clusters to be fainter than the
corresponding spherical cluster.
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measurements with the REFLEX (Böhringer et al., 2004) values for the systems that

we have in common. To do so, we recompute our 0.1−2.4 keV luminosity within the

REFLEX aperture. In the left panel of Figure 2.6, we show the fractional difference

between our respective luminosity measurements. In general, we agree to within

20% and there is no systematic trend with cluster velocity dispersion. There are a

few significant outliers, such as Abell 2984 and 3693, for which our luminosities are

lower by as much as 60%. There is no clear explanation for this discrepancy. We

also compare the peak temperatures for seven of our clusters with those found in

the BAX database (Sadat et al., 2004) in the right panel of Figure 2.6. In general,

the values are consistent. Our values are systematically higher for four clusters

(three of which have cool-cores), but this shift is likely to arise from our use of

peak temperatures instead of emission-weighted temperatures, which are usually

dominated by cool-cores. The one exception is Abell 2811, which has an isothermal

temperature profile.

We also compare our spectral fit values for the three clusters, Abell 496, 3112,

and 4059, that are in the recent cluster catalogue released by Snowden et al. (2008)

with temperature, abundance, and surface brightness profiles. In all cases, our

profiles are consistent with those derived by Snowden et al. (2008). We do see a

small systematic offset in the temperature profile of Abell 3112, but the difference

is less than 10%. In general, Snowden et al. (2008) measure temperatures to larger

radii, but they measure abundance values to similar radii as we do. We do not

attempt to extend our temperature fits to larger radii as that is not the focus of this

paper.

Lastly, we carry out gas mass comparisons, which reflect on our ability to ulti-

mately determine Fe masses. We search the literature for gas mass measurements

within r500 for our clusters (Reiprich, 2001; Castillo-Morales & Schindler, 2003; Pif-
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Figure 2.6 Left: Differences in the 0.1 − 2.4 keV luminosities determined by this
work (LX) and those from REFLEX (LREFLEX ; Böhringer et al., 2004) within an
aperture defined by the REFLEX ROSAT observations. The measurement differ-
ences for most clusters fall within the 20% envelope, although our measurements
tend to be brighter than theirs at higher velocity dispersions. Right: Differences
in temperatures determined by this work (TX) and those from the BAX database
(TBAX) for seven clusters. Three out of four clusters (Abell 496, 3112, and 4059)
with systematically lower temperatures in BAX have cool-cores. We expect the BAX
temperatures, typically derived using emission-weighted methods, to be systemat-
ically lower than our peak temperatures in such cases. However, according to our
spectral fits, the fourth cluster, Abell 2811, is isothermal, suggesting its discrepancy
is real.



59

faretti et al., 2005) and tabulate the results of our comparisons in Table 2.7. For the

comparison, we determine the gas mass interior to the r500 defined in each compari-

son study and convert to their cosmologies. We hereafter refer to Einstein-de Sitter

cosmology (Ωm = 1, ΩΛ = 0, H0 = 50 km s−1 Mpc−1) as SCDM50. The methods

used in papers with ROSAT data (Reiprich, 2001; Castillo-Morales & Schindler,

2003) involve fitting a projected gas mass profile to the observed surface brightness

distribution, with slight variations in the choice of fitting function, although use

of the beta profile is common. Our gas masses are consistent to within our un-

certainties for one of three clusters, Abell 3112, from Castillo-Morales & Schindler

(2003). For Abell 496 and 1651, the results differ by 18% and 11%, respectively,

but Castillo-Morales & Schindler (2003) do not provide error estimates for their gas

masses so we cannot judge the significance of this disagreement. Our results agree

with those of Reiprich (2001) for five clusters.

We also compare our gas mass values with those of Piffaretti et al. (2005), who,

like us, use XMM-Newton observations. Our masses are systematically higher than

theirs by as much as 50% for the same LCDM70 cosmology. They employ a more

sophisticated spectral deprojection technique to derive their masses, yet our applica-

tion of a deprojection technique to one of our clusters suggests that this makes only

a modest change and is not responsible for the difference. Instead, the discrepancy

arises from the gas density profiles. Our gas densities, independent of radius, are

consistently higher than theirs by a factor of ∼ 1.6.

If the Piffaretti et al. (2005) results are closer to the correct value, which would

suggest that all previous ROSAT measurements are incorrect, we are overpredicting

the cluster Fe mass by 40−50% and hence overstating any discrepancy between the

predicted Fe mass created by the ICS, BCG, and cluster galaxies and the measured

Fe mass in the ICM (§2.5.1). Therefore, we carry out an additional test by plotting
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Table 2.7. Cluster gas mass comparison with literature

Name r500 Ref Mg,r500 Our Mg,r500 Ref Cosmology

(kpc) (1013 M⊙) (1013 M⊙)

Abell 496 1420±30 6.9 8.4+0.5
−0.4 1 SCDM50

1240+20
−20 6.8+0.2

−0.3 6.8+0.3
−0.3 2 SCDM50

668±96 1.2±0.3 1.9+0.5
−0.4 3 LCDM70

Abell 1651 1550±50 12.4 14.0+0.6
−0.8 1 SCDM50

1730+70
−80 15.1+1.2

−1.2 16.4+0.9
−1.2 2 SCDM50

Abell 3112 1440+90
−140 9.4 9.4+1.4

−0.7 1 SCDM50

1530+110
−160 10.5+1.3

−1.6 10.2+1.6
−0.9 2 SCDM50

1048±317 2.8±0.6 4.3+2.1
−1.6 3 LCDM70

Abell 4059 1400+60
−60 6.4+0.6

−0.5 7.4+0.3
−0.6 2 SCDM50

1247±304 2.4±0.6 4.6+1.6
−1.7 3 LDCM70

Abell S540 1080+140
−120 2.4+0.8

−0.6 2.6+0.5
−0.5 2 SCDM50

Note. — r500 values taken from references.

References. — (1) Castillo-Morales & Schindler (2003); (2) Reiprich

(2001); (3) Piffaretti et al. (2005)
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Figure 2.7 Gas mass within r500 plotted against cluster velocity dispersion. The
diamond points are our clusters and the triangular points are the seven Vikhlinin
et al. (2006) X-ray clusters with known velocity dispersions. The dashed line is a
power law fit to the Vikhlinin et al. (2006) data, while the solid black line is the
fit to our data. The fits agree closely. We caution when interpreting results from
the lowest velocity dispersion clusters, because the relationship used to estimate the
r500 values is poorly constrained in that velocity dispersion range.

the relation between seven other clusters that have gas masses measured by Vikhlinin

et al. (2006) and velocity dispersions from the literature (see Gonzalez et al., 2007).

We then compare this relation to ours (Figure 2.7). We do not see a systematic

offset between the mean trends found in our data and the Vikhlinin et al. (2006)

data, suggesting further that our gas masses are accurate.

2.4.6 X-ray Scaling Relations

As a further test of our spectral fitting techniques and the accuracy of the velocity

dispersions of our clusters, we compare our sample to known LX − T − σ−optical

relations. We define the cluster temperature, which is a reflection of its dynamical
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Figure 2.8 Left: Cluster temperature (derived from peak cluster temperature) versus
cluster velocity dispersion. The text beside each datapoint is the cluster’s name.
The solid line is the T-σ fit taken from Wu et al. (1999); the dotted lines represent
1σ errors of the fit. The majority of the clusters lie within the 1σ errors of the fit.
The arrows point to alternate velocity dispersions for Abell 2877 (after removing its
lower velocity dispersion peak) and Abell S540 (after clipping its velocity wings).
Middle: 0.5 − 2.0 keV X-ray luminosity plotted against velocity dispersion. The
solid line is the best fit excluding the two outliers, Abell 3693 and S540. Right:
0.5 − 2.0 keV X-ray luminosity plotted against velocity dispersion. The solid line
is the best fit for all clusters. These X-ray-optical relations further establish the
validity of the X-ray reduction and analysis techniques employed here.

mass, to be the highest temperature derived in our spatially-resolved spectral fits.

This choice is reasonable because the derived temperatures are annularly-averaged

and not likely to be affected by localized hot spots. In Figure 2.8, we show that the

majority of our clusters fall within the errors of the T − σ relation given by Wu et

al. (1999):

σ = 102.49±0.03T 0.64±0.02, (2.7)

which is derived from a fit to 92 clusters. Outliers from this, and the other scaling

relations discussed below, are described individually in Section 2.7.

As a further sanity check, we determine the LX −σ and LX −T relations for the

10 of our clusters with measured luminosities. We can adequately fit a power law
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in both cases (Figure 2.8), obtaining the following two relationships:

LX = 1036.11±2.17σ2.83±0.70 (2.8)

and

LX = 1042.38±0.46T 2.79±0.77, (2.9)

where LX is the luminosity measured in the 0.5−2.0 keV range. These relationships

establish the validity of the X-ray reduction and analysis techniques employed here.

2.5 Discussion

There have been numerous previous attempts to explain the metals in the intra-

cluster medium (ICM) (see Portinari et al., 2004, and references therein). If cluster

galaxies are the sole polluters of the ICM, which is the basic supposition of these

studies, then it is not possible to produce the observed Fe mass using standard as-

sumptions for the IMF, SN Ia rate as a function of time, and metal loss efficiency

of galaxies (Portinari et al., 2004). This has led to arguments for a top-heavy or

a variable IMF (Matteucci & Gibson, 1995; Gibson & Matteucci, 1997; Moretti et

al., 2003; Portinari et al., 2004; Loewenstein, 2006), which would reduce the metal

mass locked in low-mass stars with lifetimes longer than a Hubble time (the locked-

up fraction) and produce a larger number of Type II supernovae. These studies

often assume that strong winds from the supernovae blow a significant fraction of

the metals out of the galaxies, i.e., up to a 75% metal loss fraction from elliptical

galaxies, which leaves behind the 25% locked up in lower mass stars. Recent work

produces a more consistent picture of the ICM enrichment through hydrodynamical

simulations that rely on galactic superwinds (Romeo et al., 2006) and possibly ram-

pressure stripping (Kapferer et al., 2007) in order to explain the observed trend in Fe

abundance with redshift (Calura et al., 2007). Although these various models pro-
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duce consistent results, the underlying prescriptions have yet to be observationally

proven and/or calibrated.

Often neglected in these analyses is the contribution from intracluster stars that

pollute the ICM in-situ. With the measurements of the cluster Fe mass and the

luminosity of ICS in hand, we are in position to address a variety of questions

regarding the role of intracluster stars in the chemical enrichment history of clusters.

Do intracluster stars play a significant role? If so, how does their contribution

compare to that of stars in galaxies? Can the two components together account for

the metals observed in the ICM? Can we use these constraints to place limits on the

metal mass loss from galaxies? Do we require non-standard assumptions to explain

the metals?

2.5.1 Metals from Intracluster Stars

We begin the calculation of the metal contribution from intracluster stars using

the parameters for the intracluster light measured by Gonzalez et al. (2005) and

Kelson et al. (2008). We then calculate the mass-to-light ratio, corresponding SN

rate, and chemical deposition rate using the PEGASE.2 evolutionary models (Fioc

& Rocca-Volmerange, 1997) for 1 M⊙ initial parcel of gas. Scaling those results by

the current mass of intracluster stars and integrating the SN rate over the lifetime

of the stellar population, we calculate the Fe mass produced by the ICS. Because

decomposition of the light from the brightest cluster galaxy and the intracluster stars

is ambiguous, particularly in the Kelson et al. (2008) data, which do not extend as

far in radius as the Gonzalez et al. (2005) data, we compute the Fe mass generated

by the combination of the BCG and intracluster stars and refer to that as the

BCG+ICS contribution. Where we can decompose these two components because

of abrupt changes in position angle or ellipticity, the BCG generally contributes

only 10-20% of the light (Gonzalez et al., 2005). Therefore, even though we present
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results for the BCG and intracluster stellar components together, they do primarily

reflect the metal contribution from intracluster stars.

We make two important simplifying assumptions. First, we consider the ICS to

be an old population originating from an initial, short-lived episode of star formation.

Williams et al. (2007), in their study of intracluster stars in Virgo, conclude that the

majority of the ICS are old (∼> 10 Gyr). Second, we assume that any metals produced

by the ICS find their way into the ICM, regardless of the origin of the ICS. Recent

simulations suggest that the ICS are predominantly stripped from parent galaxies

through tidal interactions (Murante et al., 2007). There are also observational claims

that these stars form in gas being stripped from infalling cluster spirals (Sun et al.,

2007). All the metals produced by stars that eventually become ICS, either before,

during, or after the tidal interactions, are assumed to lie in the ICM. If, for some

reason, the interactions that created the ICS were less efficient at removing metals

from galaxies and if much of the metal enrichment due to these stars happened prior

to their becoming ICS, then we will overpredict the ICS Fe contribution. The second

assumption can be tested observationally by measuring present-day intracluster and

cluster galaxy SN Ia rates. There are indications that ∼ 20% of cluster SN Ia

explosions occur outside of galaxies (Gal-Yam et al., 2003; Domainko et al., 2004),

though these results are encumbered by large uncertainties. An extensive cluster

SN Ia survey is underway to improve the precision of this result (Sand et al., 2008).

We model the ICS as a 14 Gyr old stellar system with an initial, single, 1 Gyr

long, constant star formation rate burst and a standard Miller-Scalo initial mass

function (Miller & Scalo, 1979). We choose default PEGASE parameters: Model B

yields for SN II ejecta (Woosley & Weaver, 1995), no gas infall, no galactic winds, no

nebular emission, and no extinction. We use 250 Myr time steps for the calculation.

Using shorter, 1 Myr, time steps changes the final values only by a few percent. We
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set the initial metallicity to 0.004 by mass fraction. This is a plausible upper limit

(0.2 Z⊙), which is ∼ 2× larger than that of the old populations in local galaxies

(e.g., the SMC (Harris & Zaritsky, 2004) and LMC (Harris & Zaritsky, 2008)).

Taking a more conservative initial value of 0.0001 leads to a modest decline in Fe

of 5% (largely attributable to the change in mass-to-light (M/L) ratio), which is

well within the other uncertainties. We do not use the evolving metal abundances

calculated by PEGASE in any way other than indirectly through the calculated

M/L. Hereafter, we refer to this model as our baseline model.

The true nature of SN Ia, which are the dominant source of Fe, and their progen-

itors remains a subject of debate (Maoz & Mannucci, 2008). Currently, two possible

pathways are theorized to produce Type Ia supernovae. In the single-degenerate

(SD) case, a single white dwarf (WD) accretes matter from a close companion un-

til it explodes upon reaching the Chandrasekar limit (Whelan & Iben, 1973). The

double-degenerate (DD) model involves the merger of two binary WDs (Iben & Tu-

tukov, 1984) that leads to the explosion. We model the SN Ia rate as a function of

time by using the rates calculated by PEGASE, which uses a popular SD prescrip-

tion (Greggio & Renzini, 1983). This prescription has a free parameter, A, the close

binary fraction, that is manually tuned to match the present day SN Ia rate. We

choose A = 0.175 to match the observed present-day, cluster early-type SN Ia rate

(0.066+0.027
−0.020 SNuM, Mannucci et al. (2008)). The steep evolution in our model rate

as a function of look-back time is also consistent with all other cluster SN Ia rate

measurements carried out at different epochs (z < 1; Gal-Yam et al., 2002; Sharon

et al., 2007). The purpose of this modeling is to provide the SN rate over the lifetime

of the stellar population. However, the dependences of the SN rate on environment

and look-back time are poorly known. Adding to the uncertainties surrounding the

SN rates, Scannapieco & Bildsten (2005) recently presented evidence for two classes
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of Ia’s, prompt and delayed, whose relative importance will naturally vary over time

and with environment. We consider a crude empirical model incorporating these

two SNe Ia classes at the end of this section.

We adopt empirically determined Fe yields and define yield as the mass of Fe

ejected into the interstellar medium per SN explosion. We use a Type Ia Fe yield

of 0.7 M⊙ (Maoz & Gal-Yam, 2004), which is consistent with both the modeling of

bolometric light curves of SNIa (Contardo et al., 2000) and theoretical SN Ia yield

calculations (Thielemann et al., 1986). Given the large scatter in Type II yields

(0.0016 to 0.26 M⊙; Hamuy (2003)), we adopt an intermediate mean yield of 0.05

M⊙ from Elmhamdi et al. (2003), who estimate the mass of 56Ni (which eventually

decays to Fe) produced in a Type II SN by matching calculations to measured light

curves and Hα luminosities. We make the instantaneous recycling approximation

by adopting a constant yield per Type II SN.

To scale the PEGASE results to the corresponding stellar mass of the ICS, we

deproject the optical luminosity profile using a 3-D Hernquist profile (Hernquist,

1990), which is known to fit a deVaucouleurs profile in projected space. This pro-

cedure enables us to obtain the total optical light within spherical shells defined

by the corresponding X-ray spectral fit annuli. The optical luminosity is converted

to a stellar mass using an i-band or R-band mass-to-light ratio of 2.25 or 2.95,

respectively. The enclosed mass is given as

M(r) = Mtot
r2

(r + a)2
, (2.10)

where Mtot is the total mass derived from the projected surface brightness profile

and a is related to the scale length, Re, through the relation Re ≈ 1.8153a.

First, we use the PEGASE model to calculate the Fe mass produced by the

BCG+ICS and compare those values to the observed ICM Fe masses. We do not

consider the locked-up Fe fraction in the ICS because recent metallicity measure-
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ments of the ICS in Virgo give low values (∼ 0.1 Z⊙ on average; Williams et al.,

2007). Consequently, only a negligible fraction of Fe (∼ 2%) produced by the ICS

is locked up in stars and virtually all of the metals produced by the ICS go into the

ICM. Our results for volumes inside radii of rspec and r500 are presented in Tables

2.5 and 2.6, respectively. Column 2, in both Tables, contains the measured Fe mass

within the specified radius, while Columns 3, 4, and 5 contain the predicted Fe mass

contributed by the BCG only, the intracluster stars only, and the combination of

these two components, respectively. We are not able to decompose the BCG and

ICS in all systems. The final column lists the fraction of the observed Fe mass

contributed by the BCG+intracluster stars for the baseline model. To estimate the

uncertainties in the fractional contributions, we adopt a 15% systematic error in

the BCG+ICS Fe contribution arising from variations in M/L and from projection

effects. We incorporate the random error from X-ray Fe mass measurements. We

do not include the uncertainty from the SN Ia rate in the individual cluster values,

but include it in the averages that we discuss below. We present the rspec results for

the sake of completeness but do not use them in our work.

We place all clusters on a common spatial scale by calculating all of the relevant

quantities out to r500. Because the ICS are more centrally distributed than the

metals, this choice of radius is important. We chose r500 because it requires the least

amount of extrapolation from rspec (see Table 2.3) and includes a significant portion

of the cluster metals (cf. Ettori (2005), Calura et al. (2007)). All of our clusters’ Fe

profiles are either flat or decreasing with radius (Figure 2.4). Therefore, our method

of extrapolation will at worst overestimate the amount of Fe present within r500 in

clusters and thereby lead us to understate the contribution from intracluster stars

within that radius.

Our results indicate that intracluster stars do play a significant role in the en-
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richment history of clusters. In our baseline model, the BCG+ICS contribute an

average of 31+11
−9 % of the observed intracluster Fe within r500. We show in Figure 2.9

(top panel) the fractional contribution of the BCG+ICS for each cluster with the

dotted line representing the 31% weighted average value. All averages are computed

using 1/error2 as weights. The highly discrepant point with the lowest velocity dis-

persion is Abell 2984 and incidentally has the largest errors in fractional BCG+ICS

contribution. The r500 values for two lowest velocity dispersion clusters (Abell 2984

and Abell S 84) are only constrained by a single low velocity dispersion point in

the calibration of the r500 − σ relation (Gonzalez et al., 2007), and we suggest some

caution in interpreting the results from these two clusters. Because the BCG typi-

cally contributes much less Fe than the ICS in clusters where we can separate the

BCG and ICS, we conclude that the ICS are significant polluters of the intraclus-

ter medium within r500 and need to be included in all future ICM metal budget

accounting.

Next, we explore the potential effect of having two classes of SN Ia’s. We restrict

ourselves to the parameters of the two populations as specified by Scannapieco &

Bildsten (2005). Their model consists of a prompt population (with explosion delay

time τ ∼ 0.5 Gyr) that scales in number with the star formation rate and of a delayed

population (τ ∼ few Gyr) that scales with the total stellar mass. More luminous

(prompt) SNe Ia are observed preferentially in star-forming galaxies, while fainter

(delayed) ones are seen in red galaxies with little star formation (Scannapieco &

Bildsten, 2005). Using the prescription suggested by Scannapieco & Bildsten (2005),

we derive the SN Ia rate using the star formation rates and stellar masses output

by PEGASE for a 14 Gyr population. Most of the Fe enrichment is dominated

by the prompt component at early times when the ICS progenitors are actively

forming stars. We obtain a BCG+ICS average fractional Fe contribution of 22+9
−9%
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Figure 2.9 Top: Fraction of the ICM’s Fe within r500 contributed by the BCG+ICS
component as a function of velocity dispersion. The dotted line at 31% is the
weighted average of the fractional Fe contribution of the full sample. Averages
are computed using 1/error2 as weights. The Fe fractional contribution changes
significantly with velocity dispersion (see text). However, the r500 values for two
lowest velocity dispersion clusters (Abell 2984 and Abell S 84) are only constrained
by a single low velocity dispersion point in the calibration of the r500 − σ relation
(Gonzalez et al., 2007), and we suggest caution in interpreting results from these
two data points. Middle: Fraction of the ICM’s Fe within r500 contributed by non-
BCG cluster galaxies as a function of velocity dispersion. We assume 84% metal
loss, the value required to generate on average all the ICM’s Fe (see bottom panel)
from the combined contribution of the BCG+ICS and galactic stellar components.
We plot only the subset of clusters for which the galactic stellar component is well
measured (Gonzalez et al., 2007). The dotted line at 69% is the weighted average
of the galactic contribution. The galaxies alone cannot account for all the metals in
the ICM even if they have a 100% metal mass loss efficiency. Bottom: Fraction of
the ICM’s Fe within r500 contributed by all the stars — in and out of galaxies — as
a function of velocity dispersion. Only clusters with both BCG+ICS and galactic
light measurements are plotted. A galaxy metal loss fraction of 84% is chosen so
that the weighted average of the total stellar mass contribution (dotted line) is 1,
thereby accounting for all the measured Fe.
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within r500, which is consistent with our one-component, baseline model. In contrast

with the baseline model, the two-component model is relatively insensitive to the

present day SN Ia rate (rescaling this delayed population upward by a factor of 3

increases the fractional Fe contribution by < 5%, because the prompt population is

the dominant Fe contributor). The Scannapieco & Bildsten (2005) prescription for

the prompt rate is based on measurements of field galaxies over a range of redshifts.

Because we do not know how the prompt component scales with environment, we

retain their scaling. Although the baseline and two-component SN Ia models have

different assumptions, they produce ICS Fe fractions in rough agreement. We do not

explore more sophisticated theoretical models that vary the delay-time distributions

(DTD) of SN Ia (see Greggio, 2005) to explain the Fe content in clusters (e.g.

Maoz & Gal-Yam, 2004; Ettori, 2005) because of large uncertainties in the explosion

mechanism and properties of SN Ia progenitors.

Both the baseline and two-component SN Ia models predict that the ICS Fe

contribution falls short of producing the observed Fe mass within the ICM. In some

combination, we expect that additional enrichment channels (such as metal-injecting

winds from galaxies) and environment- and/or time-dependent SN Ia rates and

yields will play roles in the final resolution of the question of ICM enrichment.

We discuss metal loss from galaxies in §2.5.2, and focus here on whether our data

independently support the claim of environment-dependent SN Ia rates (Mannucci

et al., 2008). (Our sample lies at one redshift, so assessing time-dependencies from

it is not possible.)

One potential piece of evidence supporting the effect of environment is the trend

between the model Fe fraction and σ shown in Figure 2.9 (top panel). A Spearman

rank test demonstrates that the null hypothesis (no trend) can be excluded with >

90% confidence. If the ICS contribute a fixed fraction of the ICM Fe for all of our
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groups and clusters, then stars in more massive environments must eject more Fe per

stellar mass. If we attribute these Fe production differences entirely to differences

in SN Ia rates, then we infer a factor of roughly three increase in that rate from

the low-σ to high-σ limits of our range. This matches the factor of three increase

between field and cluster SN Ia rates found by Mannucci et al. (2008). In this

scenario, our baseline model overpredicts the Fe fraction coming from the ICS in

group environments because we matched the present-day PEGASE SN Ia rate to

that observed in clusters. In any case, the ICS alone cannot fully produce the ICM

Fe.

Given the variation among measurements of field SNe rates discussed above,

and the likely dependencies on environment and look-back time, the rates are a

significant source of uncertainty in resolving the chemical enrichment problem in

clusters.

2.5.2 Metals from Galaxies

The previous section indicates that the ICS is an important, but not exclusive,

contributor of Fe to the ICM. Therefore, we now estimate the contribution of galactic

stars to the Fe ICM budget within r500 for the seven Gonzalez et al. (2007) clusters for

which we have optical photometry for all galaxies within r500. We first subtract the

BCG+ICS contribution calculated using the baseline model from the measured ICM

Fe value. The remainder of the metals must come from galactic stars. Once again

we apply the baseline model (because the galaxy stellar population is dominated by

old stars in early-types within r500) to predict how much Fe galaxies produce. We

then calculate the galactic metal loss efficiency such that the sum of the weighted

fractional contribution of the BCG+ICS and galaxies is 1. On average, the galaxies

need to lose 84+11
−14% of the Fe that they produce for the sum of BCG+ICS and

galaxies to account for 100% of the observed Fe (Figure 2.9; bottom panel). The
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choice of a single metal loss efficiency for all systems may not be appropriate as we

over-predict the metals produced by two clusters, Abell 2984 and S 84. However,

it is impossible to disentangle variations in SNIa rates (see above) and metal-loss

efficiency with environment with the available data.

This result does not consider that some fraction of all metals are locked up in

the current stellar populations of these galaxies. If the galaxies within r500 have an

average metallicity that is close to solar (see Portinari et al., 2004), approximately

25% of the metals must be locked up in stars. Therefore, given the uncertainties

cited above, the baseline model satisfies two key constraints: 1) the combination of

metals produced by the ICS and other cluster galaxies can account for the observed

ICM Fe, and 2) the inferred metal loss fraction from galaxies (84+11
−14%) does not

conflict with the locked-up metal fraction (∼25%).

This baseline model requires that cluster galaxies lose a substantial fraction of the

metals that they produce. While studies using sophisticated chemical models have

shown that field early-type galaxies might lose ∼ 80% of the metals (specifically

Fe) they produce during their lifetime (Calura et al., 2006), other observational

studies suggest a much lower metal loss fraction (measured from α elements) (∼

35%; Bouché et al., 2007, who do not distinguish between galaxies in different

environments). This large discrepancy can at least be partly explained by Bouché

et al. (2007)’s focus on α element measurements and their use of the instantaneous

recycling approximation (IRA) to compute galaxy metal loss efficiency. While the

IRA may offer a reasonable approach for computing the production of α elements, it

is not appropriate for computing the production of Fe because of the comparatively

longer timescale for Fe production (Renzini et al., 1993). Fe is less likely to be

locked-up in stars and more likely to be expelled into the IGM because the majority

of Fe is produced after the epoch of star formation. Therefore, 35% metal loss
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fraction serves as a lower bound for the amount of Fe that can be lost.

To examine the implications of the lower bound of the metal loss fraction on our

model, we reverse the question and ask what the SN Ia rate needs to be if the Fe

loss fraction from galaxies is only 35%. Given that condition, increasing the SN Ia

rate to roughly its 2σ upper-limit, i.e., by a factor of 1.8×, succeeds in generating

all the ICM Fe. Therefore, considering the large uncertainties in the SN Ia rates,

we conclude that BCG+ICS+galaxy models with galactic metal mass loss fractions

ranging from ∼ 75% (the upper limit due to the locked-up fraction) down to 35%

can reproduce the ICM Fe abundances.

2.6 Chapter Conclusions

We present X-ray surface brightness, temperature, and Fe abundance profiles out

to ∼ r500 (∼ 0.6 times r200, the virial radius) for a set of twelve nearby (z ∼< 0.1)

clusters with extensive optical photometry to quantify the relative contributions of

intracluster stars (ICS) and cluster galaxies to intracluster medium (ICM) metal

enrichment. We study systems with velocity dispersions of 500 < σ < 1000 km

s−1, measuring peak X-ray temperatures and 0.5− 2.0 keV luminosities within r500

of 2 − 6 keV and 0.3 − 3.4 × 1044 ergs s−1, respectively. The T − σ, LX − σ, and

LX − T scaling relations for our systems are generally consistent with expectations.

Two-dimensional X-ray surface brightness profiles reveal substructure in most of our

clusters ranging from spiral-like structures to subclumps to central asymmetries.

The majority (9 of 12) of the clusters, even those with isothermal profiles, show

steep abundance gradients that approach the canonical abundance of ∼ 0.3 ZFe,⊙

at large radii. Four of these 9 have cool cores. The radial variation in abundance

makes necessary spatially-resolved spectroscopy to accurately quantify the radial

distribution of metals, which is in turn necessary for self-consistent chemical evolu-
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tion modeling.

The stellar component consisting of the brightest cluster galaxy plus intraclus-

ter stars (BCG+ICS) contributes on average a non-negligible fraction, 31+11
−9 %, of

the ICM’s Fe within r500 for our baseline chemical evolution model. We also cal-

culate the Fe yield for an alternate, two-component (prompt and delayed), empir-

ical SN Ia model (Scannapieco & Bildsten, 2005). Even though the baseline and

two-component SN Ia models have different assumptions, they produce BCG+ICS

average fractional Fe contributions that are similar: 31+11
−9 % versus 22+9

−9% within

r500, respectively. For the seven clusters in which we know the relative contribution

of the BCG and ICS, the ICS contribute 80% on average of the combined BCG+ICS

Fe, indicating that the ICS significantly enrich the intracluster medium within r500

and must be included in any enrichment model for the ICM.

Because the BCG+ICS component cannot account for all of the Fe in the ICM,

we consider the combined effect of BCG+ICS and other cluster galaxies on ICM

enrichment. We then find that we can account for all the Fe within r500 and that

the required galactic metal loss fraction (84+11
−14%) does not conflict with the fraction

of metals still locked up in galactic stars (∼25%). While this metal loss efficiency

is large, it is consistent with other estimates (∼80%; Calura et al., 2006). It is also

worth noting that, given the large uncertainties in the SN Ia rates, the required metal

loss fraction might be significantly lower than this initial estimate. For example,

if we increase the rate of SN Ia in cluster galaxies by a factor of 1.8, to its upper

2σ bound (Mannucci et al., 2008), we can produce all the ICM’s Fe with a galactic

metal loss fraction of only ∼35%, which is consistent with other metal loss fraction

estimates (Bouché et al., 2007). As a result, it is possible to make a full accounting

of the ICM’s Fe — without resorting to extreme assumptions about the stellar initial

mass function or pre-enrichment — for a large range of plausible galactic metal mass
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loss fractions (35 - 75%, the upper limit due to the locked-up fraction). Reducing the

uncertainties in the SN Ia rates, including measurements of the likely dependencies

on redshift and galaxy environment, is the critical next step in understanding the

enrichment history of the intracluster medium.

2.7 Notes on Individual Clusters

2.7.1 Abell 496

This is a nearby high signal-to-noise, mildly elliptical, cool-core cluster with emission

that overfills the XMM-Newton field-of-view. This complicates surface brightness

analysis because the flat cosmic background is masked by cluster emission that is

at least an order of magnitude stronger within the field-of-view. The initial surface

brightness fits converge at zero background due to the combination of asymmetric

structure near the core and bright cluster emission compared to the background. In

Figure 2.2 we show the spiral-like structure that remains in the central parts of the

cluster after subtracting off the best fit beta model. This feature is also present in

Chandra exposures of the cluster core. It is suggestive of cooler gas spiraling into the

cluster’s center, but this can also be explained by chance alignment of higher density

gas clumps. We correct the poorly fit background by carrying out a new fit with

the central 4′ excised. This removes the central asymmetries, resulting in a fit that

converges on a non-zero background. We then fix the background in the original

surface brightness fit to the newly derived background values and fit again for the

beta model parameters. We use these values in our further analyses. We also excise

the central 20′′ of this cluster to remove the brightest cluster galaxy and fit only the

extended cluster component of the beta model. Despite our attempts at improving

the fit, the surface brightness residual, see Figure 2.4, is large, showing a systematic

trend with radius. A possible explanation for this is the fainter asymmetric structure
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observed in the residual north of the cluster center.

2.7.2 Abell 1651

One of the higher redshift and most massive clusters in our sample, this is the best-

behaved cluster with reasonable signal-to-noise, even though half of the exposure

time was ruined by flaring events. The X-ray contours are circular and are centered

on the brightest cluster galaxy. The cluster temperature profile is isothermal and,

as expected, its metallicity profile shows no gradient. The surface brightness fit

is consistent with the data and shows no systematic variations with radius. Two-

dimensional fit residual in Figure 2.2 shows a mild asymmetric structure centered

around the cluster core, which is an artifact of the circularly symmetric models as

the cluster is slightly elliptical. The relative contributions of the BCG and ICS to

the BCG+ICS light is poorly understood for this cluster. This is the only cluster in

our sample that can be well fit by a single de Vaucouleurs profile (Gonzalez et al.,

2000), making the distinctions between BCG and ICS somewhat arbitrary in the

two component de Vaucouleurs fit (Gonzalez et al., 2005).

2.7.3 Abell 2811

This is another well-behaved cluster whose surface brightness profile is close to cir-

cularly symmetric. However, the diffuse cluster emission is offset from the brightest

cluster galaxy by 27′′ in the northwest direction. There are no systematic trends

observed in the surface brightness residuals. Just like Abell 1651, this cluster’s tem-

perature profile is isothermal and exhibits no metallicity gradients. This cluster is

a significant outlier in the LX − T relation and appears to be underluminous for its

temperature. When we compare to the BAX results (Sadat et al., 2004), Figure 2.6,

we see that our derived cluster temperature is higher than the BAX temperature.

We also notice that this cluster is hotter than what is expected for its luminosity in
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our LX − T relation, suggesting that these discrepancies are real.

2.7.4 Abell 2877

The lowest redshift cluster in this sample, Abell 2877 is one of the least well-behaved

clusters. Its surface brightness profile has an uncharacteristically low β value of

0.27, and it is not well-fit by a beta profile. The X-ray image shows a very luminous

central source surrounded by much fainter extended diffuse emission. The central

source, which is coincident with the brightest cluster galaxy, is offset south from

the center of the diffuse emission. We excise a 47′′ radius region around the central

source to remove all of its light and fit just the extended emission. Despite our

attempts to remove any sources of problems for our fit, the fit consistently converges

to unphysically small core radius and small beta value. A NASA Extragalactic

Database5 (NED) query for this cluster shows that there are two superimposed

clusters separated by ∆z ∼ 0.006 in redshift space, which is a likely explanation

for the poor surface brightness profile fits. A velocity histogram of the member

galaxies unsurprisingly shows a second, albeit smaller, peak, likely leading to an

overprediction of the cluster velocity dispersion. This cluster is an outlier in the T−σ

relation, suggesting that σ is indeed overestimated. Removing the smaller velocity

peak from the distribution and recalculating σ moves A2877 to within the errors of

the relation. We also center the spectral extraction radii used for our spectroscopic

fits about the the extended emission. This cluster exhibits a metallicity gradient,

and the abundance falls precipitously at large radii, which is not observed in the

other clusters. For these reasons, we remove this anomalous, apparently unrelaxed

cluster from our analysis.

5http://nedwww.ipac.caltech.edu/
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2.7.5 Abell 2984

This is the lowest velocity dispersion cluster in the sample and also the smallest

in physical extent (see Figure 2.1). The cluster is not axis-symmetric, though the

surface brightness fit does a good overall job fitting the cluster, as indicated by

the fit residuals. This cluster does not look peculiar in the various T − LX − σ

relations. Its gas mass also appears consistent with that expected from the relation

derived from gas mass data from Vikhlinin et al. (2006), Figure 2.7. However, the

BCG+ICS makes an unphysical fractional Fe contribution (greater than unity) to

the ICM metal budget (see §2.5.1). The origin of this overprediction is unclear.

Figure 2.6 suggests that we underpredict the luminosity of this cluster, which will

in turn lead to an underprediction of gas mass and metal mass. It may also be that

the intracluster light measurements are flawed and conspire to produce too large

a contribution to the ICM metals, or it could be that our scaling of the PEGASE

model to match the cluster early-type SN Ia rate may not be applicable for this

large group. If we neglect this rescaling, then the BCG+ICS contribution falls to

a physically believable value (less than unity). Note that this cluster has both a

metallicity gradient and an isothermal temperature profile.

2.7.6 Abell 3112

This cluster is relatively well-behaved, though it is one of the more elliptical clusters

in the sample. It has some extended emission from what appears an infalling clump

south of the cluster center. This clump, however, has negligible impact on the

overall cluster surface brightness distribution and is not evident in the X-ray contour

plots. Overall, the beta profile does a good job of describing the cluster surface

brightness profile. There is some discrepancy between the fit and the data at small

radii, but that is expected when fitting a circularly symmetric model to an elliptical

distribution. We do excise the inner 35′′ to remove the cool-core region from the fit.



80

This cluster does not appear anomalous in all of our diagnostics.

2.7.7 Abell 3693

This is the highest redshift cluster in our sample and has moderate signal-to-noise

data. Even though the diffuse cluster emission appears circular, we observe a large

clump to the southeast of cluster. This structure is evident in the surface brightness

profile and fit residuals at a radius of 900 kpc from the cluster center. The velocity

histogram has multiple peaks, suggesting that the velocity dispersion of this cluster

may be overestimated. This cluster is a significant outlier in both the T − σ and

LX − σ relations, which is no surprise, but it is also somewhat discrepant in the

LX − T plot. One possible explanation is that this system is undergoing a minor

merger, which is not likely to significantly impact our analyses.

2.7.8 Abell 3705

This is the least spherically symmetric and lowest signal-to-noise cluster in our

sample, making it impossible for a surface brightness fit to converge. In the X-ray

contour plot, two clumps of equivalent size dominate the X-ray emission. For a

simple circularly symmetric beta profile, the fit parameters converge to senseless

values and produce very large fit residuals. Multiple approaches, including excising

a large region around the smaller clump to the northwest of the cluster center,

fail. For this reason, we remove the cluster from further analysis. However, it is

instructive to look at the various diagnostic plots, because we are able to extract a

few X-ray parameters from the data. This cluster is an outlier in the T −σ plot. Its

velocity histogram has multiple peaks hinting at substructure and suggesting that

our σ is an overestimate. This unrelaxed system is the sole Bautz-Morgan Type III

cluster in our sample.
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2.7.9 Abell 4010

The X-ray data for this cluster is of moderate signal-to-noise. The surface brightness

map looks regular with the exception of a slight asymmetry to the southeast in the

last X-ray contour in Figure 2.1 and in the surface brightness fit residual 300 kpc

from the cluster center. We excise the inner 35′′ to remove the cool-core and fit the

extended X-ray component. The beta model fit does a reasonable job in fitting the

surface brightness profile. The cluster appears “normal” in the T − σ, LX − σ, and

LX − T diagnostics.

2.7.10 Abell 4059

We obtained high signal-to-noise X-ray observations of this cluster. The cluster

surface brightness distribution appears smooth and is mildly elliptical. The beta

model fit shows no systematic trends in the residuals, and the cluster falls within

all of the trends found in our diagnostic plots. There is nothing to suggest this

cluster is peculiar. We do not excise the central region of the cluster because our

beta profile did not show any large residuals in the cluster center.

2.7.11 Abell S 84

Our moderate signal-to-noise data show this cluster to be regular and circular. Its

surface brightness fit is well-behaved. There is a hint of substructure 200 kpc south-

east of the cluster center, which appears as a small bump in the residuals. This

cluster is roughly consistent with the T − σ relation, but is underluminous in the

LX − T plane. One possible explanation is that the temperature is overestimated

for this cluster. Even though the temperature profile is isothermal, the metallicity

profile has a steep gradient.



82

2.7.12 Abell S540

The relatively high signal-to-noise data show the highly elliptical nature of this

poor cluster. We excise the central 35′′ to remove the cool-core before conducting

our surface brightness fit. There is no systematic trend in the fit residuals. Despite

the high velocity dispersion, the cluster temperature suggests that this system is a

rich group or poor cluster. It is a 3σ outlier to the T − σ and LX − σ fits. The

cluster, however, falls on the mean LX − T trend that we observe for our sample.

The velocity histogram for the member galaxies is poorly-sampled, so it is likely

that the velocity dispersion is overestimated.
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Chapter 3

A Warm Molecular Hydrogen Tail Due to Ram Pressure Stripping

of a Cluster Galaxy

We have discovered a remarkable warm (130−160 K) molecular hydrogen tail with a

H2 mass of approximately 4×107 M⊙ extending 20 kpc from a cluster spiral galaxy,

ESO 137-001, in Abell 3627. At least half of this gas is lost permanently to the

intracluster medium, as the tail extends beyond the tidal radius of the galaxy. We

also detect a hot (400− 550 K) component in the tail that is approximately 1% of

the mass. The large H2 line to IR continuum luminosity ratio in the tail indicates

that star formation is not a major excitation source and that the gas is possibly

shock-heated. This discovery confirms that the galaxy is currently undergoing ram-

pressure stripping, as also indicated by its X-ray and Hα tails found previously. We

estimate the galaxy is losing its warm H2 gas at a rate of ∼ 2 − 3 M⊙ yr−1. The

true mass loss rate is likely higher if we account for cold molecular gas and atomic

gas. We predict that the galaxy will lose most of its gas in a single pass through

the core and place a strong upper limit on the ram-pressure timescale of 1 Gyr.

We also study the star-forming properties of the galaxy and its tail. We identify

most of the previously discovered external Hα sources within the tail in our 8µm

data but not in our 3.6µm data; IRS spectroscopy of the region containing these Hα

sources also reveals aromatic features typically associated with star formation. From

the positions of these HII regions, it appears that star formation is not occurring

throughout the molecular hydrogen tail but only immediately downstream of the

galaxy. Some of these HII regions lie outside the tidal radius of the galaxy, indicating

that ram-pressure stripping can be a source of intracluster stars.
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3.1 Chapter Introduction

The morphologies, gas content, and star-forming characteristics of galaxies vary

drastically from the cluster to the field environment (see Boselli & Gavazzi (2006)

and the references therein). There are a range of possibilities regarding the observed

gas deficiency and reduced star formation of cluster spirals. One possible explana-

tion is that gas-rich field galaxies are transformed as they fall into a cluster, during

which process they are stripped of their gas and their star formation is halted. A

variety of processes, such as ram-pressure stripping (Gunn & Gott, 1972) and tidal

interactions between galaxies (Moore et al., 1996) and with the cluster potential

(Henriksen & Byrd, 1996), could be at play. However, a complete picture of the

transformation of galaxies as they enter the cluster environment is still missing be-

cause we do not understand the degree to which cluster specific processes affect

the evolution of the galaxies within them. Several studies suggest that the relative

importance of ram-pressure stripping and tidal interactions depends on the mass of

the galaxy in question (Cortese et al., 2007; Haines et al., 2006, 2008). Theoretical

work shows that the transformation probably starts in group environments (Kawata

& Mulchaey, 2008), but gas loss also occurs from gas-only stripping (ram-pressure)

events in the cluster environment itself (Tonnesen et al., 2007). The relative roles

of these environments are ambiguous and would be clarified by an improved under-

standing of the effects of ram-pressure stripping. Truncated Hα disks and HI tails

on galaxies with undisturbed stellar disks provide evidence for this process (Koop-

mann & Kenney, 2004; Chung et al., 2007). However, our understanding of the

physical nature of the stripping from such systems will be improved by additional

direct measures of the interaction with the intracluster medium.

Spitzer can offer a unique view by observing the interaction between the ICM and

galactic interstellar medium (ISM) directly. Appleton et al. (2006) serendipitously
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discovered powerful molecular hydrogen emission emanating from the intragroup

medium (IGM) of Stephan’s Quintet. This emission is remarkable because the

H2 dominates strongly over other line emission (Cluver et al., 2010) and the IR

continuum is weak. The emission is thought to arise from a high velocity (∼ 1000

km s−1) collision between an intruding galaxy and a tidal arm (Guillard et al., 2009).

Appleton et al. (2006) place constraints on the temperature components of the

excited gas and its column density by measuring the pure rotational H2 transitions

S(0) thru S(5). The observed H2 lines are shock-excited because the spectrum is

dominated purely by molecular hydrogen lines and the surface luminosity of the H2

is ten times that from the X-ray emission associated with the shock-front. They

show that there are at least two temperature components in the molecular gas: a

warm and dense component (∼ 200K) and a hot and sparse component (∼ 700K). A

more recent work by Cluver et al. (2010) that uses Spitzer data covers a significant

portion of the Stephan’s Quintet and confirms and expands on the conclusions of

Appleton et al. (2006).

Observing these molecular hydrogen lines (if they exist) around galaxies falling

into clusters would probe the gas-stripping processes and would provide quantitative

estimates of the amount of gas being stripped. An excellent candidate for this test is

ESO 137-001, a 0.2L∗ SBc galaxy in the Norma cluster (Abell 3627). ESO 137-001

is a remarkable galaxy with coaligned X-ray and Hα tails that extend approximately

70 and 40 kpcs, respectively (Sun et al., 2006, 2007, 2010). Its projected distance

from the center of the Norma cluster is only 0.28 Mpc. Its low radial velocity (77

km s−1) with respect to the cluster as a whole means most of its motion is in the

plane of the sky. Moreover, deep Hα imaging reveals bright extraplanar knots along

the Hα tail that are most likely very large star-forming regions (Sun et al., 2007),

suggesting the stripped gas may be forming stars. Deep RC-band imaging also
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shows low surface brightness streams that are aligned with the X-ray tail but have

a larger width (Woudt et al., 2008). All evidence suggests this galaxy is currently

undergoing ram-pressure stripping.

In this paper we report the discovery with Spitzer of a warm molecular hydrogen

tail that trails ESO 137-001. Detailed Spitzer observations of this galaxy and its tail

expand on our understanding of ram pressure stripping and permit the estimation of

the resulting mass flow. The paper is structured as follows. In §3.2, we discuss the

details of our observations and data reduction. In §3.3, we present the results of our

analyses. In §3.4 we discuss the implications of our results. Finally in §3.5, we list

our conclusions. For computing distances, we adopt the concordance cosmological

model (ΩΛ = 0.73, Ωm = 0.27, and H0 = 71 km s−1 Mpc−1). We adopt redshifts

provided by the NASA Extragalactic Database of 0.0157 and 0.01544 for the cluster

and galaxy, respectively. This yields a luminosity distance of 67.1 Mpc to the cluster

and an angular scale of 1′′ = 0.316 kpc. All reported errors in this work are quoted

at the 1σ level.

3.2 Observations and Data Reduction

In this paper we detect and characterize warm H2 emission and resolve the mor-

phology of the stripped gas in the tail of ESO 137-001, and study the star-forming

properties of the galaxy and the extraplanar HII regions. To this end, we carried out

IRAC imaging and IRS spectral mapping observations. Our IRAC imaging allows

us to resolve star-forming regions and study the stellar properties of the galaxy. IRS

spectral maps provide detailed information (at a coarser spatial resolution) about

the physical properties of the ISM such as the strength of the aromatic features,

molecular hydrogen lines, and fine-structure lines. The data were taken as part of

the Spitzer GTO program 50213 (PI: G. Rieke), as discussed below.
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3.2.1 IRAC Imaging

We observed ESO 137-001 on May 10, 2008 in all four (3.6, 4.5, 5.7, and 8µm) IRAC

channels (Fazio et al., 2004). Frame times were kept short to prevent the saturation

of the array from Milky Way foreground stars because the galaxy is located at a

low galactic latitude (b ∼ −7◦). We obtained a total on source integration time of

260 s in each of the channels. We constructed IRAC mosaics of the galaxy with

MOPEX (version 18.1.5) using the Basic Calibrated Data (BCD) from the Spitzer

pipeline (version S17.2) as input and following the Spitzer Science Center (SSC)

IRAC reduction cookbook. Bad pixel rejection was achieved through dithering and

median filtering.

3.2.2 IRS Spectral Mapping

The observations of ESO 137-001 used both the SL and LL IRS modules that to-

gether span 5.3 to 38.0 µm (Houck et al., 2004). The full wavelength range allows

us to observe several ground vibrational state H2 rotational lines, specifically the

ν=0-0 S(0) thru S(7) transitions. We used the most recent pipeline reduced data

(version S18.7) and CUBISM (version 1.7) spectral map cube construction software

(Smith et al., 2007) for all of our analyses to take advantage of the most up-to-data

data calibrations. Our first set of IRS observations on May 2, 2008 was designed so

each sky position was visited by two different IRS pixels — the minimum required

to produce a good spectral map. This was achieved by stepping the SL and LL slits

in the perpendicular direction by 1.85′′ and 5.1′′, respectively, such that the spectral

map was centered about the galaxy. Moreover, during the time of our observations

the LL slits were aligned to include the galaxy tail. For our second set of IRS

SL-only observations on April 6, 2009, we used the same mapping technique, but

covered a region immediately west of the galaxy (presumably on the leeward side of

the ICM wind). We used the outrigger off-source pointings from both LL and SL



88

Figure 3.1 6′ by 10′ Digital Sky Survey Image centered about ESO 137-001 with our
SL/LL IRS pointings overlaid. North is up and East is left. SL slits are smaller
than the LL slits. Regions with both 1st and 2nd order IRS pointings are shown
in orange. 1st order only and 2nd order only pointings are shown in red and blue,
respectively. Background subtraction is carried out by outrigger slit pointings. The
inset is the 2.2′ by 4′ star-subtracted RC-band image of ESO 137-001 reproduced
from Figure 10 of Woudt et al. (2008). This image has been contrast enhanced to
reveal low surface brightness features. The diagonal line shown in the inset is the
direction of elongation of the E/S0 population discussed in Woudt et al. (2008),
which lies very close in position angle to the X-ray and Hα tails. We chose the
long-low slits to be coaligned with the X-ray tail discovered by Sun et al. (2006).

observations to measure the background. Figure 3.1 shows the final configuration

of the IRS slit positions for both sets of observations. Final on-source integration

times per pixel for our first set of IRS observations were 235 s, 235 s, 2265 s, and

880 s for the SL1, SL2, LL1, and LL2 spectroscopic cubes, respectively. The final

per pixel integration time for our second set of IRS observations was 940 s for each

of the SL1 and SL2 spectroscopic cubes.

Background subtraction was carried out using CUBISM, which averages the

frames of all off-source pointings associated with a given spectrograph using a
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min/max clip, and subtracts it from the on-source frames. If there is a bright

source within one of the off-source pointings, the averaging technique of all off-

source pointings diminishes the contribution of the source. The final background

frame was visually inspected; the LL1, SL1, and SL2 (for both datasets) background

frames showed no obvious signs of bright source contamination. However, the LL2

background revealed a few faint continuum sources that were on the south east side

of the galaxy. Fortunately, these sources do not contaminate the regions from which

we extract our spectra in this paper, and we do not attempt to mitigate this issue.

All SL and LL spectrographs suffer from significant bad pixel issues, which we ad-

dressed through a manual process. We visually inspected the spectral cube for any

artifacts along the direction of the slit steps. We manually masked the offending

pixel that produced the artifact (identifying it using the backtracking feature in

CUBISM ), rebuilt the spectral cube, and verified the artifact was removed.

The spectra from the different spectrograph orders were stitched together and

placed on a single wavelength scale without any need for rescaling the flux of any

individual order. Our processing of the data produces fluxes in the orders that are

consistent with each other in the regions of overlap. As a check, we compared the

IRS fluxes with an independent 8µm IRAC flux measurement. For the spectral

map centered around the galaxy, we found the 8µm flux (derived from a weighted

average using the IRAC 8µm filter transmission as weights) of the final reduced

spectra of a 22′′ diameter aperture centered about the galaxy agreed with the IRAC

8µm extended-source corrected flux to within 15%. For the first IRS dataset, the

sizes of the final spectral maps are 67′′ × 30′′, 183′′ × 41′′, and 20′′ × 28′′ for SL-only,

LL-only, and both SL and LL maps, respectively. For the second IRS dataset, the

sizes of the final spectral maps were 59′′× 16.7′′, 39′′× 18.4′′ (parallelogram shaped)

for SL-only, and both SL and LL maps. When the LL data were combined with
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the SL data, we interpolated the LL data onto the SL data’s pixel grid. CUBISM

generated error cubes associated with each spectral map. We used these error values

in our spectral extractions unless otherwise noted. They do not include systematic

errors, for example due to calibration errors or fringing.

3.3 Results

3.3.1 Conditions in the Warm Molecular Hydrogen Tail

In the lower right panel of Figure 3.2, we show the IRS image taken at the rest-

frame 17.035µm H2 0 − 0 S(1) transition. We generated this image by summing

up the flux from 17.2 − 17.4µm, and show only the emission that is 3σ above the

background. We find a remarkable tail emanating from ESO137-001 that extends

all the way to the edge of the spectral map. This tail, aligned with both the Hα

and X-ray tails discussed by Sun et al. (2006, 2007), is at least 20 kpc in length and

approximately 3 − 5 kpc in width. The virtually undisturbed stellar morphology

of ESO 137-001 (Woudt et al., 2008) plus the unusual state of the gas in the tail

eliminate the possibility that it is a tidal feature (see Sections 3.4.1 and 3.4.2).

Instead, our observations support previous suggestions that the tail arises from ram-

pressure stripping (Sun et al., 2006, 2007). We present spectra of this tail in Figures

3.3 and 3.4, which were generated by summing up the spectra within the LL-only

(shown by the large orange and smaller red rectangles in Figure 3.2) and SL/LL

(shown by the red polygon in Figure 3.2) regions, respectively. The large LL-only

extraction aperture is called the LL-only full tail region, while the smaller LL-only

aperture is called the LL-only far tail region. The solid angles (Ω) of the SL/LL,

LL-only full tail, and LL-only far tail are 9.07× 10−9, 2.38× 10−8, and 1.09× 10−8

sr−1, respectively. The LL-only far tail region was chosen to be uncontaminated by

star formation (see Section 3.3.2.1) and outside the tidal radius of the galaxy. The
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spectra show strong detections of molecular hydrogen rotational (H2 ν = 0−0) lines

in these regions: the 5.511 µm S(7), 9.665 µm S(3), 12.279 µm S(2), 17.035µm H2

0− 0 S(1), and 28.22µm H2 0 − 0 S(0) transitions. Several fine structure lines and

aromatic features were also observed within these apertures.

3.3.1.1 Molecular Hydrogen Tail Properties

We calculate the physical properties of the stripped molecular hydrogen by assuming

an optically-thin, single (or double) temperature gas model. We first compute the

column density of each line, NS(i), using the following equation:

NS(i) =
fluxS(i)

AS(i) × hνS(i)
× 4π

Ω
(3.1)

where flux is determined using PAHFIT (version 1.2; Smith et al., 2007), which

fits for both the continuum and lines, AS(i) is the Einstein A-coefficient for a given

transition obtained from Turner et al. (1977), νS(i) is the frequency of the transition

(values are tabulated in Black & van Dishoeck (1987)), and Ω is the solid angle of

the aperture used. The fluxes of the H2 lines are given in Table 3.1. The errors for

the line fluxes are obtained from 1σ errors reported by the fitting algorithm. We

do not include any extinction correction in the fit of the lines because it is likely to

be low in the tail region outside of the galaxy. We present the excitation diagram

(ln(NS(i)/gu) versus Tu) from the observed ground-state rotational transitions in the

LL-only regions and SL/LL region in Figure 3.5. gu and Tu represent the degeneracy

and transition energy expressed in terms of the temperature of the upper level of the

transition. The degeneracy g for molecular hydrogen can be expressed as (2J+1) for

even/para states (i.e. J = even) and 3(2J + 1) for odd/ortho states (i.e. J = odd).

We have firm detections of the S(0) and S(1) lines in the LL-only region and S(0),

S(1), S(2), S(3), and S(7) lines in the SL/LL region. From the excitation diagram, we

can infer that there are multiple temperature components in the molecular hydrogen
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Figure 3.2 2′ by 2′ images of ESO 137-001 at 3.6µm, 8µm, Hα (Sun et al., 2007), and
rest 17.035µm (H2 0-0 S(1) transition) wavelengths. North is up and East is left.
The Hα image is smoothed to 1.2′′ resolution. In the H2 image, the emission shown
is at least 3σ above the background level. The colors follow the visible spectrum,
where blue is represents the faintest emission, and red the brightest. The center of
the galaxy is shown with a black cross. The polygons outline the spectral extraction
regions. The box that is centered about the galaxy is termed the nuclear region
and includes both short-low (SL) and long-low (LL) coverage. The red polygon
includes full SL and LL coverage of the tail and is identified as the SL/LL tail
region, while the long orange and smaller red rectangular boxes that enclose the
molecular hydrogen tail have only LL coverage and are termed the LL full tail
and far tail regions, respectively. The large green circle centered about the galaxy
signifies the tidal radius. The 3.6µm image shows a relatively undisturbed spiral
galaxy. We observe a cometary structure at 8µm that strongly suggests ram-pressure
stripping. We also see a strong correspondence between the 8µm and Hα images,
which is expected for star-forming regions. The morphologies at Hα and 8µm do
not correspond to the 3.6µm image, suggesting that the star-forming regions are
relatively young. A strikingly long molecular hydrogen tail is shown in the 17.035
µm image. The position angles of the tails seen in Hα and 8µm are coaligned with
the molecular hydrogen tail. This is evidence for warm gas being stripped from a
galaxy with knots of star formation within it.
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Figure 3.3 ESO 137-001 LL-only full tail and far tail regions rest-frame spectra. The
far tail region flux has been offset by -5 mJy for better visibility. The red and blue
lines denote the best fit to the full tail and far tail data, respectively. The spectra
show strong H2 0-0 S(1) and S(0) transitions in addition to atomic fine structure
lines in both cases. The full tail spectrum reveals some continuum emission from
warm dust, while continuum emission is virtually non-existent in the far tail case
even though strong H2 and fine structure lines are still present. This is no surprise
because the full tail spectrum contains some of the extraplanar star-forming regions
while the far tail region was chosen not to include any star-forming regions.
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Figure 3.4 ESO 137-001 SL/LL tail region rest-frame spectrum. The SL data are
shown with a larger stretch within the inset plot. The red line denotes the best fit
to the data. Atomic fine structure and H2 0-0 S(0) thru S(3), and S(7) lines are
detected at greater than 3σ significance within this region. The presence of aromatic
emission indicates star formation is occurring in this region.
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Table 3.1. Measured H2 Rotational Line Fluxes for ESO 137-001 Tail

Spectral λ Tail (SL/LL) All Tail (LL-only) Far Tail (LL-only)

Feature Flux Flux Flux

(µm) (10−17 W m−2) (10−17 W m−2) (10−17 W m−2)

0-0 S(7) 5.511 1.03±0.26 — —

0-0 S(6) 6.109 < 0.74∗ — —

0-0 S(5) 6.909 < 1.04∗ — —

0-0 S(4) 8.026 < 0.59∗ — —

0-0 S(3) 9.665 1.20± 0.11 — —

0-0 S(2) 12.279 0.42± 0.08 — —

0-0 S(1) 17.035 0.92± 0.01 2.10± 0.08 0.80± 0.09

0-0 S(0) 28.221 0.23± 0.01 0.47± 0.03 0.21± 0.02

∗3σ detection limit.

tail within the SL/LL region.

Due to the lack of electrical dipole moment in the hydrogen molecules, the only

allowed radiative transitions between rotational states require ∆J = ±2. Therefore,

ortho and para states are radiatively decoupled. The ortho/para ratio (OPR) of

molecular hydrogen in local thermodynamic equilibrium (LTE) varies from ∼ 1.5

at 100 K to ∼ 3 above 200K (Burton et al., 1992). The lack of radiative coupling

requires collisions between molecules (and/or a catalyst) to reach LTE. The warm

component of the molecular hydrogen has temperatures that typically fall within

this range of temperatures. Consequently, the OPR may not conform with the LTE
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Figure 3.5 Excitation diagram for the molecular hydrogen tail. The black, red, and
blue points represent the populations in the SL/LL tail, LL-only full tail, and LL-
only far tail regions, respectively. The LL-only full tail and far tail regions were fit
by single temperature models, which are represented by the solid red and blue lines,
respectively. The SL/LL region population was fit by a two-temperature (hot and
warm components) model. For the two temperature model fits, the S(0), S(1), S(2),
S(3) lines were included. The black curve is a two-temperature fit to the SL/LL
tail data. The S(7) line is several standard deviations away from the best fit curve.
A possible solution for this issue may be the inclusion of a third temperature com-
ponent. However, we have insufficient data to constrain an additional temperature
component. This is not a significant issue as most of the mass is contained with the
lowest temperature component.
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value if the hydrogen molecules formed at temperatures higher than 200 K and have

now cooled to temperatures lower than 200 K without sufficient density to reach

LTE. The OPR is then frozen to the value when the gas was last in LTE. We carry

out a test outlined by Roussel et al. (2007) to check if the observed population is

not in LTE. They characterize any deviation from LTE with the OPRhigh T
pa-

rameter, which is the OPR at high gas temperatures. At LTE, OPRhigh T
is by

definition 3. Roussel et al. (2007) state that if the following condition is satisfied

the gas is consistent with a population in LTE: T (S(0)−S(1)) ≤ T (S(0)−S(2)) ≤

T (S(1)−S(2)) ≤ T (S(1)−S(3)) ≤ T (S(2)−S(3)) where T (S(i)−S(j)) is the tem-

perature derived from S(i) and S(j) line ratios. The line ratios of lower excitation

energy lines probe components at lower temperatures in a gas with a distribution

of temperatures. Temperatures derived from T (S(0) − S(2)) and T (S(1) − S(3))

are independent of OPRhigh T
, whereas the rest depend on it. The temperatures

derived from our lines satisfy the above equality and are consistent with being in

LTE. This does not mean the population is definitively in LTE, as it is possible

to have slightly lower values of the OPRhigh T
ratio and still satisfy the condition.

However, we assume LTE in our fits of the molecular hydrogen population.

To quantify the physical properties of the gas, we first determined the tempera-

ture and total column density (Ntot) of the LL-only regions by fitting the S(0) and

S(1) lines using Equations 3.2 and 3.3:

ln(N(Tu)/gu) = ln(N0)−
Tu

T
(3.2)

where N(Tu) is the column density of a transition, gu is the degeneracy of the

transition, N0 is the column density of the J = 0 state, Tu is the energy (in Kelvin)

of the upper energy level of the transition, and T is the temperature of the gas.

Ntot(T ) =
j=25
∑

j=0

gjN0 exp
(

−Tj

T

)

(3.3)
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where Ntot is the total column density of the gas, j is the rotational state, Tj is

the energy of that state. T0 = 0 K, and T1 = 170.6 K for molecular hydrogen.

Equation 3.3 was summed up to the H2 0-0 J = 25 state, which corresponds to

an excitation energy of 37728 K, well above the observed temperatures. Given the

limited information, we fitted a single temperature of 157± 3 K and a total column

density of 2.46+0.25
−0.23 × 1019 cm−2 in the LL-only full tail region. The errors in the

temperature and column density were determined through Monte Carlo runs. 10,000

fitting trials were calculated where the trial line fluxes were drawn from a gaussian

distribution with a mean and a full-width-half-max (FWHM) that were defined by

the measured line flux and line flux error, respectively. We derive a total H2 mass

within the tail of 4.11+0.43
−0.39 × 107 M⊙. In Figure 3.5, the blue line is the best fit

single-temperature model. For the LL-only far tail region, we obtain a temperature

of 149± 6K and a total column density of 2.90+0.51
−0.43 × 1019 cm−2. This corresponds

to a total H2 mass of 2.15+0.38
−0.32 × 107 M⊙.

Next, we characterized the molecular hydrogen population in the SL/LL region.

As shown by Figure 3.5, the additional information requires a model with multiple

components with different temperatures. We chose the simplest model consisting of

two temperature components as given in Equation 3.4.

ln(N(Tu)/gu) = ln(N0,1) + ln
[

exp
(

−Tu

T1

)

+ f2,1 exp
(

−Tu

T2

)]

(3.4)

where N0,1 is the column density of the J = 0 state of the first component, T1

and T2 are the temperatures of the first and second components, respectively, and

f2,1 = N0,2/N0,1 where N0,2 is the column density of the J = 0 state of the second

component. We only fit the S(0), S(1), S(2), and S(3) lines. We did not include

the S(7) line in our fits for two reasons: 1.) we would require a third temperature

component to account adequately for this line, but we do not have sufficient line

detections to constrain a third component; and 2.) this line is most affected by
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Table 3.2. Measured H2 Gas Masses for ESO 137-001

Fit Component Tex Ntot Σ H2 Mass

(K) (1019 cm−2) (M⊙ pc−2) (107 M⊙)

Full Tail Warm 157± 3 2.56+0.27
−0.24 0.41+0.04

−0.04 4.11+0.43
−0.39

(LL-only)

Far Tail Warm 149± 6 2.90+0.51
−0.43 0.46+0.08

−0.07 2.15+0.38
−0.32

(LL-only)

Tail (SL/LL) Warm 125+10
−19 5.9+4.2

−1.1 0.94+0.67
−0.18 3.6+2.6

−0.7

Hot 472+77
−56 5.9+4.4

−2.6 × 10−2 9.4+7.0
−4.1 × 10−3 3.6+2.7

−1.6 × 10−2

UV fluorescence, which is a result of star formation. Our spectral maps showed

some evidence for a patchy distribution of the S(7) line emission, though no clear

correlation was observed with star-forming regions. The best fit model (shown in

black in Figure 3.5) provides temperature estimates of 125+10
−19 K and 472+77

−56 K for the

two components. The total column density for each component was calculated using

Equation 3.3, producing a value of 5.9+4.2
−1.1×1019 cm−2 for the warm and 5.9+4.4

−2.6×1017

cm−2 for the hot components. These values correspond to masses of 3.6+2.6
−0.7×107 M⊙

and 3.6+2.7
−1.6×105 M⊙ for the warm and hot components, respectively. The results of

all fits are tabulated in Table 3.2. These results agree well with the hydrodynamical

simulations of ram stripping by Roediger & Brüggen (2008). They predict that

massive stripped tails can be produced even 0.5 to 1 Mpc from the cluster core

(the projected distance of ESO 137-001 is 0.3 Mpc) with column densities of ∼ 1019

cm−2.
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We also calculate the total H2 line luminosity in each extraction aperture. To

make this measurement, we must make a small extrapolation to include the lumi-

nosity from ground state rotational lines that are at shorter wavelengths than those

already detected. We carry this out using the following equation:

L(H2) = ΩD2
A

[

i=23
∑

i=0

NS(i)AS(i)hνS(i)

]

(3.5)

where Ω is the solid angle of the aperture, DA is the angular size distance to the

galaxy, NS(i) is the column density of the molecules at the upper energy state for the

S(i) transition, and A and ν are the Einstein A-coefficient and frequency associated

with that transition. The column densities are calculated from values obtained

from the excitation diagram fit. For the SL/LL region, we obtain a luminosity of

1.59×1040 ergs s−1, while for the LL full tail and far tail regions, we obtain 1.36×1040

and 0.59 × 1040 ergs s−1, respectively. Even though the LL full tail region covers

the entire tail (i.e. larger solid angle than the SL/LL region), its H2 luminosity is

lower than the SL/LL region because of the significant emission coming from the hot

component within the SL/LL region. If there is a hot component associated with

either of the LL regions, then the stated luminosities are lower limits. Furthermore,

there may be a third even hotter component inside the SL/LL region as revealed

by the poor fit of the S(7) line, which suggests that even the luminosity derived

for the SL/LL region is a lower limit. When compared to other wavelengths, we

obtain luminosity ratios of L(H2)/L(Hα) ∼ 1 and L(H2)/L(X-ray) ∼ 0.1 where

the L(Hα) and L(X-ray) are obtained from Sun et al. (2007) and Sun et al. (2006),

respectively. It is clear H2 is a significant coolant. These ratios are only approximate,

as the apertures over which the comparisons are made are not completely matched;

the H2 aperture is smaller than those used in the Hα and X-ray measurements, so

its cooling effect may be underestimated.
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3.3.1.2 Comparison of Molecular Hydrogen Gas Mass

We compare our results with the other mass estimates of the tail derived from ob-

servations in the Hα-band (Sun et al., 2006), and the X-ray (Sun et al., 2007). To

make these comparisons, we compute the average gas surface density to mitigate

issues arising from mismatched apertures. The gas surface density derived from our

molecular hydrogen study ranges from 0.4 − 0.9 M⊙ pc−2. Our measurement of

molecular hydrogen mass is relatively robust because it is reasonably independent

of the tail geometry and does not require a free-parameter f, the filling factor. Nev-

ertheless, there are systematic issues in our mass estimate: 1.) the IRS slit coverage

does not cover the full axial extent of the tail, which causes us to miss some of the

H2 emission at the edges; and 2.) it is unclear what fraction of the molecular gas

the warm H2 emission represents. Roussel et al. (2007) in their survey of warm

molecular hydrogen in SINGS galaxies find that for galaxies with CO detections (43

galaxies in total) warm molecular hydrogen (T > 100 K), on average, represents only

∼ 10% of the cold molecular hydrogen. There is a very broad range of warm to cold

gas ratios in the SINGS sample ranging from 0.6 − 45% with a scatter for the full

sample of σ ∼ 10%. It is unclear if we can apply the fraction found in SINGS galax-

ies to explain the molecular hydrogen that is being stripped when the underlying

formation and heating mechanism may be different. Preliminary CO measurements

of the shocked region of Stephan’s Quintet suggest a higher fraction (∼ 50%) of

warm to cold molecular gas (Guillard, 2010). However, Stephan’s Quintet is an

extreme environment with exceptionally strong molecular hydrogen emission, so the

observed fraction may not be representative of conditions in the warm H2 tail of

ESO 137-001.

Both the Hα and X-ray estimates rely on additional assumptions that we do not

require. Both assume a cylindrical distribution for the gas to estimate an average
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electron density, which is then used to arrive at the mass of the radiating gas.

Moreover, both estimates depend strongly on f , which is unknown. Taking these

effects into consideration, we compute a surface density of hydrogen by dividing the

mass estimate by the angular extent of the tail and obtain ∼ 2.5 f
1
2 M⊙ pc−2 for

both the Hα and X-ray tails. For the X-ray mass value, we use the tail mass from

Sun et al. (2006). This is approximately a factor of 3− 6 higher than our estimate

if we assume f = 1, but agrees well with ours for the plausible value f = 0.03− 0.1,

assuming all three tails have similar masses.

The exact physical mechanism that excites the stripped gas to produce emission

at these different wavelengths is not entirely clear, making it difficult to predict the

different states of the gas (see Section 3.4.1 for a discussion). One needs to carry

out a full census of the stripped gas through CO and HI observations to obtain a

complete picture. Cold atomic gas measurements of the galaxy have been carried

out, but were only able to place an upper limit on the HI mass of 109 M⊙ (Sun et al.,

2007). If we assume the typical values found in the SINGS sample, cold H2 may be

a significant component of the stripped gas, and its mass is critical for calculating

an accurate mass loss rate for the galaxy (see Section 3.4.2.3).

3.3.1.3 Fine Structure Line Emission in Tail

We also fit several common fine structure lines using PAHFIT in the LL-only and

SL/LL-only regions to study possible excitation mechanisms for the observed molec-

ular hydrogen tail. The lines are highlighted in Figures 3.3 and 3.4, and the line

fluxes are tabulated in Table 3.3 for all three spectral extraction regions. We detect

[NeII] (12.8µm), [NeIII] (15.6µm), [SIII] (18.7 and 33.5µm), and [SiII] (34.8µm).

We also observe an emission line in the SL/LL region at rest 26 µm, which is likely

a blend of the [OIV] 25.89µm and the [FeII] 25.99µm lines. It is possible to disten-

tangle which of the two lines dominates the blend. The [OIV] line and the [FeII] line
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have vastly different excitation potentials, 56 and 7.9 eV, respectively. It is likely

that this line detection is dominated by the [FeII] line as the low [NeIII]/[NeII] ratio

of 0.2 suggests the gas is not highly excited. Cluver et al. (2010) draw similar con-

clusions where they too observe a 26µm line in Stephan’s Quintet. Further progress

can be made by comparing the [SIII] (33.5µm)/[SiII] ratio. Dale et al. (2006) car-

ried out an IRS survey of a variety of different types of active galactic nuclei (AGN)

and nuclear and extranuclear HII regions. They found a strong correlation between

the type of object and the [SIII]/[SiII] flux ratios. HII dominated spectra typically

have higher [SIII]/[SiII] ratios than AGNs and therefore this ratio can be a good

discriminator of the type of energy source exciting the gas. We evaluate where each

of the three spectral extraction regions fall in this correlation. The SL/LL region

has a [SIII]/[SiII] ratio of 0.75, which is in a region that is largely dominated by

HII regions. The same is true for the LL-only full tail, which has a ratio of 0.67.

However, the LL-only far tail region yields a much lower ratio of 0.32, which is in

an area that is dominated by AGNs. This is another indication that the gas in this

region may be excited by a mechanism other than star formation, as discussed in

Section 3.4.1.

3.3.2 Star Formation in ESO 137-001 and its Tail

The Hα image clearly shows that the galaxy is actively forming stars in the nuclear

region and to a lesser extent along the tail. Our infrared data offer us a complemen-

tary look at the star formation activity. We detect 8µm excess sources, which are

clearly associated with the Hα sources found by Sun et al. (2007). We measure the

SFR of the galaxy, focusing on the nuclear region where we see the majority of the

star formation as indicated by Hα imagery and we have full wavelength coverage

across 5− 36µm. Finally, we address two questions: 1.) Is ESO 137-001 peculiar in

any way in its star-forming properties? 2.) How does star formation progress in the
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Table 3.3. Fine Structure Line Fluxes for ESO 137-001 Tail

Spectral λ Tail (SL/LL) Full Tail (LL-only) Far Tail (LL-only)

Feature Flux Flux Flux

(µm) (10−17 W m−2) (10−17 W m−2) (10−17 W m−2)

[NeII] 12.8 1.17± 0.11 — —

[NeIII] 15.6 0.25± 0.01 0.17± 0.08 < 0.21

[SIII] 18.7 0.30± 0.01 0.34± 0.08 0.17± 0.04

[OIV],[FeII]† 25.9, 26.0 0.14± 0.01 < 0.10∗ —

[SIII] 33.5 0.87± 0.02 0.90± 0.10 0.18± 0.06

[SiII] 34.8 1.16± 0.02 1.35± 0.11 0.57± 0.08

†Possible blended feature.

∗3σ detection limit.
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molecular hydrogen tail?

3.3.2.1 8 µm Dust Emission

We present the results of our IRAC imaging in Figure 3.2. The Hα image of ESO137-

001 was kindly provided by M. Sun and has been discussed in detail by Sun et al.

(2007). There are striking differences between the 3.6 µm and 8 µm images. The

3.6µm data shows what appears to be a normal spiral galaxy with significant contam-

ination from foreground Milky Way stars. The star-subtracted, contrast-enhanced,

deep RC-band image of Woudt et al. (2008), reproduced in Figure 3.1, shows this

galaxy more clearly and reveals only minor low surface brightness perturbations that

extend in the southwest direction. However, the 8µm image shows a completely dif-

ferent view. We see a cometary structure centered about the galaxy within which

are several point-sources. Excess 8 µm flux often arises from warm dust rich in

aromatic hydrocarbons, associated with star formation (Calzetti et al., 2007).

To understand the nature of the 8µm sources, we first remove the 8µm stellar flux

to determine the emission from the aromatics. We achieve this by first convolving the

3.6µm data to degrade the image quality to match the 8µm resolution using kernels

provided by Gordon et al. (2008). Then we subtract the convolved 3.6µm image after

registering it to the 8µm image and multiplying it by an arbitrary scaling (∼ 0.3)

to ensure the bright stars are properly subtracted. The final subtracted image

is presented in Figure 3.6. The kernel is imperfect because the wings of point-

sources are over-subtracted; however, we are able to discern 8µm excess clearly.

We determine the position of the 8µm excess sources using SExtractor (Bertin &

Arnouts, 1996). We first identify sources that have a minimum of 4 pixels detected

more than 1.5σ above the local background. We apply an additional 5σ cut to these

sources using the source flux and flux error generated by SExtractor to generate

the source catalogue. We visually inspect the final source catalogue and remove
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Figure 3.6 2′ by 2′ Hα image (left) of ESO 137-001 smoothed to 1.2′′ resolution
and the corresponding stellar continuum subtracted 8µm image (right). The colors
follow the visible spectrum, where blue is represents the faintest emission, and red
the brightest. The black cross-hair indicates the center of the galaxy. Sources found
by running a source detection algorithm on the 8µm stellar continuum subtracted
image are shown as yellow circles in both the Hα and 8µm image. The bright
single pixel spots surrounded by a dark annulus are residuals from the stellar light
subtraction. Every source present in the 8µm image is present in the Hα image with
the exception of the point source southeast from the galaxy. It is unclear what this
source is. The similarity between the two wavelengths establishes the Hα and 8µm
sources are likely star-forming regions. These sources are in a fan-like configuration
downstream of the galaxy.

the sources that are associated with detector and stellar continuum subtraction

artifacts. This method identifies all of the sources that can be identified by eye. We

present the locations of the sources within 2′ of the galaxy in Table 3.4 along with

their distances from the center of the galaxy (α =16:13:27.30 and δ = -60:45:50.5)

obtained from the NASA Extragalactic Database.

A comparison with the Hα emission (see Figure 3.6) shows that the structures

and point-sources seen at 8µm are also present in the Hα image. The 8 µm excess

source positions are overlaid on the Hα image to indicate the correspondence. There

are a few bright pixels surrounded by dark annuli seen at 8µm, which are in fact



107

Table 3.4. Dusty 8µm Source List

# RA DEC Distance (′′) Hα counterpart

1 16:13:27.19 -60:45:50.44 0.8 Y

2 16:13:24.98 -60:45:43.51 18.3 Y

3 16:13:26.48 -60:45:32.85 18.6 Y

4 16:13:25.45 -60:45:34.79 20.7 Y

5 16:13:23.93 -60:45:53.60 24.9 Y
∗

6 16:13:24.54 -60:46:05.92 25.4 Y

7 16:13:24.13 -60:45:33.46 28.8 Y

8 16:13:23.66 -60:45:23.70 37.8 Y

9 16:13:25.78 -60:45:10.21 41.8 Y

10 16:13:29.82 -60:46:30.42 44.0 N

11 16:13:22.83 -60:45:20.55 44.4 Y

12 16:13:23.03 -60:44:49.45 68.6 -

13 16:13:35.89 -60:45:23.07 68.6 Y

14 16:13:33.74 -60:44:49.60 77.0 N

15 16:13:32.01 -60:47:00.30 77.9 N

16 16:13:36.16 -60:44:53.67 86.2 -

17 16:13:32.05 -60:44:27.37 90.1 N

18 16:13:30.07 -60:47:25.82 97.5 -

19 16:13:13.65 -60:46:04.68 101.0 N

20 16:13:39.49 -60:44:47.56 109.3 N

21 16:13:42.58 -60:46:28.59 118.3 -

∗This single source detection may actually be two separate

sources.
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residuals from the stellar continuum subtraction. When we do a careful comparison

of the two images almost every source at 8µm within 1′ (approximately within the

tidal radius) of the galaxy has a clear Hα counterpart with one sole exception, a

point source located southeast of the galaxy, also located on the side of the galaxy

opposing the tail. It is unclear what this source is, and it is not very likely to be

associated with the galaxy. The few fainter Hα sources that are not seen in 8 µm

can attributed to the reduced sensitivity in the 8 µm band due to its lower angular

resolution. Overall, the source matching strongly suggests that these 8µm excess

sources are associated with the galaxy and are relatively young HII regions. This

confirms Sun et al. (2007)’s hypothesis that these are star-forming regions (which

they arrived at from their analyses of the B-band, I-band, and Hα data), and possible

sites for intracluster star formation.

3.3.2.2 Measurement of Star Formation Rate in the Galaxy

We calculate the star formation rate (SFR) in the central parts of the galaxy by first

estimating the MIPS 24µm (Rieke et al., 2004) flux density from our IRS spectrum

multiplied by the MIPS relative response curve. We find a MIPS 24µm flux density

of 45 ± 2 mJy in the nuclear extraction region, which contains almost all of the 24

µm flux (see Figure 3.8). The uncertainty in the flux was determined by computing

the standard deviation of the residual of a continuum fit from 20 to 30 µm, excluding

the S(0) line. This is necessary because the CUBISM software underestimates the

errors in that wavelength range and small ripples associated with fringing are present

in the continuum. Hereafter, all MIPS 24µm flux density measurements are carried

out in this manner.

Using Rieke et al. (2009)’s SFR-to-24µm calibration produces a SFR value for

the galaxy of 0.6 M⊙ yr−1. We note, however, our galaxy’s 24µm luminosity falls a

factor of 2 lower than the valid range of calibration of the relation in Rieke et al.
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(2009). By using their calibration, we likely underestimate the total (UV+IR) SFR

somewhat because the UV leakage from the star-forming regions will be higher for

lower 24 µm luminosity galaxies. According to the Figure 7 of Buat et al. (2007),

the UV leakage can be about 15% for our galaxy. After taking this into account,

we deduce the total SFR (UV+IR) of ESO 137-001 to be 0.7 M⊙ yr−1. This value

is dominated by the systematic uncertainty of the SFR-to-24µm calibration ∼ 0.2

dex (Rieke et al., 2009).

Our SFR value is a factor of 2 lower than that measured by Sun et al. (2007).

Sun et al. (2007) used an extinction-corrected Hα measurement to estimate a SFR of

2 M⊙ yr−1, which translates to 1.3 M⊙ yr−1 for the Kroupa IMF used by Rieke et al.

(2009). There is a mismatch in the aperture used by Sun et al. (2007) and our work

for the measurement of the SFR. We correct for this using the Hα data provided

by M. Sun to measure the relative difference of total Hα flux between the two

apertures. The difference is very small; the Hα SFR measurement is reduced by 5%

when the 24µm aperture is used yielding a Hα SFR of 1.2 M⊙ yr−1. No statistical

uncertainty for this measurement was quoted by Sun et al. (2007); however, this

measurement carries a systematic error of ∼ 0.15 dex (Kennicutt, 1998). Sun et al.

(2007) applied a 1.4 mag extinction correction estimated from the Hγ/Hβ line ratio.

Reconciling the Hα with the IR-determined SFR, however, would require that there

is 0.8 mag of extinction at Hα. To probe this inconsistency, we use the Kroupa IMF

SFR calibration given by Kennicutt et al. (2009) that uses both Hα (not extinction

corrected) and 24µm luminosity. Sun et al. (2007) provide an extinction corrected

L(Hα) within the region they calculate the SFR. After removing the extinction

correction and applying the aperture correction, we obtain a L(Hα) of 6.5 × 1040

ergs s−1. Using this value along with the 24µm luminosity yields a SFR of 0.7 M⊙

yr−1, which is consistent with our original 24µm SFR measurement. This suggests
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that the extinction correction used by Sun et al. (2007) was probably overestimated.

We now compare the SFR with the stellar mass of ESO 137-001 to see if it

has an abnormal SFR. We first estimate the galaxy’s stellar mass from its K-band

magnitude. We obtained a K-band apparent magnitude of 11.6 from a catalogue of

galaxies in Abell 3627 (Skelton et al., 2009), which corresponds to a MK = −22.5.

This yields a stellar mass of ∼ 1.4 × 1010 M⊙ (Bell & de Jong, 2000). A typical

SFR for a cluster member of this mass is ∼ 5 M⊙ yr−1, with a board distribution

extending down to the rate in ESO 137-001 (Vulcani et al., 2010). Thus, there are

no obvious anomalies in the star-forming properties of the galaxy, although it is less

active than is typical.

To explore the galaxy’s star formation properties further, we look to its IR

spectrum (see Figure 3.7). The galaxy unsurprisingly shows strong aromatic features

and an infrared continuum, both clear indicators of on-going star formation. We

compare the spectrum with templates provided by Smith et al. (2007) and find it

is well-matched with a star-forming galaxy template as shown by Figure 3.7. We

also checked to see if there are any peculiarities in the aromatic features of ESO

137-001. We fit the nuclear spectrum of the galaxy using PAHFIT (version 1.2;

Smith et al., 2007) with extinction correction, and the best fit is shown in Figure

3.7. We tabulate the strength of various aromatic features in Table 3.5. The derived

flux ratios L(6.2µm)/L(7.7µm Complex) of 0.3 and L(11.3µm Complex)/L(17µm

Complex) of 2.1 are consistent with star-forming galaxies with HII-dominated nuclei

(Smith et al., 2007).

3.3.2.3 Star Formation in the Molecular Hydrogen Tail

The Hα image (Sun et al., 2010) demonstrates that star formation is occurring

outside the galaxy near the head of the tail. To explore the star formation in this

region, we compare the IRAC 8µm data and the IRS 24µm map with the molecular
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Figure 3.7 ESO 137-001 nuclear region rest-frame spectrum. The red line denotes
the best fit to the data. We have full short-low and long-low spectrograph coverage
in this region. The blue line is a starforming galaxy template spectrum from Smith
et al. (2007). The template spectrum was rescaled to match the 24 µm flux of ESO
137-001. We see a fairly good match between the two spectra, suggesting there is
nothing peculiar about the infrared properties of ESO 137-001.
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Table 3.5. Aromatic Feature Fluxes

Aromatic Feature Nuclear Flux Tail (SL/LL Region) Flux

(10−17 W m−2) (10−17 W m−2)

6.2 µm 66.1± 1.8 2.21± 0.72

7.7 µm Complex 217± 7 21.0± 2.1

11.3 µm Complex 57.8± 0.9 3.43± 0.29

12.6 µm Complex 32.9± 0.9 0.88± 0.35

17.7 µm Complex 28.1± 0.3 1.76± 0.07

hydrogen S(1) line map. We first convolve the 8µm continuum-subtracted image

with a kernel we created using the 17µm IRS PSF generated by stinytim and the 8µm

PSF using the same technique outlined above to degrade the Hα image. In Figure

3.8, we show that the S(1) emission is much more extended than the 8µm emission,

indicating that star formation only proceeds in the part of the tail immediately

downstream of the galaxy. This is corroborated by our 24µm map shown in Figure

3.8. We measure a MIPS 24µm-band flux of 3.5± 0.5 mJy within the SL/LL region

where the majority of the extraplanar SF is occurring. The flux in this region is

less than 10% of the value at the galactic nucleus indicating that most of the SF

is confined to the galaxy. Even though we detect 24µm emission in the SL/LL

region we do not quote a SFR. It is unclear how to translate the measured flux in

the star formation rate as the ICM environment is hostile to dust, and the usual

SFR calibrations may not hold. We also confirmed the lack of MIPS 24µm-band

flux detection (< 1.10 mJy, 3σ detection limit) in the LL-only far tail region, where
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Figure 3.8 2.5′ by 2.5′ images of ESO 137-001 at 8µm (left), rest 17.035µm (H2

0-0 S(1)) wavelength (center), and 24 µm. The colors follow the visible spectrum,
where blue is represents the faintest emission, and red the brightest. In the 24µm
panel, the orange box is the spectral extraction region used to measure the SFR
while the blue box is the region used by Sun et al. (2007) to compute their Hα
SFR. The 8µm data was smoothed to match the 17µm resolution after subtracting
the stellar continuum using 3.6µm data. The center of the galaxy is shown with
a black cross. While there is a strong correspondence between the 8µm and 24µm
emission, the molecular hydrogen tail is much more extended. This hints that the
stripped molecular hydrogen must only have sufficient density to form stars shortly
after it has been removed from the galaxy and that star formation cannot be the
main source of excitation.

there is no associated 8µm excess emission and half of the detected warm H2 lies.

This is also corroborated by the low [SIII]/[SiII] ratio in this region. We conclude a

significant portion of the stripped molecular gas may not have high enough density

to support star formation.

We also looked for any peculiarities in the aromatic features measured in the

SL/LL region. We tabulate the fluxes in Table 3.5. The derived flux ratio f(6.2µm)/f(7.7µm

Complex) of 0.11 is peculiar for a star formation dominated region (Smith et al.,

2007). Its value is lower than the lowest value found by Smith et al. (2007) of 0.2 for

HII-dominated nuclei, which have a typical value of ∼ 0.3. However, the flux ratio

f(11.3µm Complex)/f(17µm Complex) of 1.9 is not inconsistent with the average

value observed of HII-dominated nuclei. One possible explanation for the observed
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discrepancy is that aromatic emission at 6.2µm is somehow suppressed.

3.4 Discussion

3.4.1 Excitation Mechanisms for Molecular Hydrogen

There are a number of mechanisms to excite molecular hydrogen: 1.) UV fluo-

rescence (Black & van Dishoeck, 1987); 2.) X-ray irradiation arising when X-ray

photons penetrate the molecular gas clouds deeply (Maloney et al., 1996); and 3.)

shock-heating from high-velocity collisions. In the last case, a relatively fast J-shock

can dissociate H2 at the shock front only to have it form later on grain surfaces

downstream. The lowest J rotational lines are collisionally excited in this process

(see Hollenbach & McKee (1989)). Recently, Guillard et al. (2009) have presented

a sophisticated model of the H2 emission from Stephan’s Quintet. They are able

to produce a multiphase medium that emits strongly in rotational molecular hy-

drogen lines, and to a lesser extent in X-ray and Hα, from a large galactic scale

shock caused by the collision of an intruding galaxy with a tidal arm. The shock-

heated gas eventually cools to form molecular H2, which is the main coolant in the

gas, and is excited by low velocity, non-dissociative magnetohydrodynamic (MHD)

shocks that dissipate most of mechanical energy of the collision. Their model ade-

quately explains the two temperature molecular hydrogen component and the high

L(H2)/L(IR) ratio discovered by Appleton et al. (2006). This model qualitatively

matches our observations, and we conclude that the H2 tail can be shock-excited.

To investigate further the H2 excitation mechanism, we compare our results with

the warm molecular hydrogen inventory of the SINGS star-forming galaxies (Roussel

et al., 2007). We use the molecular hydrogen flux to 24µm flux ratio as a proxy

for L(H2)/L(IR). The ratios of molecular hydrogen line flux (measured for the

0-0 S(0) thru S(3) lines) to MIPS 24µm flux for SINGS star-forming galaxies are
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shown as diamond points in Figure 3.9. The errors in each data point shown are the

errors in the molecular hydrogen line flux. Because they should be much smaller,

the 24µm flux errors were not quoted and therefore they are not included in the

error in the ratio. We also calculated the same ratios for the SL/LL and the LL

far tail regions, which are shown by the triangular and square points respectively.

The S(2) and S(3) line fluxes for the LL region were calculated by extrapolating the

temperature fit using Equation 3.5. The LL region derived ratio is a lower limit, as

we only have an upper limit for the 24µm flux. The ratios calculated for the tail

regions are clearly significant outliers when compared to the SINGS sample even in

the case of the SL/LL region of ESO 137-001 where there is contamination from star

formation. In fact, the ratios are comparable to or greater than the most significant

outlier in the SINGS sample: NGC 4450. Roussel et al. (2007) state that their two

most significant outliers, NGC 4550 and NGC 4579, have significant excess in H2

emission that cannot be explained by emission from PDRs or supernova remnant

shocks. They state that shocks produced by cloud collisions in combination with

X-ray irradiation could explain the energetics of the observed H2 emission.

We summarize several pieces of evidence that suggest that some process other

than star formation must be the source of the H2 excitation: 1.) the most compelling

evidence is that approximately 50% of the warm molecular hydrogen gas mass, which

resides outside the tidal radius of the galaxy and within the hot ICM, has no detected

star formation activity; 2.) even the region within the tail with some star formation

activity shows unusually high luminosity of H2 for its IR luminosity in comparison

with the average value of SINGS galaxies; 3.) the H2 line emission is at least 10%

of the observed X-ray luminosity and approximately similar to the Hα luminosity

of the tail, which suggests a highly energetic process heating the gas; and 4.) the

[SIII]/[SiIII] ratio in the tail outside the tidal radius is consistent with gas excited
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Figure 3.9 A comparison of molecular hydrogen ground state rotational line flux
(measured from S(0) thru S(3) transitions) to 24µm flux as a function of 24µm
flux for SINGS galaxies (Roussel et al., 2007) and warm molecular hydrogen tail.
The diamond points represent the 66 galaxies from the SINGS sample. Two of
the significant outliers in the sample, NGC 4450 and NGC 4579, are labelled in
the plot. The warm H2 in both NGC 4550 and NGC 4579 is thought to be heated
through shocks from cloud collisions and/or X-ray irradiation because star formation
and supernova remnants are unable to explain the high H2 emission. The filled
triangular and square points represent the values measured in the SL/LL and LL
far tail regions of the warm molecular hydrogen tail, respectively. It is clear that the
two measurements in the tail are significant outliers in this comparison sample and
are comparable in value to the ratio for NGC 4450, which is likely heated by shocks
through cloud collisions in addition to X-ray irradiation (Roussel et al., 2007).
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by an AGN, possibly suggesting that the energy source may be hard. We conclude

that the H2 tail is likely stripped gas from the galaxy that is either heated by X-rays

and/or through shocks produced by the galaxy’s interaction with the ICM. We may

have directly detected the molecular gas from on-going ram pressure stripping of an

infalling cluster spiral. This possibility is discussed further in Section 3.4.2.3.

3.4.2 Physical Mechanism Responsible for the Tail

ESO 137-001 has a relatively normal spiral-like stellar distribution and asymmetric

gas distribution as evidenced by the X-ray and Hα tails. The existence of the

molecular hydrogen outside the plane of the galaxy and its anomalous excitation

mechanism raise several interesting questions: How did this molecular gas find its

way out of the galaxy? What does this say about galaxy transformation in the

cluster environment? How long does this phenomenon persist? To answer these

questions we look at the possible processes that strip galaxies of their gas in clusters.

We discuss why tidal stripping processes are not significant, and why ICM gas-

stripping is the most likely scenario that explains the observed phenomenon.

3.4.2.1 Galaxy-Galaxy Interactions

Galaxy-galaxy interactions can be strong transformative processes in the cluster en-

vironment. These interactions can be classified into two broad categories: low speed

and high speed. Low speed interactions frequently lead to significant morphological

changes and mergers, whereas high speed encounters lead to tidal stripping of gas

and stars from the outer edges of disks and induce nuclear starbursts.

If virialized, the high velocity dispersion of Abell 3627 (σ = 925 km s−1; Woudt

et al., 2008) makes it an unlikely site for a low velocity interaction between two

galaxies. However, the case of Abell 3627 is not simple. X-ray imaging of the

cluster reveals a subgroup near its center, which is identified in X-ray residuals after
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subtracting a radially symmetric component. The cluster’s diffuse ICM emission is

elongated with a position angle of approximately 130◦ (Böhringer et al., 1996). The

central cD galaxy that lies within the subgroup has a peculiar velocity of 561 km s−1

with respect to the cluster mean velocity indicating that the cluster is undergoing

a merger at its center (Woudt et al., 2008). However, ESO 137-001 lies outside of

the subgroup. There is also no compelling evidence that ESO 137-001 is part of a

dynamically cooler subgroup (Woudt et al., 2008) making it unlikely for it to have

experienced a low velocity encounter with a nearby galaxy. Furthermore, the closest

galaxy located within 10′ with the smallest difference in radial velocity with ESO

137-001 is ESO 136-024, which has a ∆vr = 120 km s−1. One would expect tidally

disrupted material to follow the trajectory of the perturber, but the location of ESO

136-024 is not aligned with the tail. In addition, there is no evidence in the stellar

morphology (Woudt et al., 2008, see Figure 3.1) for distortions in the direction of

ESO 136-024.

Galaxy harassment in the form of multiple fast interactions in clusters can strip

gas and stars from small spiral galaxies and turn them into dwarf elliptical or dwarf

spheroidal galaxies (Moore et al., 1996). Simulations show that for high surface

brightness spiral galaxies with stellar disk scale lengths of 3 kpc, a value comparable

to that measured by Sun et al. (2007) for ESO 137-001, the effect of high speed

encounters with massive galaxies is likely to be minor (Moore et al., 1999). In their

simulations of harassing tidal interactions involving high surface brightness model

galaxies similar to ESO 137-001, Moore et al. (1999) showed that the disk lost only

1 − 2% of its stars and largely retained its disk shape while its disk scale height

increased by a factor of 2 − 4 and its disk scale length decreased somewhat. The

current disk morphology of ESO 137-001 suggests that if it had an interaction with

a massive galaxy, it is likely to have had a minor impact on its stellar distribution.
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There is no physical reason why the gas would be preferentially stripped over stars in

a tidal interaction. Moreover, other simulations show that in tidal interactions, gas

typically tracks stars in tidal tails whereas ram-pressure can produce a significant

difference between the stellar and gas distribution (Vollmer, 2003; Mayer et al.,

2006). In fact, simulations show that tidal interactions often lead to gas inflow and

bar formation, and ram-pressure is necessary to strip the gas (Mayer et al., 2006).

Additionally, there is only a single tail, whereas both leading and trailing tails are

usually present in a tidal interaction (Moore et al., 1999). However, simulations

show that it may be possible for ram pressure to erase tidal features produced by a

single close encounter and produce long gaseous tails trailing the galaxy (Kapferer

et al., 2008). Therefore, the clear difference between the distribution of stars within

ESO 137-001 and the gas that trails behind it suggests that tidal interaction between

galaxies is not the main contributing factor for the existence of the tail.

3.4.2.2 Galaxy-Cluster Tidal Interactions

Inside the cluster core, the deep cluster gravitational potential can also foster galaxy

transformation (Henriksen & Byrd, 1996). When the cluster tidal force exceeds the

galaxy’s own restoring force, gas and stars can be tidally stripped from the galaxy

and trigger a nuclear starburst (Henriksen & Byrd, 1996; Cortese et al., 2007). We

calculate the effect of the cluster potential for our galaxy by using the formalism

outlined by Henriksen & Byrd (1996). The cluster tidal effect can be expressed as a

radial and a transverse acceleration, ar and at, respectively, which are given below:

at(r) = GMcl(r)
R

[R2 + (r +R)2]3/2
(3.6)

and

ar(r) = GMcl(r)

[

1

r2
− 1

(r +R)2

]

(3.7)
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where Mcl is the mass of the cluster, r is the distance of the galaxy from the cluster

center, and R is the radius of the galaxy. We can calculate the significance of the

cluster tidal force by comparing it to the centripetal acceleration of the galaxy, agal,

at the outermost parts of its disk:

agal =
GMgal

R2
(3.8)

where Mgal is the dynamical mass of the galaxy, and R is the physical extent of the

galaxy. On one hand, if the radial tidal acceleration exceeds the centripetal acceler-

ation of the galaxy, we would expect the gas and stars to be stripped by the cluster’s

gravitation force. On the other hand, if the transverse tidal acceleration exceeds the

centripetal acceleration, the gas clouds within the galaxy will be compressed leading

to a burst of star formation.

To determine the strength of the cluster tidal acceleration, we first estimate the

cluster dynamical mass profile. We tested two approaches to determine the mass:

one that uses the X-ray derived dynamical mass profile (Böhringer et al., 1996),

and the other that extrapolates to smaller radii using an NFW profile (Navarro et

al., 1996) and the dynamical mass estimate determined by Woudt et al. (2008) at

large radii. To find the best-fit NFW profile, we use the dynamical mass values for

the cluster at 3 different radii (0.67, 1.35, and 2.02 h−1
73 Mpc) from Woudt et al.

(2008). We use only the virial theorem (MV T ) and robust virial MRV T dynamical

mass estimates at these radii for our fit. Woudt et al. (2008) suggest that their

third method for mass estimation, projected mass estimator, is affected most by

substructure, which is present in Abell 3627, and produces a mass estimate that is

50% larger than MV T . MV T and MRV T are least affected by substructure and agree

to within 5%, which is why we fit to the average of these two values. Nevertheless,

these masses are also likely to be overestimates due to the on-going merger in the

cluster. The NFW parameters we obtained were rs = 346 kpc and c = 6.2. We do
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not quote errors on these parameters because error estimates were not given for the

mass estimates.

We now compute the relative strengths of the cluster’s radial acceleration and the

galaxy’s centripetal acceleration. The stellar disk is detected out to 40′′ in radius

by Sun et al. (2007); this corresponds to a physical distance of 12.6 kpc, which

we pick to be the radius of the disk. We estimate the galaxy’s dynamical mass

by using the K-band velocity-luminosity relation given in Courteau et al. (2007).

For its K-band luminosity, ESO137-001 should have a rotational velocity of 110

km s−1, which coupled with its stellar disk size, corresponds to a dynamical mass

of 3.5 × 1010 M⊙. In Figure 3.10, we show the ratio of the cluster’s radial and

galaxy’s centripetal acceleration for the NFW and X-ray gas mass profile. Even at

cluster-centric distance of 280 kpc, the minimum likely separation of the galaxy from

the cluster center, we find that the cluster tidal field does not exceed the galaxy’s

centripetal acceleration. We also calculate the galaxy’s tidal radius to be 15 kpc at

this cluster-centric distance using the NFW profile for the cluster mass distribution.

This is consistent with the value derived by Sun et al. (2007). Therefore, cluster tidal

forces are insufficient to cause any appreciable stripping of the stellar and gaseous

components of the galaxy.

3.4.2.3 Hydrodynamic Stripping

We have shown that the molecular tail emanating from ESO 137-001 cannot result

solely from galaxy interactions or from cluster tidal effects. We now explore the

possibility that it arises from ram pressure stripping. The fact that the stellar

disk appears relatively unperturbed signals that the tail must be generated by a

mechanism that only affects gas. ICM ram-pressure stripping or viscous stripping

are the most likely candidates.

To evaluate this possibility, the cluster-centric radius within which ram-pressure
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Figure 3.10 Ratio of cluster radial ar and galaxy centripetal agal acceleration
(ar/agal) and effectiveness of ram-pressure (qram) as a function of cluster-centric
distance. The solid and short dashed curves represent ar/agal determined from a
best-fit NFW cluster mass profile and a X-ray-data-derived mass profile, respec-
tively. If the ratio is greater than 1 (the dotted horizontal line), the cluster tidal
force will be sufficient to tidally strip the galaxy. However, at the projected distance
of 280 kpc (the dotted vertical line), the minimum distance the cluster galaxy can
be from the center, the ar/agal is less than 1 for both cluster mass profiles, indi-
cating that tidal stripping from the cluster gravitational field is not a significant
effect. The dash dotted and long dashed curves represent qram for a galaxy traveling
at 925 and 1602 km s−1, respectively. When qram > 1, the Gunn & Gott (1972)
criterion is satisfied and ram-pressure stripping becomes effective. It is clear that
ram-pressure stripping dominates over tidal effects and begins at fairly large cluster
centric distances: 720 kpc (925 km s−1) and 1.4 Mpc (1602 km s−1).
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exceeds the galaxy’s restoring force can be estimated using the Fujita & Nagashima

(1999) reformulation of the Gunn & Gott (1972) criterion:

ρICMv2gal > 2πGΣstarΣHI (3.9)

> 2.11× 10−11 dyne cm−2

(

vrot
220 km s−1

)2
(

R

10 kpc

)−1

×
(

ΣHI

8× 1020mH cm−2

)

(3.10)

where ρICM is the density of the ICM, vgal is the velocity of the galaxy with respect

to the ICM, vrot is the rotational velocity of the galaxy, R is the radius of the disk,

ΣHI is the surface density of the HI disk, and mH is the mass of the hydrogen atom.

Böhringer et al. (1996)’s β-model fit (Cavaliere & Fusco-Femiano, 1978) to their

ROSAT X-ray data provides an estimate of ρICM . We use the β-model parameter

values of ρ0 = 4.82 × 10−27 g cm−3, rX = 184.5 kpc, and β = 0.555 to compute

the ICM density as a function of cluster-centric radius. We also use the rotational

velocity and radial extent of the galaxy given in Section 3.4.2.2. The HI surface

density and the 3D velocity of this galaxy are unknown. Broeils & Rhee (1997) and

Karachentsev et al. (1999) have shown that the HI surface density of spiral galaxies

is fairly constant irrespective of the Hubble type or rotational velocity. Karachentsev

et al. (1999) specifically looked at a nearby volume-limited sample of galaxies and

found the HI surface density had a weak dependence on a galaxy’s rotational velocity

at less than the 1σ level. The studies give slightly different mean surface densities.

Broeils & Rhee (1997) compute an average surface density of 3.8 ± 1.1 M⊙ pc−2

for their sample of spirals and irregulars. From the HI surface density - rotational

velocity relation shown in Karachentsev et al. (1999), we estimate a surface density

of 6.3 M⊙ pc−2. For our calculations we were conservative and chose the higher

surface density, as that increases the minimum pressure required for ram-pressure

stripping. For the galaxy velocity, we picked the values that bound a galaxy’s speed
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in a virialized cluster: σ (925 km s−1) and
√
3σ (1602 km s−1) where σ is the

velocity dispersion of the cluster. As an additional check we compute the Mach

number of the galaxy using the X-ray data from Sun et al. (2006). Assuming the

galaxy is experiencing a shock as it travels through the ICM, we can predict the

Mach number if we know the density and temperature of the head of the X-ray tail

and the ICM. Sun et al. (2006) quote an average electron density and temperature

for the head of the tail to be 1.8− 3.5× 10−2f−1/2 cm−3 and 0.64 keV, respectively,

where f is the filling factor. The ICM on the other hand has a temperature of 6.3

keV and an electron density of 1.4×10−3 cm−3 at the location of the galaxy (Sun et

al., 2006). If we assume a filling factor of 1, we obtain a Mach number that ranges

from 1.1 − 1.6. Using the ICM sound speed of approximately 800 km s−1 that we

calculate below, we obtain a galaxy velocity through the ICM of 880−1280 km s−1.

This matches closely with our assumed value, suggesting that the galaxy cannot be

moving significantly faster than our predictions.

For a galaxy traveling at a velocity of 925 km s−1, ram-pressure stripping will

become significant at cluster-centric radii less than 0.72 Mpc. However, if the galaxy

is traveling at 1602 km s−1 the radius increases to 1.4 Mpc. We show these results

in Figure 3.10 for the two velocity cases where we plot the effectiveness of ram-

pressure in terms of the parameter qram where qram = ρICMv2gal/2πGΣstarΣHI . When

qram > 1, ram-pressure stripping becomes effective. Because ESO 137-001 has a very

low line-of-sight velocity with respect to the cluster (∼ 77 km s−1), its true distance

from the cluster center is not likely to be much larger than its projected distance.

Boselli & Gavazzi (2006) state that infalling galaxies typically follow highly eccentric

orbits. We can estimate the cluster-centric distance of the galaxy assuming a roughly

linear orbit with the following equation:

r =
R

cos(sin−1(vlos/vgal))
(3.11)
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where r is the cluster-centric distance, R is the projected distance from the cluster

center, vlos the line-of-sight velocity of the galaxy, and vgal the 3D velocity of the

galaxy. The two galaxy velocity limits mentioned previously put the galaxy at a

cluster centric distance of approximately 280 kpc. The galaxy is well within the

minimum radius limits where ram-pressure should be a significant transformative

process.

We also consider the case where the galaxy is undergoing viscous stripping

(Nulsen, 1982). This can be a significant stripping process with the same scal-

ing properties as ram-pressure stripping if the gas flow is turbulent. For turbulent

flow, the kinematics of the galaxy through a cluster should produce a Reynolds

number > 30. The Reynolds number, Re, is given in terms of the mean-free-path

and sound speed in the ICM, λICM and cICM :

Re = 2.8
(

rgal
λICM

)(

vgal
cICM

)

(3.12)

cICM =

√

kT

mH
(3.13)

λICM = 11
(

TICM

108 K

)2
(

10−3 cm−3

ρICM/mH

)

(3.14)

where T is the temperature of the ICM. We assume an ICM temperature of 6.3

keV (Sun et al., 2006). We calculate Re for the galaxy located at 280 kpc from the

cluster center for the two velocity limits. We obtain 30 < Re < 52 for 925 < vgal <

1602 km s−1. We therefore expect that the gas flow across the wake of the galaxy is

turbulent, as also shown in hydrodynamic calculations (e.g., Roediger & Brüggen,

2008). It is plausible that eddies in this part of the tail promote the star formation

occurring there. We can also estimate the mass loss rate following the prescription

in Nulsen (1982), which is Ṁ = πr2ρvgal where r is the radius of the gas disk and ρ

is the density of the ICM. We set the radius of the gaseous disk to be the half-width

of the 17.035 µm emission at the head of the warm H2 tail, which is approximately
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3 kpc. This is the best guess at the width of the current gas disk width. We obtain

a mass loss rate that ranges from 0.7 < Ṁ < 1.2 M⊙ yr−1, which is a factor of 3

lower the value that we obtained from our warm molecular hydrogen observations

(see Section 3.4.2.4 for warm H2 mass loss rate). This indicates that ram-pressure

and not viscous stripping dominates, but viscous stripping may also contribute to

the mass loss.

3.4.2.4 Mass Loss Rate and Stripping Time Scale

We calculate an instantaneous warm H2 mass loss rate by dividing the measured

warm H2 mass (LL full tail region) within the 20 kpc long tail (seen in projection

in the sky) by the time it would take the galaxy to traverse that distance. We

adopt the galaxy velocity limits of 925 km s−1 < vgal < 1602 km s−1 used in our

ram-pressure calculation. The galaxy’s velocity is taken to lie in the plane of the

sky due to its low recessional velocity with respect to the cluster. It will take the

galaxy approximately 1 − 2 × 107 years to traverse the length of the tail, which

corresponds to a warm H2 mass loss rate of 1.9−3.4 M⊙ yr−1. However, it is unclear

what fraction of the total stripped gas the warm H2 represents; the mass loss rate

presented is clearly a lower limit as evidenced by the Hα and X-ray tails already

detected. In order to make an estimate of the total gas mass loss rate, we need

measurements of two important parameters: the total H2 to warm H2 mass ratio

(γH2
) and the total gas to H2 mass ratio (γgas). Accounting for these ratios yields a

total mass loss rate of (1.9− 3.4)γH2
γgas M⊙ yr−1. However, both of these γ values

are unknown for this galaxy’s tail because no CO observations or HI measurements

of the tail exist. X-ray and Hα measurements do provide some constraints of the

atomic hydrogen content of the tail, but the measured mass depends strongly on

the filling factor, which is unknown.

To estimate the true mass loss rate of the galaxy, we make a few simplifying
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assumptions to determine γ values by using measurements made in other systems.

γH2
can be bound by cold-to-warm H2 gas mass ratios determined by Roussel et al.

(2007) for SINGS galaxies and by Guillard (2010) for the shock front in Stephan’s

Quintet. In the SINGS sample, Roussel et al. (2007) on average measure a γH2
of

∼ 10, while Guillard (2010) measures a γH2
of ∼ 2 at the strongest portion of the

galactic shock in Stephan’s Quintet. This provides a plausible range of 2 ∼< γH2 ∼< 10.

It is likely that the gas in the shock front in Stephan’s Quintet is in a much more

extreme state than in our case, yielding a much smaller γH2
ratio than what is likely

for the tail of ESO 137-001. This possibility is strengthened by the rather large γH2

of ∼ 10 measured in NGC 4450, which is also thought to have a similar excitation

mechanism as our H2 tail (Roussel et al., 2007). H2 is likely to be disassociated

during the process of stripping, in which case the observed molecular hydrogen may

form inside the tail after the shock-heated gas cools. In any case, we do not expect

γH2
to be a strong function of time.

In comparison, it is plausible that γgas has changed as the stripping has pro-

gressed. Initially, the large HI envelope of the galaxy would have presented a large

cross section for stripping. There is even indirect evidence that the HI loss rate

must have been high in the past. To illustrate, we estimate the initial gas mass of

ESO 137-001 prior to its entering the cluster. We do so from the stellar mass of the

galaxy, multiplied by the typical value of the gas to stellar mass ratio for a galaxy

of the given K-band luminosity, Mgas = 0.8 M∗, where M∗ is the stellar mass of

the galaxy (Bell & de Jong, 2000). The result is that the galaxy should have had

an initial gas mass of ∼ 1010 M⊙, with an rms scatter of 0.2 dex (Bell & de Jong,

2000). This mass is about an order of magnitude higher than the upper limit to the

current HI content of ESO 137-001 (Sun et al., 2007), indicating that most of the

gas has already been stripped. This is not surprising, since ram-pressure stripping
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is thought to become important at 3−5 times the current cluster-centric distance of

the galaxy. The time during which this stripping has occurred is at most 400− 700

Myr, the time to reach its current position at the range of estimates for the velocity

of the galaxy from the radius where the ram-pressure criterion is met.

We can also estimate an upper limit for stripping the remaining gas. We combine

the upper limit on the HI mass of 109 M⊙ with an estimate of the initial H2 mass

as 0.1 Mgas (the expected value for a Sc galaxy with 1010 M⊙ of gas (Obreschkow

& Rawlings, 2009)), or 109 M⊙, to set an upper limit of 2× 109 M⊙ for the current

gas content (HI plus H2). From the loss rate of warm H2 and the lower limit of ∼

2 on γH2, there is a lower limit to the current mass loss of 3.8− 6.8 M⊙ yr−1 , even

assuming all the lost gas is in molecular form (that is, ignoring the additional mass

loss for gas in atomic form). We then find an upper limit of 300− 500 Myr to lose

the remaining gas. This timescale is similar to the time it would take the galaxy to

travel from its current position to the outskirts of the cluster core, which we take

to be the core radius given by the X-ray gas distribution, for the range of galaxy

velocities explored. This means the galaxy is currently roughly half way through the

process of being completely stripped of its gas and will lose most of its gas before it

finishes its first pass toward and then away from the cluster core.

This also yields an upper limit on the timescale for ram-pressure stripping of

∼ 1 Gyr, which is the sum of the time the galaxy has been experiencing ram-

pressure stripping and the time it will take to lose all of its gas from now, for the

range of galaxy velocities explored. There are several reasons why the true stripping

timescale is much shorter: 1.) We assume no molecular gas has been stripped in

our calculation of the time it would take for the galaxy to exhaust its gas from

the present moment. 2.) The current measured HI mass used in our calculation

is only an upper limit. 3.) We assume no atomic gas is currently being stripped,
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which does not explain the existence of both a X-ray and a Hα tail. 4.) We do not

account for the impact of star formation, which could be a significant consumer of

gas. 5.) Even though the ram-pressure criterion may be met at large cluster-centric

distances, the ICM wind may not be strong enough to strip the gas permanently

from the galaxy’s halo during the early stages of stripping. This is consistent with

simulations of ram-pressure stripping, which indicate that significant gas stripping

happens in a relatively quick timescale of a few hundred Myr for a galaxy of similar

gas mass but 10 times more massive (Roediger & Hensler, 2005; Kapferer et al.,

2009). This may suggest that the warm H2 may only represent a small fraction of

the total gas stripped.

3.4.3 Implications

The existence of H2 in the ram-pressure stripped tail is puzzling because this is at

odds with conventional wisdom that molecular gas is much more tightly bound than

HI gas, making it far more difficult to strip than the less dense atomic gas. This

is supported by the observation that cluster galaxies with strong HI deficiencies

also have fairly normal amount of molecular gas content (Boselli & Gavazzi, 2006).

To determine how molecular hydrogen can exist outside the galaxy within the hot

intracluster medium we carry out a simple calculation of the effect of ram-pressure

on a typical molecular cloud. At the current location of ESO 137-001 where ram-

pressure is significant, a spherical molecular cloud 10 pc in radius and 104 M⊙ in

mass will only be moved by ram-pressure a few parsecs in a 1 Gyr. This means

that ram-pressure cannot move whole clouds out of the galaxy. It is possible that

molecular clouds may be ablated by the ICM wind and stripped gradually. However,

the more likely explanation is that the high velocity dissociative shocks arising from

the interaction between the ICM and the ISM of the galaxy dissociate the molecular

hydrogen within the galaxy only to have it form on grain surfaces when the shocked
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gas cools (Guillard et al., 2009). It is unclear how the molecular gas is able to

survive the harsh ICM environment. Our IRS observations have a resolution of ∼ 3

kpc, insufficient to resolve any structure within the molecular hydrogen tail. We do,

however, see the strongest molecular hydrogen in the part of the tail that is closest

to the galaxy, and its emission grows fainter the further away it is from the galaxy.

This likely results from both the destruction of the molecular hydrogen by the ICM

and the gradual loss of the kinetic energy from the ICM-ISM interaction. Given

the velocity of the galaxy through the cluster, we can place a lower limit on the

lifetime of the warm molecular hydrogen to be 10 − 20 Myr. This number is likely

to be larger if the molecular hydrogen exists in the Hα and X-ray emitting parts of

the tail, which extend to 40 kpc (Sun et al., 2007) and 70 kpc (Sun et al., 2006),

respectively. However, our data do not conclusively support shocks being the sole

excitation mechanism as X-ray irradiation can also be a possible candidate. Further

ground-based observations characterizing the cold gas (CO and HI measurements)

and hot H2 gas (near-IR measurements of H2 rovibrational lines) are required to fully

understand this phenomenon. Explaining the existence of warm H2 in the tail from

ram-pressure stripping remains a big challenge as simulations are only beginning to

understand the emission properties of the stripped gas tails, which do not include

any molecular content (e.g. Kapferer et al. (2009); Tonnesen & Bryan (2010)).

The star-forming regions seen outside of the plane of the galaxy, some of which

are outside the tidal radius, are remarkable as a demonstration that ram-pressure

stripping can be a source of intracluster stars. A few of these star-forming regions are

likely associated with the H2 tail indicating that in addition to the warm molecular

gas there must also be cold molecular gas with sufficient density to support star

formation. The turbulent flow of stripped multiphase ISM of the galaxy may allow

for eddies to form in the wake where star formation can occur. This is consistent
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with ram-pressure simulations that do indeed show that significant star formation

in high density clumps can occur in the wake of the galaxy (Kapferer et al., 2009).

However, their simulations do not explicitly include molecular gas, so the picture

painted by the simulation is incomplete and does not fully explain what is observed

in ESO 137-001. It is entirely reasonable that the existence of significant molecular

gas in the tail may enhance star formation within the tail, but a measurement of

the cold gas fraction is necessary to verify this hypothesis.

Next, we compare the morphology of the tail, the mass loss rate, and overall time

scale for stripping with simulations to see if these properties are generally consistent.

The collimated morphology of ESO 137-001’s tail and its moderate mass loss rate

indicate that it is in the intermediate stage of ram-pressure stripping, where the

gas originally displaced from the gaseous disk of the galaxy is permanently removed

from the halo of the galaxy (Roediger & Hensler, 2005). This phase, which follows

the short instantaneous stripping phase (∼ 10s Myr), lasts approximately a few 100

Myr in medium to strong ram-pressure. This is broadly consistent with our < 1 Gyr

upper limit for the ram-pressure stripping timescale. However, these simulations do

not explicitly include the effects of ram-pressure on molecular gas, so it is uncertain

if the results of simulations can be directly compared. Moreover, it is not clear if H2

stripping persists during the entire ram-pressure stripping phase. There is already

some indication that the galaxy may be nearing the end of its ram-pressure stripping

phase from its lower than expected HI gas mass and the small size of the Hα disk

within the galaxy.

Our conclusion that the galaxy will lose all of its gas in a single pass through the

core is also consistent with existing observational evidence. Assuming that a warm

H2 tail is found with either a X-ray or Hα tail, a literature survey of galaxies with

detected tails in Hα (Gavazzi et al., 2001; Cortese et al., 2006; Yagi et al., 2007;
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Kenney et al., 2008; Yoshida et al., 2008; Sun et al., 2007, 2010), and/or X-ray

(Wang et al., 2004; Sun & Vikhlinin, 2005; Sun et al., 2006, 2010) reveals that these

tails are rare. Sun et al. (2006) in their X-ray survey of 25 nearby hot clusters only

discovered 2 galaxies with X-ray tails, although another case, ESO 137-002, has

now been found serendipitously in Abell 3627 (Sun et al., 2010). However, this may

not be indicative of the true distribution because the X-ray gas in the tail is much

cooler than the ICM (Sun et al., 2006) and may be impossible to discern from the

hot ICM X-ray emission especially in the core regions where ICM X-ray emission

is the highest. Moreover, the observed Hα tails are low surface-brightness features

that require relatively long integration times to detect them (Gavazzi et al., 2001).

We also include the case where blue stellar trails were seen in galaxies within clusters

(Cortese et al., 2007), which is similar to the star-forming trail seen in ESO 137-001.

Cortese et al. (2007), in their HST survey of 13 different clusters at z ∼ 0.2, only

found two spiral galaxies with these types of trails. The rarity of these tails implies

that the timescale for their existence is much shorter than the typical crossing time

of a massive cluster, which is ∼ 5 Gyr. This is broadly consistent with our timescale

estimate, though these features may only be present when stripping is intense. If

warm H2 emission does not directly correspond to X-ray or Hα emission or exists

for a shorter time, it is entirely possible this phenomenon is even more rare.

3.5 Chapter Conclusions

We report on the detection of a warm H2 tail in ESO 137-001, an infalling cluster

spiral in Abell 3627. The main results of this study are:

1. Through Spitzer IRS spectral mapping observations, we detect a warm molec-

ular hydrogen tail (T ∼ 130 − 160 K) extending at least 20 kpc from the galaxy

ESO 137-001 in the cluster Abell 3627. The full extent of the tail is unknown and
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is limited by our slit coverage. The tail is co-aligned with both the X-ray (Sun et

al., 2006) and the Hα (Sun et al., 2007) tail. We measure a total warm H2 mass

of 4.11+0.43
−0.39 × 107 M⊙ within the H2 tail. Approximately, 50% of the warm H2 tail

mass is located outside the tidal radius of the galaxy and is permanently stripped.

2. Multiple temperature components are present in the tail, and we fit a two-

temperature-component model to the observed population distribution. We find

that the hot component (T = 472+77
−56 K) represents approximately 1% of the gas

mass of the tail in the region that we observed.

3. We identify star-forming regions near the galaxy by identifying 8µm excesses

(measured relative to 3.6µm), which coincide with most of the Hα regions detected

by Sun et al. (2007). We also identify a large 8µm excess centered about the galaxy.

Several of these star-forming regions exist outside the plane of the galaxy, some of

which are beyond the tidal radius. Therefore, ram-pressure stripping can also be a

source of intracluster stars.

4. The molecular hydrogen tail extends farther than the extent of the star-

forming regions. A comparison of the H2 line luminosity with 24 µm emission

strongly suggests that star formation is not the main excitation mechanism for the

warm H2 tail.

5. The infrared spectrum of ESO 137-001 itself matches expectations for a normal

starforming galaxy. We estimate a star-forming rate at the nucleus of 0.7 M⊙ yr−1.

6. Assuming a velocity range of 925(σ) < vgal < 1602(
√
3σ) km s−1 for the

galaxy, we obtain a warm molecular hydrogen mass loss rate of 1.9− 3.4 M⊙ yr−1.

We place a strong upper limit on the time it would take to strip the remaining gas

in the galaxy of 300 − 500 Myr and one on the total ram-pressure stripping time

scale of 1 Gyr. This means that the galaxy will have lost most of its original gas

content after a single pass through the cluster core, and that ram-pressure operates
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on timescales much shorter than the crossing time in a cluster. These results are

consistent with the hypothesis that ram-pressure stripping can transform galaxies

quickly when they fall into the cores of massive clusters.
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Chapter 4

Tracing Ram-Pressure Stripping with Warm Molecular Hydrogen

We present the results of a Spitzer IRS survey of four infalling cluster galaxies

with signatures of on-going ram-pressure stripping. We have discovered a warm H2

tail in NGC 4522 extending approximately 4 kpc in length. Warm H2 emission is

also detected our other three galaxies, with two of them showing clear evidence of

extraplanar H2 emission. The emission from the regions where warm H2 is detected

share similar temperature distributions consisting of a warm (T∼ 115− 160K) and

a hot component (T∼ 400 − 600K) where the warm component is approximately

a factor of 2 greater in mass than the hot one. The column densities of the warm

component typically range over 1019−1020 cm−2 with masses ranging from 106−108

M⊙. From a comparison with the SINGS warm H2 sample, our results indicate that

these galaxies experiencing significant ram-pressure stripping show anomalously high

warm H2 emission. This adds credence to the hypothesis that H2 within these

galaxies is being shock-heated from the interaction with the ICM. We also discover

that stripping of warm and hot dust, as measured at 8 µm and 24 µm, is a common

feature of the galaxies observed in our sample. In the case of NGC 4522, where we

resolve the distribution of dust at 8 µm very well, we see knots and ripples in the

dust that is being stripped off the galaxy, demonstrating the turbulent nature of the

process. We measure the star formation rates using published Hα and measured 24

µm luminosities for all of our galaxies and find that some of them have suppressed

star formation rates compared to similar mass counterparts in the field. We find a

possible association between Hα and warm H2 emission in three of the four galaxies

observed. We synthesize a possible evolutionary sequence to explain the varied

results observed in our sample.
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4.1 Chapter Introduction

Ram-pressure stripping is thought to transform infalling galaxies in the cluster envi-

ronment (Gunn & Gott, 1972) and may explain the distinctly different properties of

cluster galaxies when compared to the field. The traditional paradigm of stripping

confined to just atomic gas is being challenged. Observations show that molecular

gas can be stripped out of a cluster galaxy and exist well outside of the tidal ra-

dius of a galaxy (Sivanandam et al., 2010). Other observations show star forming

trails emanating from infalling galaxies in clusters (Cortese et al., 2007; Sun et al.,

2010; Sivanandam et al., 2010). While originally thought to be fairly rare (Sun et

al., 2010), recent deep narrowband Hα and GALEX UV observations in the Coma

cluster show at least a dozen galaxies with long (∼ 20 − 100 kpc) Hα trails (Yagi

et al., 2010) and UV trails (Smith et al., 2010) all generally pointing away from the

cluster center, indicating that ram-pressure can strip and form stars well beyond the

gravitational well of the stripped galaxy. This behavior is at odds with the tradi-

tional view that ram-pressure does not have sufficient strength to remove significant

amounts of molecular gas from galaxies, as cluster galaxies typically show a lack

of correlation between the molecular gas deficiency and atomic gas (HI) deficiency

(Boselli & Gavazzi, 2006).

A more complete view is required to understand fully the role ram-pressure

stripping plays in the evolution of a cluster galaxy. The recent discovery of a galaxy

group scale shock in Stephan’s Quintet (Appleton et al., 2006; Cluver et al., 2010)

glowing in ground-state rotational lines of warm molecular hydrogen (H2) pointed

toward a new method to detect ram-pressure stripped molecular hydrogen and to

study the shock associated with the interaction between the intracluster medium

(ICM) and interstellar medium (ISM) of a galaxy experiencing ram-pressure strip-

ping. Cluver et al. (2010) used Spitzer ’s infrared spectrograph to generate a large
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spectral map this shock; they find a large amount of H2 (∼ 5 × 108 M⊙) within

the main shock region where ground-state rotational lines of warm H2 are the main

coolant. The group-wide shock is thought to be produced by the collision of an

intruder galaxy with the intragroup medium at a velocity of ∼ 1000 km s−1 (Cluver

et al., 2010). The collision velocity is similar to the relative velocity between the

ISM of an infalling galaxy and the ICM, which motivated our survey for similar

features of shocked H2 emission in candidate galaxies in nearby clusters.

We have searched for warm molecular hydrogen (H2) emission from four galaxies

that show strong signs of on-going ram-pressure stripping. ESO 137-001, an infalling

spiral in the rich cluster Abell 3627, was the first galaxy observed by our program and

was also the best candidate for detecting this emission, as it had spectacular X-ray

and Hα tails extending 70 and 40 kpc, respectively (Sun et al., 2007). Our previous

work, through Spitzer Infrared Spectrograph (IRS) imaging spectroscopy, detected

a striking warm H2 tail (T∼ 130−160K) extending at least 20 kpc from this galaxy

(Sivanandam et al., 2010, hereafter referred to as Paper 1). The H2 tail was found

to be co-aligned with the X-ray and Hα tails, and extended farther than the tidal

radius of the galaxy. The tail included most of the extraplanar star forming regions,

which led to our conclusion that the H2 being stripped from the galaxy fostered

star formation. The most tantalizing discovery was that the warm H2 emission was

not powered by star formation, which is the most common excitation mechanism.

Our work suggested that the H2 is being dissociated by a shock produced by the

interaction between the ICM and galactic interstellar medium and is reforming in

the post-shock region in an excited state.

We explore this possibility further in our expanded sample of three more galaxies

that have clear signs of ongoing ram-pressure stripping. CGCG 97-073 (hereafter

referred to as 97073) is an irregular galaxy with a 50 kpc long Hα tail (Gavazzi et
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al., 2001) in another rich cluster, Abell 1367. NGC 4522 is a spiral in the Virgo

cluster with arc shaped Hα emission and with prominent extraplanar star forma-

tion (Kenney & Koopmann, 1999), a truncated Hα disk (Kenney & Koopmann,

1999), and a truncated and displaced HI distribution (Kenney et al., 2004). Fi-

nally, NGC1427A is a dwarf irregular galaxy in the Fornax cluster with prominent

arc-shaped morphology and star formation along one edge (Georgiev et al., 2006),

which is likely explained by the interaction with the Fornax’s ICM (Chanamé et

al., 2000). Our detecting and characterizing warm H2 and extended emission by

dust from these galaxies provides a more complete picture of how common warm

molecular gas stripping is, and how ram-pressure impacts infalling galaxies.

The paper is organized as follows. In Section 4.2, we present the sources of our

data and the methodology used to analyze the imaging and spectroscopic data. In

Section 4.3, we present the results from our data reduction, and characterize the

properties of the warm H2 and dust and determine the star-forming properties of

the galaxies. In Section 4.4, we discuss the possible excitation mechanisms for H2

and how effectively it may trace ram-pressure stripping. We also provide a possible

explanation for the variety of results among these galaxies. Finally in Section 4.5,

we list our conclusions. For computing distances, we adopt the concordance cosmo-

logical model (ΩΛ = 0.73, Ωm = 0.27, and H0 = 71 km s−1 Mpc−1). All reported

errors in this work are quoted at the 1σ level.

4.2 Observations and Data Reduction

To detect and characterize the warm molecular hydrogen in our sample of galaxies,

we carried out a Spitzer GTO program 50213 (PI: G. Rieke), in which we spec-

trally mapped the galaxies with Spitzer’s infrared spectrograph (IRS) and imaged

the galaxies with the infrared array camera (IRAC). We also compiled an ancillary
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dataset consisting of archival Hubble, GOLDMine, and Spitzer data. This heteroge-

nous dataset consists of optical-band HST images, Hα images, additional Spitzer

IRAC images, and additional IRS spectral mapping data for a few of our galaxies.

4.2.1 IRAC Imaging

We obtained data for each galaxy in all four (3.6, 4.5, 5.7, and 8 µm) IRAC channels

(Fazio et al., 2004). IRAC imaging of CGCG97-073 and NGC1427A was carried out

as part of our Spitzer GTO program. IRAC data for NGC 4522 were obtained

from the Spitzer Science Archive and was observed as part of program 30945 (PI.

J. Kenney). We constructed IRAC mosaics of the galaxy with MOPEX (version

18.3.1) using the Basic Calibrated Data (BCD) from the Spitzer pipeline (version

S18.7) as input and following the Spitzer Science Center (SSC) IRAC reduction

cookbook. To reduce banding artifacts, corrected BCDs were used as input for the

construction of 8 µm mosaics. Bad pixel rejection was achieved through dithering,

median filtering, and masking of known bad pixels using pixel masks provided by

the SSC.

We also construct 8µm excess images for each galaxy to study their star-forming

properties using the same method outlined in Paper 1. Excess 8 µm flux in galaxies is

often produced by warm dust rich in aromatic hydrocarbons, which are associated

with star formation (Calzetti et al., 2007). Our technique subtracts the stellar

continuum from the 8 µm image by subtracting a resolution-matched, flux-scaled,

and well-registered 3.6 µm image. We verify the effectiveness of our method by

ensuring the foreground stars in our field are adequately subtracted in the final 8

µm excess image.
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4.2.2 HST Imaging

We obtained HST Advanced Camera for Surveys (ACS) archival data for NGC

1427A (Proposal ID: 9689; PI: M. Gregg) and NGC 4522 (Proposal ID: 9773; PI:

J. Kenney). We used the F660N (narrowband Hα) and F775W (SDSS I-band) data

for NGC 1427A and F435W (B-band) and F814 (I-band) data for NGC 4522. We

obtained the pipeline-reduced multidrizzled data for our analysis. To construct the

Hα image for NGC 1427A, we used the F660N and F775W filter data. The pipeline

reduced data for each filter were already properly registered as part of the pipeline

processing. We simply scaled the F775W data and subtracted it from the F660N

data to remove the stellar contribution from the narrowband image. We verified

the success of our subtraction by ensuring the foreground stars in the field were

adequately subtracted. Due to the poor signal-to-noise of the subtracted data, we

binned and smoothed the data to improve the visibility of Hα emitting regions.

There will be some contamination from [NII] lines because of the finite width of the

narrowband filter.

4.2.3 IRS Spectral Mapping

Our IRS observations used both the short-low (SL) and long-low (LL) IRS modules

that together span 5.3 to 38.0 µm (Houck et al., 2004). The complete wavelength

range allows us to observe several ground vibrational state H2 rotational lines, specif-

ically the ν=0-0 S(0) thru S(7) transitions, as required to detect and characterize the

thermodynamic properties of warm H2. The spectral mapping techniques and data

analysis methods are discussed in Paper 1. We use the most recent IRS pipeline-

reduced BCD files (version S18.7) and CUBISM (version 1.7; Smith et al., 2007)

to construct our spectral cubes. Bad pixels are eliminated visually using the same

method described in Paper 1, and the initial background subtraction is carried out

by subtracting the background measured with the outrigger pointings. However,
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additional background subtraction was required for some observations because the

outrigger pointing background subtraction did not remove all of the background flux

due to background gradients. In these cases, we generated a background spectrum

for each spectral map by averaging the spectra in source-free regions in our spec-

tral maps. This background was then subtracted from the spectral maps, and the

error of the background spectrum was included in the final spectral map flux uncer-

tainties. For the case of NGC 4522, we supplement our analyses with archival LL

spectrograph data from another Spitzer program (PI: J. Kenney, #50819). We use

the same methods of background subtraction and bad pixel rejection for analyzing

the archival dataset. The coverage maps for the two different sets of observations for

NGC 4522 are quite different. Our IRS observations are shallow but cover the en-

tire galaxy, but the archival observations are much deeper and focus on two specific

locations on the galaxy where ram-pressure is thought to be stripping significant

amounts of gas. The archival observations have approximately two to three times

more integration time per sky pixel than our observations (∼ 90 s versus 250 s for

LL2 and 150 s versus 250 s for LL1) and use a similar mapping strategy. We show

the coverage maps for the two different datasets in Figure 4.1.

The spectra presented in this paper are first extracted using a custom program

that sums the spectra and root-sum-squares the errors within a specified region for

each order from the SL and LL spectrographs. The code then stitches the spec-

tra from all orders together without rescaling. The flux values within overlapping

wavelength regions are interleaved. The stitched spectrum is then shifted to rest

wavelengths using the optical redshift for the galaxy found in the NASA Extragalac-

tic Database (NED). The line fluxes are derived by fitting the extracted spectrum

using PAHFIT (Smith et al., 2007). This routine fits for all H2 and fine structure

lines, aromatic features, and dust continuum within the wavelengths probed by IRS.
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Figure 4.1 6′×10′ DSS image of NGC 4522. Overlaid on the image are the Spitzer
LL spectrograph pointings for both our and archival observations of the galaxy.
The slit pointings for our observation are shown by the blue/red/orange rectangles.
The blue, red, and orange colors represent the LL2-only, LL1-only, and both LL1
and LL2 pointings, respectively. The slit pointings for the archival observations
are shown by the cyan/magenta/yellow rectangles. The cyan, magenta, and yellow
colors represent the LL2-only, LL1-only, and both LL1 and LL2 pointings, respec-
tively. Our IRS observations aimed to get complete coverage of the galaxy while the
archival observations focussed on two locations within the galaxy where there was
evidence for ram-pressure stripping.
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We typically do not include fitting for extinction except for the case of NGC 4522

where there is a significant amount of dust, as evidenced by the 10µm silicate ab-

sorption feature in the spectra. Strong extinction can significantly change the fluxes

of S(1) thru S(7) lines. The dust extinction fitting is discussed in further detail

below. The H2 line fluxes and 1σ errors used in our analyses of the H2 population

are the values reported by the PAHFIT routine.

Two different types of H2 images are generated for our analyses. The first does

not employ any continuum subtraction. It is generated by summing the rest wave-

length spectra within three wavelength bins centered on the 17.035 µm H2 (0-0

J = 3− 1 S(1)) transition. The second type of H2 image is a continuum-subtracted

version of the first. The continuum is estimated by generating two adjacent wave-

length bins of the same size to the one already generated for the H2 image and then

averaging the flux between the two background bins. This method works well for

fairly strong H2 features without significant 17 µm aromatic features, but it is more

difficult to detect faint H2 emission in the continuum-subtracted images due to the

additional noise introduced by the subtraction.

We carry out an additional analysis step for NGC 4522 to combine our LL and

archival datasets. For generating the 17 µm images, we coadded the two images

generated for each set of observations using the following method: First, we regis-

tered and interpolated the image generated from the deeper observations to match

the pixel grid of the shallower observations. Second, in regions of coverage overlap,

we calculated a weighted average of the two different datasets using the inverse vari-

ance of each dataset as weights. Third, in areas without any overlap, we kept the

original value associated with the dataset that covered the area. For the generation

of spectra, if the chosen extraction region fell entirely within the region where the

deeper observations were carried out, we extracted the spectra from just the deeper
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observations. Otherwise, we use the data from our shallower map.

We also construct 24 µm images that mimic what would be observed by the

Spitzer MIPS imager using IRS data. We compute a 24 µm flux with the IRS data

for each sky pixel by using the MIPS 24 µm transmission curve as weights.

4.3 Results

We present our results for the three galaxies below. This section is organized into

two parts: First, we characterize the warm H2 emission in our galaxies. We detect

significant warm H2 emission in 97073 and NGC 4522; however in the case of NGC

1427A, even though we detect warm H2 we have only sufficient information to place

a lower limit on the warm H2 mass. We present the thermodynamic properties

of the observed H2 and quantify the amount of emitting gas by fitting one or two-

temperature models to the excitation diagrams for H2 within each galaxy and nearby

regions of interest. Second, we present the star forming properties of these galaxies.

We examine the spatial distribution of warm dust both at 8 µm and 24 µm for signs

of ram-pressure induced star formation and determine its correspondence with Hα

emission. We measure properties such as star formation rates within the galaxies and

compare them to a typical galaxy of the same stellar mass in the field. We confirm

that ram-pressure plays a significant role in shaping the star-forming properties of

all of our galaxies.

4.3.1 Characterization of Warm H2

4.3.1.1 CGCG 97-073

97073 is a galaxy within Abell 1367 that has a measured optical redshift of 0.024267

as reported by the NASA Extragalactic Database (NED). Abell 1367, itself, has a

redshift of 0.022, also obtained from NED, which we use to calculate the approximate

luminosity distance to the galaxy of 96.6 Mpc. The galaxy is located at a projected
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distance of 640 kpc from the cluster center and has a 50 kpc long collimated Hα

tail that stretches directly north of the galaxy (Gavazzi et al., 2001). In Figure

4.2, we show images at IRAC 3.6 and 8 µm, Hα (obtained from the GOLDMine

database), and rest 17.035 µm (H2 0-0 S(1) transition) wavelengths. Moreover, we

show the approximate location and orientation of the faint Hα tail, seen by Gavazzi

et al. (2001) in their deep Hα images of this galaxy, with an arrow. The IRS slit

positioning captures only a small portion of the Hα tail. The side of the galaxy

thought to be interacting with the ram-pressure wind is the southernmost edge.

From a comparison of the Hα, 8 µm, and 17 µm images, it is clear that the 17

µm emission does not fully match the observed Hα and 8 µm emission even after

considering the effects of spatial resolution. The overabundance of 17 µm emission

at the tail end of the galaxy suggests the presence of warm H2 .

Upon closer inspection, we detect significant emission of warm H2 within the

galaxy and a portion of its tail in the extracted spectra. We show the extracted

spectra within the full galaxy extraction region and tail extraction region in Figure

4.3. Within the full galaxy extraction region, H2 lines in addition to a few fine

structure lines dominate the spectrum. There are significant detections of the ground

state rotational H2 S(0) to S(3) lines. In the tail extraction region, the strongest

lines are H2 lines with the S(1) line being the strongest. What is particularly striking

within this region is the large ratio of the H2 line relative to continuum emission.

It is clear that a significant fraction of the flux in the spectrum is dominated by H2

line emission from the tail region. The H2 emission of this galaxy is as dramatic as

was observed in ESO 137-001, which is discussed at length in Paper 1. Bright fine

structure lines, such as [NeII], [NeIII], [SIII], and [SiII], are also observed in both

extraction regions.

We calculate the column density, temperature, and total mass of the H2 gas in
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Figure 4.2 2′×2′ images of CGCG 97-073 at 3.6 µm, 8 µm, Hα (GOLDMine), and
rest 17.035 µm (H2 0-0 S(1) transition) wavelengths. North is up and East is left.
The Hα image is smoothed to 1.2′′ resolution. The colors follow the visible spectrum
where blue represents the faintest emission and red the brightest. The center of the
galaxy is show by the black cross. The red and orange boxes represent spectral
extraction regions. The red box represents the full galaxy extraction region while
the orange one represents the tail extraction region. The red arrow represents the
approximate location of the Hα tail and its orientation with respect to the galaxy
(Gavazzi et al., 2001). As noted by Gavazzi et al. (2001), there is an arc-like feature
present in the Hα image that is on the side of the galaxy which is directly opposite
to the tail. This feature is also observed at 8 µm, which means it is star-formation
associated with the ISM/ICM interaction. There is possibly significant H2 emission
throughout the galaxy as indicated by 17 µm image, including the northern edge of
the galaxy, which we consider as the tail, where there is very little stellar emission
as shown by the 3.6 µm image.
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Figure 4.3 Infrared spectra of 97073 extracted from the full galaxy extraction region
(top) and tail extraction region (bottom). Both spectra show significant detections
ground-state rotational H2 lines. In both regions, the S(0) thru S(3) lines are de-
tected. In the tail extraction region, there is significant line emission but very little
continuum emission, which suggests that star formation is not the primary excitation
source for H2 in this region.
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the two regions using the methods outlined in Paper 1. To calculate the column

density associated with each line transition, we use solid angles, Ω, of 5.16 × 10−8

and 1.30 × 10−8 sr for the galaxy and tail extraction regions, respectively. The

excitation diagrams of the H2 ground-state rotational transitions for the two regions

are shown in Figure 4.4. The column densities for both regions cannot be fit with a

single temperature model as there appears to be multiple temperature components.

This was also the case for ESO 137-001. We adopted the same two-temperature

component model discussed in Paper 1. The model (a hot and a warm component;

Equation 4 in Sivanandam et al. (2010)) fits adequately for both extraction regions.

For the whole galaxy, we determine the warm component to have a temperature of

130± 9K and a column density of 6.62+1.90
−1.48× 1019 cm−2. For the hot component, we

find a temperature of 593±161K and a column density of 2.60+3.74
−1.57×1017 cm−2. The

errors were estimated through Monte Carlo runs; 10,000 realizations of the model

fitting were carried out where we drew values for the line fluxes from a Gaussian

distribution with a standard deviation that matched the 1σ error in the line flux

measurements. For the tail region, we derived temperatures for the warm and hot

component of 114 ± 29K and 480 ± 154K, respectively. These components had

corresponding column densities of 1.18+2.30
−0.80 × 1020 cm−2 and 6.47+5.62

−3.26 × 1017 cm−2.

The values of these fits are consistent with those derived for the full galaxy. In

both cases, the warm component dominates over the hot component by a significant

margin. The column densities and temperatures for H2 in these two regions are also

similar to the values obtained for the tail in ESO 137-001, suggesting that there is

similar physics exciting the H2 gas in both galaxies.

We calculate the total warm H2 measured within the full galaxy region to be

4.65+1.33
−1.04×108 M⊙. We do not quote a H2 mass for the tail region as the uncertainties

are fairly large. This is not a significant issue because the galaxy region contains the
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Figure 4.4 H2 excitation diagram for both the full galaxy extraction region (black
points) and the tail extraction region (red points). The upper limits for non-
detections shown are 3σ limits. The black and red curves are fit to the data in the
full galaxy and tail regions, respectively. We fit the data with a two-temperature H2

model and obtain a satisfactory fit for the observed line detections S(0) thru S(3)
in both cases. The excitation of the gas in both regions are largely similar.
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tail region too. We compare the warm H2 mass measurement with other estimates

of gas masses measured for this galaxy such as cold H2 and HI masses. In particular,

we compare the warm-to-cold H2 to look for any peculiarities. Based on the cold H2

value of 1.48 × 109 M⊙ given by the GOLDMine database, the measured warm H2

mass is comparable in magnitude, yielding a warm-to-total H2 mass fraction of 0.24.

We assume that the aperture correction effects between the CO measurements and

our H2 measurements are not significant. This fraction is higher than the highest

mass fraction value reported by Roussel et al. (2007) in their warm H2 survey of

Spitzer SINGS galaxies with published CO measurements. This is also a factor

of two higher than the fraction of 0.1 reported by Rigopoulou et al. (2002) for

starburst galaxies in their warm H2 survey. There has been some suggestion in

Stephan’s Quintet that shock-heated H2 may have a higher fraction of warm-to-cold

H2 gas (Guillard, 2010), which may be the case here. We also compare the warm

H2 -to-total gas fraction of the galaxy. We adopt the HI gas mass of this galaxy of

2.0 × 109 M⊙ measured by Scott et al. (2010). We obtain a fraction of 0.12, which

is a significant fraction of the total gas within the galaxy.

We also test to see if star-formation is the source of the H2 excitation by compar-

ing the 24 µm image with the continuum-subtracted H2 image. Figure 4.5 presents

our results. The 24 µm emission (red) is mainly confined to the part of the galaxy

directly opposing the tail, presumably the location where the ICM wind hits the

galaxy. The emission appears to be mainly confined to the location where most of

the star formation is occurring. The blue image is the 8 µm aromatic emission; the

green image represents the continuum-subtracted H2 S(1) transition image. The H2

emission is clearly offset from the 24 µm emission toward the direction of the tail.
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Figure 4.5 This is a color composite of 97073 seen at three difference wavelengths.
The blue image is the 8 µm excess image, the green is the continuum-subtracted
17 µm H2 image, and finally the red is the 24 µm image. There is clear offset in
the H2 emission compared to the 24 µm emission, which is associated with dust in
star-forming regions.
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4.3.1.2 NGC 4522

NGC 4522 is an infalling spiral located within the Virgo cluster and is at a projected

separation of 1.1 Mpc from the cluster center. This galaxy has a large radial velocity

of 1250 km s−1 with respect to the cluster (obtained from NED), which suggests

that a large portion of its motion is along our line-of-sight. We adopt a distance

to Virgo of 16 Mpc (Kenney & Koopmann, 1999). We present the Spitzer IRAC,

IRS, and GOLDMine Hα images of NGC 4522 in Figure 4.6. The 3.6 µm image of

the galaxy shows a typical unperturbed spiral. However, the Hα , 8, and rest 17

µm images reveal something completely different. Their emission is less extended

than the stellar disk of the galaxy. We also see extended tail-like features in the

southwest quadrant of the galaxy at 8 µm and 17 µm, which is a clear signature

of stripping. The undisturbed nature of the stellar disk indicates that ram-pressure

must be at play. At first glance, however, it is unclear if the extended 17 µm emission

is associated with warm molecular hydrogen or if it is aromatic emission associated

with star formation, as there is also 8 µm emission observed at the same location.

We carry out a more careful analysis by extracting spectra from key regions

within the galaxy, as shown in Figure 4.6. In Figure 4.7, we present the spectra

extracted from the central extraction region shown in Figure 4.6. We detect warm H2

in a tail-like feature that extends approximately 4 kpc in length from the midplane of

the disk along the SW extraction region. The central extraction region was defined

to obtain most of the infrared emission originating from the galaxy. In it, we have

significant detections of the ground-rotational level H2 S(0) thru S(3) lines. We

also observe multiple fine structure lines and significant emission by dust, likely

associated with star formation. We will explore the meaning of this observation in

greater detail in Section 4.3.2. We also extract spectra from the northeast (NE) and

southwest (SW) regions of the 17 µm emission (see Figure 4.6 for the exact location
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Figure 4.6 2′×2′ images of NGC 4522 at 3.6 µm, 8 µm, Hα (obtained from GOLD-
Mine), and rest 17.035 µm (H2 0-0 S(1) transition) wavelengths. North is up and
East is left. The colors follow the visible spectrum where blue represents the faintest
emission and red the brightest. The center of the galaxy is show by the black cross.
The red, orange, and blue boxes represent spectral extraction regions. The red box
is the central extraction region, the orange ones the NE and SW regions where
ram-pressure stripping is occurring, and finally the blue extraction region is used to
study the kinematics of the stripped gas. Even though at 3.6 µm this galaxy looks
like a typical spiral, there are strong asymmetries observed at Hα, 8, and 17 µm.
Warm dust is being blown out of the galaxy as seen by the dust trails at 8 µm. The
17µm image was generating by coadding both our LL and archival LL observations.
The 17 µm image is dominated by both the 17 µm aromatic feature and the H2

line, so it is difficult to ascertain if there are locations with anomalously high H2

emission. However, a tail-like feature is observed within the SW orange extraction
region.
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Figure 4.7 Infrared spectrum of NGC 4522 extracted from the central extraction
region (shown as the red box in Figure 4.6). The spectrum shows significant de-
tections ground-state rotational H2 lines. The S(0) thru S(3) lines are detected.

of the extraction regions and Figure 4.8 for the spectra) where the effects of ram-

pressure are most obvious. The SW region spectrum was extracted from the higher

signal-to-noise archival dataset. Due to the poorly constrained and unphysical value

of the extinction parameter obtained by PAHFIT, we fixed the optical depth of the

9.7µm silicate absorption feature to that measured for the central extraction region

for the fits of the SW and NE regions. In both regions, we detect both the H2 S(0)

and S(1) lines. The SW region has a detection of the S(7) line while the NE region

has a detection of the S(3) line. It is clear that the SW region, which contains most

of the observed extraplanar 17 µm emission, contains a significant amount of warm

H2 . We also observe aromatic features, fine-structure lines, and dust continuum,

though the relative ratio of the H2 and dust emission appears smaller when compared

to the central extraction region. We investigate this implications of this difference

in further detail in Section 4.4.1.
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Figure 4.8 Infrared spectra of the NE and SW regions in NGC 4522 (shown as orange
boxes in Figure 4.6) where ram-pressure is thought to be stripping gas. The top plot
shows the spectrum extracted from the NE extraction region while the bottom plot
shows the spectrum extracted from the SW part of the galaxy. Significant detections
of the H2 S(0) and S(1) lines are observed.
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To understand the physical conditions of the H2 present in the galaxy and its tail,

we fit an excitation diagram to the H2 line fluxes, shown in Figure 4.9, obtained

from the three different spectral extraction regions using the same methods used

for 97073. The solid angles for the central, NE, and SW regions are 4.58 × 10−8,

2.75 × 10−8, and 3.10 × 10−8 sr, respectively. For the central region, we fit a two-

temperature model, which yields a warm component with a temperature of 116±19K

and column density of 1.86+1.79
−0.93×1020 cm−2 and a hot component with a temperature

of 423± 85K and a column density of 1.37+0.81
−0.52 × 1018 cm−2. For the NE region, we

only fit a single temperature model as we only have significant detections of three

lines. We obtain a temperature of 141±5K and a column density of 4.01+1.06
−0.82×1019

cm−2. For the SW region, we also fit a single temperature model due to only three

significant detections of H2 lines. We obtain a temperature of 127±2K and a column

density of 6.43+0.74
−0.64 × 1019 cm−2. The warm components of all three regions have

largely consistent temperatures. We calculate a total H2 mass of 3.5 × 107 M⊙,

4.5× 106 M⊙, and 8.2× 106 M⊙ for the central, NE, and SW regions, respectively.

This is an order of magnitude less warm H2 mass than was measured for 97073. We

also compare the central region warm H2 value with the measured cold gas mass

values to see if the warm-to-cold gas ratio is abnormal in any way. The GOLDMine

database reports a cold H2 mass of 4.2×108M⊙ and a HI mass of 4.3×108M⊙. This

corresponds to a warm-to-cold H2 faction of 0.08 and a warm-to-all gas fraction of

0.04. This is largely consistent with what is observed in the SINGS sample with

warm and cold H2 measurements (Roussel et al., 2007).

We looked for kinematic signatures of the warm H2 gas being stripped perma-

nently from the galaxy. The galaxy has a high enough recessional velocity with

respect to the cluster mean that, if the stripped gas were to be permanently lost

to the cluster, then the velocity shift of a spectral line should be observable by
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Figure 4.9 H2 excitation diagram for NGC 4522 for three different extraction regions.
The black points represent the H2 in the central region of the galaxy. The red points
are for the NE region, and the green ones are for the SW region. The upper limits for
non-detections shown are 3σ limits. The 3σ limits for the three different regions are
offset from each other to improve readability. We fit a two temperature component
model for the data from the central region to account for the changing slope in the
excitation diagram. Best fit model is shown by the black curve. For the NE and
SW region, we fit a one temperature model because we only have firm detections of
the S(0) and S(1) lines. The NE and SW regions do have a detection of a higher
excitation line, but at least four lines are required to fit a two temperature model.
The best fit models for the NE and SW regions are shown by the red and green
lines, respectively.
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the IRS low resolution spectrographs. We chose the 17.035 µm S(1) line for this

measurement. We use two different extraction regions along the H2 tail detected in

the SW region: one close to the galactic disk and one farthest away along the tail

where a reliable line detection can be obtained. The extraction regions are shown

in the 17 µm image in Figure 4.6 as cyan boxes. The continuum-subtracted line

profiles from each of these regions are shown in Figure 4.10. The abscissa of the line

profiles is given in velocity units. There is a clear blue-ward shift of the S(1) line

as one moves from just outside of the disk of the galaxy to the farthest reaches of

the detected tail. The relative shift in wavelength is approximately 1, 000 − 2, 000

km s−1, which is in the right direction and magnitude if the gas is lost permanently

from the cluster.

To confirm the validity of the shift, we investigate the properties of the IRS

spectrograph used for these detections. The spectral resolution of the low resolution

spectrographs are not fixed and vary with wavelength. The spectral resolution at

the 17 µm line with the LL2 spectrograph is approximately 100. This corresponds to

a velocity width of an unresolved line of 3000 km s−1, with two pixels per resolution

element. With these spectrograph characteristics and our achieved signal-to-noise

one should be able to detect a shift of approximately a quarter of a line width,

which corresponds to a velocity of 750 km s−1. This value is slightly larger than

the wavelength uncertainty in the calibration of 600 km s−1. We conclude that our

detection of a velocity shift is therefore real, as the expected value is 1250 km s−1.

Therefore, some of the stripped gas is being permanently lost to the ICM.

4.3.1.3 NGC 1427A

NGC1427A is an irregular galaxy within the Fornax cluster with arc-like stellar

morphology. The galaxy has a moderate line-of-sight velocity with respect to the

cluster mean of 650 km s−1 (reported by NED). We adopt a distance of 17.6 Mpc
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Figure 4.10 Continuum-subtracted line profiles of the H2 S(1) line at two different
locations in the stripped tail. The galaxy’s line-of-sight velocity is set to be zero. An
object with negative velocity means that it is moving away from the galaxy toward
us. The black histogram is the line profile for a region of the tail closest to the
galaxy whereas the red histogram is the line profile for a location in the tail that
is further away from the galaxy. There is a clear velocity shift in the H2 emission
as one moves further away from the galaxy. The gas further away from the galaxy
has a lower line-of-sight velocity. The velocity offset is consistent in direction and
magnitude to the velocity difference between the galaxy and the cluster mean. This
means that the gas may be being stripped permanently from the galaxy.
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to the cluster, which means the galaxy is at a projected separation of 115 kpc from

the cluster center. We present the HST Hα, Spitzer 3.6 µm, 8 µm, and rest 28.2

µm images in Figure 4.11. The 28.2 µm image is presented instead of a 17 µm

image because no significant emission was detected at 17 µm. The 28.2 µm image

wavelength is centered on the H2 S(0) line and also contains dust continuum emission

associated with star formation. The HST Hα image has been smoothed to reveal

the HII regions within the galaxy better. The arc-like star formation morphology

seen at 8 µm and Hα and filamentary star forming regions seen at the western side

of the galaxy at 8 µm cannot be explained purely by a tidal mechanism and must

require ram-pressure stripping. A tidal mechanism would affect the entire galaxy,

but star formation is restricted to the periphery of the galaxy where the interaction

between the ISM and the ICM is the greatest. The bulk of the 28.2 µm emission is

mainly centered on the part of the star-forming arc on the south side of the galaxy

in an area where there is comparatively much more star formation than the rest of

the galaxy. Other sources of 28.2 µm emission within the galaxy seem to coincide

with the peaks in 8 µm emission. It is not entirely clear from this imaging study if

the emission seen at 28.2 µm arises from H2 or continuum emission associated with

star formation.

We search for signatures of warm H2 within this galaxy by extracting spectra

from two different regions; the dimensions and locations of the extraction regions

are shown in Figure 4.11. We extract spectra from a region that covers most of the

galaxy and one that focuses primarily on the high flux region within the galaxy.

The extracted spectra for each region are shown in Figure 4.12. The S(0) line is

clearly detected in both regions, but there is no hint of the S(1) line; this galaxy

is the only case in our sample without a detection of the S(1) line. The S(1) line

is the strongest H2 line, in terms of flux density, observed in the other galaxies in
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Figure 4.11 2′×2′ images of NGC 1427A at 3.6 µm, 8 µm, HST Hα, and rest 28.2
µm (H2 0-0 S(0) transition) wavelengths. North is up and East is left. The colors
follow the visible spectrum where blue represents the faintest emission and red the
brightest. The center of the galaxy is show by the black cross. The Hα image
has been smoothed to better reveal the HII regions. The red box is the spectral
extraction region used to generate the spectrum for this galaxy. The 3.6µm image
shows the arc-like morphology of this galaxy. Both the Hα and 8 µm image show star
forming regions arranged in an arc. The 28.2 µm image contains both warm dust
continuum and H2 S(0) emission. The brightest regions at 28.2 µm are associated
with areas of the most intense star formation in the galaxy.
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our sample. The fact that we do not see the S(1) line can mean two things: 1. The

warm H2 within NGC 1427A is cooler than the gas found in the other three galaxies

in our sample; or 2. The ortho-to-para ratio (OPR) for the H2 gas is lower than

our assumed value of 3. The even and odd states of H2 are essentially radiatively

decoupled and the ortho-to-para ratio is essentially set to the value of the gas when

it initially formed. Unfortunately, the lack of detection of the S(1) line makes it

difficult to determine clearly, which of the two (or both) scenarios is at work here.

Nevertheless, we construct a H2 excitation diagram, Figure 4.13, for the two

regions from which the spectra have been extracted. The solid angles of the galactic

and high flux regions are 7.96× 10−8 and 3.71× 10−8 sr, respectively. The column

density values shown in the diagram assume an OPR of 3. However, it is not

entirely clear if this is a reasonable assumption. We can place constraints on the

total warm H2 mass detected within the two extraction regions by using the detection

of the S(0) and the 3σ detection limit for the S(1) line. These values within the

galactic extraction region are fit by a single temperature model with a temperature

upper limit of 91K and a H2 column density lower limit of 1.15 × 1020 cm−2. The

temperature is a few tens of Kelvin cooler than the warm component temperature

observed in the other three galaxies in our sample, but the column density is in

line with the expected value within a galaxy. This yields a H2 mass lower limit of

4.4 × 107 M⊙ because the upper limit on the S(1) line sets a upper limit on the

temperature of the H2 gas and a lower limit on its column density. It is highly likely

that the OPR ratio is not 3 in this case. We consider the case where the H2 gas

formed at 100K, which will have an OPR of approximately 1.5. With this change

we obtain a upper limit to the temperature of 104K and a lower limit to the column

density of 6.60× 1019 cm−2. This in turn translates into a lower limit on the warm

H2 gas mass of 2.6 × 107 M⊙. Applying this same methodology to the high flux
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Figure 4.12 Infrared spectra of NGC 1427A extracted from the galaxy extraction
region (top) and the high flux region (bottom). There is only a significant detection
of warm H2 is the S(0) transition in both regions. The S(1) line is noticeably
absent suggesting the temperature of the warm H2 component is lower than what
is generally expected and/or the ortho-to-para ratio is lower than 3.
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region, we obtain corresponding temperature upper limit and column density lower

limit of 91K and 1.74× 1020 cm−2 for OPR = 3 and 103K and 1.00× 1020 cm−2 for

OPR = 1.5. This yields a warm H2 mass upper limit of 3.2× 107 M⊙ and 1.8× 107

M⊙ for OPR=3 and OPR=1.5, respectively. These results indicate that most of the

H2 mass is concentrated within the high flux region where there is significant star

formation. There is a possibility that even lower OPR values may apply to the H2

gas within NGC 1427A. However, this will push the upper limit of the temperature

even higher than what has been found with our analysis while reducing the lower

limit on the total mass. Without a firm detection of the S(1), S(2), and S(3) lines,

it is impossible to constrain the OPR ratio. We will conservatively assume that the

lower limit to the H2 mass of NGC 1427A to be 2.6×107 M⊙. We compare this with

the published value of HI mass of 3.3× 109 M⊙ (Koribalski et al., 2004). The ratio

of warm H2 to HI has a lower limit ∼ 0.01. This limit is lower than what has been

observed in 97073 and NGC 4522, suggesting that there may be nothing unusual

about the warm H2 emission observed in NGC 1427A and it may just be produced

by star forming activities. We investigate this possibility further in the discussion

section.

4.3.2 Dust and Star-Forming Properties

In this section, we study the star forming properties of the galaxies within our full

sample and present the results of individual galaxies in the sections below. All

galaxies show significant star forming activities and marked asymmetries in their

distribution of star forming regions. We will not discuss the star forming properties

of ESO 137-001 as it has already been discussed in detail in Paper 1. To understand

better star formation in these ram-pressure stripped galaxies, we present the 8 µm

excess images in Figure 4.14 and IRS-derived 24 µm images in Figure 4.15. Even

though both bands trace star formation, their utility to our analysis varies. 8 µm
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Figure 4.13 H2 excitation diagram for NGC 1427A. The black and red points repre-
sent the values obtained from the galactic and high flux extraction regions, respec-
tively. All upper limits are 3σ limits. In both the galactic and high flux extraction
regions, we have a significant detection of the S(0) line. The S(7) line is also detected
in the galactic extraction region, but no other H2 lines are detected in the high flux
region. There are insufficient line detections to reliably determine the temperature
of the warm H2 gas. The non detection of the S(1) may be the result of either lower
than usual warm component temperature and/or lower OPR value for the gas.
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emission offers a high resolution view of the morphology of star forming activities,

but it is a poor indicator of the star formation rate. 24 µm emission has poorer

spatial resolution compared to 8 µm , but it is sufficiently well calibrated to provide

adequate measures of star formation rates within the galaxies in question. Therefore,

these bandpasses offer a complementary view of star forming activities.

4.3.2.1 CGCG 97-073

We confirm previous observations that the majority of the star formation is confined

to one side of the galaxy, specifically the side opposite the Hα tail (Gavazzi et al.,

2001). The arc-shaped star forming region observed by Gavazzi et al. (2001) at Hα

(see Figure 4.2) is also seen in our 8 µm excess image of the galaxy. In fact, the Hα

and 8 µm emission are virtually identical with the exception of the 50 kpc tail and a

northern spur observed at Hα. Significant 24 µm emission is also detected from this

galaxy. 24 µm emission is offset towards the direction with significant star formation

and the emission is centered on the area where the greatest amount of emission is

seen in both Hα and 8 µm . Our observations strengthen the original hypothesis

proposed by Gavazzi et al. (2001) that the galaxy is interacting with the ICM on

its southern edge and that ram-pressure is compressing the molecular gas on that

edge and promoting increased star formation along an arc-like star forming region.

This is further supported by the lack of a similar feature at 3.6 µm. No obvious

extraplanar star-forming regions or dust trails are seen at 8µm like those originally

observed in ESO 137-001. However, it is important to note that the galaxy and its

orbit may be highly inclined to our line-of-sight due to its asymmetric morphology

and high line-of-sight velocity with respect to the cluster mean (vgal = 680 km s−1)

compared to the cluster velocity dispersion of 891 km s−1 determined by Cortese et

al. (2004).

We measure the MIPS 24 µm flux for the two spectral extraction regions for
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Figure 4.14 8µm excess images of ESO 137-001, CGCG 97-073, NGC 1427A, and
NGC 4522 that reveal the aromatic dust emission from these galaxies. The images
of ESO 137-001 and 97073 are 30× 30 kpc in size, while the images of NGC 1427A
and NGC 4522 are 15 × 15 kpc in size. The black crosses represent the centers
of the galaxies. The image of ESO 137-001, already published in Paper 1, shows
asymmetric dust emission at the galactic center and extraplanar 8µm emission,
which have been confirmed to be star-forming regions.
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Figure 4.15 24 µm images of ESO 137-001, CGCG 97-073, NGC 1427A, and NGC
4522 generating from IRS spectral cubes. The images of ESO 137-001 and 97073 are
30×30 kpc in size, while the images of NGC 1427A and NGC 4522 are 15×15 kpc in
size. The orange lines show the IRS coverage and the corresponding extents of the
24 µm images. The 24 µm emission is produced by warm dust emission associated
with star formation. The observed intensity distribution matches well with excess
8 µm emission when the lower resolution and spatial sampling of the 24 µm image
are taken into account.
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the galaxy. We use the same techniques discussed in Paper 1 to calculate the MIPS

24 µm from the extracted IRS spectra. However, we use a slightly different error

estimation technique to quantify the error in the flux measurement because our

previous error estimation technique was far too conservative. The random errors

derived from the CUBISM generated spectra do not reflect the fluctuations present

in the IR continuum due to systematic errors that arise from the reduction. We

attempt to quantify properly the error by following these steps: (1.) We focus on

the 20−30 µm spectral range, as that is roughly the MIPS 24 µm bandpass, and we

remove any spectral lines present, namely the 28.2 µm S(0) line; (2.) We carry out a

polynomial fit to the spectrum and subtract the fit from the spectrum to remove the

smooth component associated with the continuum; and (3.) We estimate the scatter

about the mean by computing the standard deviation of the subtracted spectrum.

We take the error for each flux data point within the 20 − 30 µm range to be the

scatter computed in step 3. The calculation of the MIPS 24 µm flux involves taking

the weighted average of the 20− 30 µm spectrum using the MIPS relative response

curve as weights. We calculate the error in the 24 µm flux value accordingly using

the relative response curve weights as given in the following equation:

σf24 =

[

1
∑

j cj

∑

i

(ciσf,i)
2

]
1
2

(4.1)

where σf24 is the error in the 24 µm flux, ci is the MIPS relative response value

computed at each wavelength value in the IRS spectrum, and σf,i is the flux error

for each IRS data point, which we take to be the scatter value computed above. We

apply this method to all of the galaxies in our sample.

We measure 24 µm fluxes of 18.8±0.3 mJy and 0.30±0.09 mJy for the galaxy and

tail extraction region, respectively. We calculate the 24 µm -derived star formation

rate for the galaxy using the methods described in Rieke et al. (2009) for the galaxy

extraction region. We obtain a value of 0.52 M⊙ yr−1. We check our derived value
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by using the relation (for the Kroupa IMF) given by Kennicutt et al. (2009), which

uses both the observed Hα and 24 µm luminosity values. We obtained the Hα flux

for the galaxy from Kennicutt et al. (1984). This translates to an Hα luminosity of

1.6×1041 ergs s−1. Applying the Kennicutt et al. (2009) relation, we obtain a SFR of

1.2 M⊙ yr−1 , which is more than a factor of 2 higher than our 24 µm -derived SFR.

This suggests that the UV-leakage value within this galaxy is higher than the value

adopted by Rieke et al. (2009), which is unsurprising as this value has significant

scatter as a function of total infrared luminosity (Buat et al., 2007). We will adopt

the higher SFR value as the true SFR value for this galaxy and from this point

on will use the Kennicutt et al. (2009) relation as we have Hα fluxes for all of our

galaxies. Next, we determine if the galaxy’s SFR is unusual in any way for its stellar

mass. We estimate the stellar mass in the same way described in Paper 1 where

we use the K-band magnitude of the galaxy and K-band mass-to-light ratio of 0.6

M⊙ /L⊙ (Bell & de Jong, 2000). 97073 has a K-band apparent magnitude of 12.99

(Gavazzi & Boselli, 1996). This translates to a stellar mass of 8.3 × 109 M⊙. We

calculate a corresponding specific star formation rate, log(SFR/M⋆), of −9.8. The

calculated specific star formation rate (SSFR) is similar to what is expected for a

healthy star forming galaxy for its stellar mass in our local universe (Salim et al.,

2007). This could mean two things: 1. The cluster environment has not yet had

time to quench the star formation of this galaxy; 2. Ram-pressure has induced star

formation that has increased the SSFR of the galaxy as evidenced by arc-like star

forming region observed in the galaxy.

4.3.2.2 NGC 4522

Like ESO 137-001, NGC 4522 is a spectacular example of how ram-pressure stripping

can strip dust and induce extraplanar star formation. In Figure 4.14, the 8µm excess

image shows evidence for significant dust stripping. The 8 µm dust disk is much
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smaller than the stellar disk, hinting that dust at larger radii has already been

blown off due to ram-pressure stripping. This is consistent with the outside-in

picture of how ram-pressure first strips the least dense gas at larger radii as it is

not as well-bound and then moves inwards as the ram-pressure strength increases.

On the western side of the galaxy, there is clear evidence for dust being blown out

of the disk. The most spectacular feature is the one on the southwest end of the

galaxy where the most amount of extraplanar excess 8 µm emission is observed.

The excess 8 µm emission extends approximately 3.5 kpc from the mid-plane of

the galactic disk, similar to the distribution of extraplanar warm H2 emission. In

addition to the diffuse dust emission at this location, we also see large clumps,

presumably associated with star forming regions, as they are also seen at Hα . The

diffuse extraplanar dust emission is also visible at 24 µm , but we do not observe the

clumps seen at 8 µm and Hα. This may be a combination of reduced resolution and

sensitivity at 24 µm. This observation clearly shows that dust is also significantly

affected by ram-pressure and can exist some distance from the plane of the galaxy.

This was also observed in the case of ESO 137-001 where 8 µm excess sources

were seen past the tidal radius of the galaxy, though the dust seen here does not

extend that far. The morphology of the dust also reveals the turbulent nature of

ram-pressure stripping.

We search for optical counterparts for the stellar-continuum subtracted 8µm

emission with a particular focus on the areas with extraplanar dust. We present

the color composite of HST F435W, F814W, and Spitzer 8 µm excess emission in

Figure 4.16. The large dusty clumps located immediately west of the galaxy show

some blue star forming knots associated with them, but the dust emission is slightly

offset to the west. There is a single 8µm source located at the western edge of the

frame that has no optical counterpart. It is unclear if the source is associated with
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the galaxy, though it could possibly be an extraplanar star forming region. Searches

within known catalogues (NED, SIMBAD, and VIZIER) yielded no matches to this

source.

We measure the 24 µm flux within the central, NE, and SW regions and obtain

102.8±1, 6.6±0.6, and 8.0±0.3 mJy, respectively. We use the measured Hα flux of

4.2×10−13 erg cm−2 s−1 (obtained from GOLDMine) and the 24 µm flux within the

central extraction region to obtain a star formation rate for the galaxy of 0.11 M⊙

yr−1 . The extraction apertures for the Hα and 24 µm measurements do not match

exactly, but they should contain most of the flux observed at these two wavelengths.

We measure the SSFR for this galaxy to determine if the star formation rate is

similar to that for a typical star forming galaxy. We calculate the stellar mass in

the same manner described above. This galaxy has a K-band magnitude of 9.8

(obtained from GOLDMine), which corresponds to a stellar mass of 4.2× 109 M⊙ .

This yields a log(SSFR) of -10.6. Referring to Salim et al. (2007), it is clear that this

galaxy, for its stellar mass, does not lie within the normal star forming sequence and

is likely in a transition where it will likely end up in a quiescent state. All evidence

suggests that the galaxy has already experienced significant ram-pressure stripping.

It is likely that this galaxy has already passed through the densest part of the ICM

and is on its way out. This is hypothesis is investigated further in Section 4.4.

4.3.2.3 NGC 1427A

In terms of star formation and dust properties, NGC 1427A is the most unusual

galaxy in our sample, as it is not a spiral galaxy but a dwarf irregular. Emission

at 8 µm and 24 µm is clearly not as strong as the other galaxies. A comparison

of excess 8 µm and Hα emission is particularly interesting. The Hα image clearly

shows emission confined to an arc, meaning that the majority of star formation is

occurring within the arc. This was also confirmed by Hα ground-based imaging by
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Figure 4.16 A three-color composite image of NGC 4522. North is up and East
is left. Blue is HST F435W data, green is HST F814W data, and finally red is
IRAC 8 µm excess emission data. This image clearly shows that there is significant
amount of dust stripping occurring in this galaxy. There are a few extraplanar 8 µm
excess sources that are either offset from their optical counterparts in the direction
of the ICM wind or with no optical counterparts at all in the stripped dust trail
immediately west of the southern end of the galaxy.



174

Georgiev et al. (2006). The excess 8 µm emission largely corroborates this view with

a few significant differences. There appears to be 8 µm emission arranged in a line

directly behind the head of the arc that is not clearly seen at Hα . This may be due a

dust gradient within the galaxy that obscures part of the Hα emission. Moreover, at

the eastern edge of the galaxy, finger-like excess 8 µm emission is observed where Hα

emission is mainly dominated by point sources. These star forming regions at 8 µm

are a factor of 2−4 fainter than the other brighter regions that are located closer to

the head of the arc. There is also a large gap spanning 2.5 kpc between the emission

near the head of the galaxy and the eastern end of the galaxy, also observed at Hα.

A possible interpretation may be that the star forming knots seen on the eastern

end of the galaxy are associated with gas and dust that have been ram-pressure

stripped, as evidenced by the wide gap between the two star forming regions and

the finger-like 8 µm excess emission. The excess 8 µm image is also corroborated by

the 24 µm image. Due to the poorer sensitivity of the 24 µm image, it only shows

where significant star formation is occurring. It appears most of the star formation

is confined to the southern side of the galaxy within the high flux extraction region,

though some of the star formation in the eastern edge of the galaxy is also seen at

24 µm.

We quantify the dust continuum emission from this galaxy by measuring the

24 µm emission within the galaxy extraction region and high flux extraction region

and its star formation rate. Using the methods described earlier we determine the

flux values of 12.9± 1.1 and 7.1 ± 0.6 mJy for the galaxy and high flux extraction

regions, respectively. The majority of the 24 µm flux is confined to the high flux

region. It is clear that the 24 µm luminosity of this galaxy is considerably fainter

than the other three galaxies, meaning this galaxy harbors less warm dust then

the other galaxies in the sample. We also calculate the stellar mass of this galaxy
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in order to place these results in context. The R and I-band magnitudes of 13.33

and 13.33, respectively, were measured by the HIPASS optical counterparts survey

(Doyle et al., 2005). We use the Bell et al. (2003) r′ − i′ mass-to-light ratio relation

to estimate a stellar mass of 6.2 × 108 M⊙, and making it the lowest stellar mass

object in our sample. An Hα-derived star formation rate of 0.057 M⊙ yr−1 is given

by Georgiev et al. (2006). We convert this to a Hα luminosity to derive our own

Hα /24µm -based star formation rate using the Kennicutt et al. (2009) relation.

Assuming only foreground galactic extinction of the Hα line and the Hα -to-SFR

relation used by Georgiev et al. (2006), we obtain an Hα flux of 2.15 × 10−13 erg

s−1 for the galaxy. This translates to a SFR of 0.05 M⊙ yr−1, which is consistent

with the value derived by Georgiev et al. (2006). This means that the log(SSFR) for

this galaxy is -10.1. This value falls somewhat lower than the star forming sequence

reported by Salim et al. (2007).

4.4 Discussion

The goal of our study was to test the hypothesis that warm H2 emission can be

produced through an interaction between the ICM and an infalling galaxy’s ISM,

and that this emission can be used as an effective tracer of ram-pressure stripped

gas. Consequently, galaxies were chosen for this survey for showing strong signs of

on-going ram-pressure stripping. Warm H2 emission was detected in all four galaxies

at varying degrees of strength and in some cases it was seen well outside the galaxy.

In this section we ascertain if the H2 emission is anomalous in any way and how

effective it may be in tracing ram-pressure stripping.

4.4.1 Comparison with warm H2 in SINGS galaxies

H2 is typically excited through UV fluorescence caused by star forming regions.

This explains most of the warm H2 emission detected in the nearby SINGS galaxy
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sample (Roussel et al., 2007), which we use as a reference. However, our goal is to

detect anomalous H2 excitation that is likely associated with ram-pressure stripping.

Unfortunately, it is impossible to determine the source of H2 excitation from just

the lowest ground state transition line ratios because they have low enough critical

densities that they are typically thermalized (Roussel et al., 2007). To disentangle

the excitation mechanism for the H2 emission, we use a metric which uses additional

information to determine if the H2 emission is anomalously higher than what is

produced by just star formation. We used the same metric in Paper 1: the ratio of

MIPS 24 µm flux, a proxy for star formation, and the sum of the line fluxes of the

ground-state rotational H2 lines S(0) thru S(3), a proxy for total H2 line emission.

We apply our metric to all of the SINGS galaxies in the Roussel et al. (2007)’s

sample and show the results in Figure 4.17. The error bars shown only include the

error in the H2 line fluxes and not the 24 µm fluxes because 24 µm fluxes typically

have very small errors. Almost all of the galaxies have a ratio of less than 0.03,

which we define as the threshold for anomalous H2 emission. Roussel et al. (2007)

highlight NGC 4450 and NGC 4579, two galaxies which are significant outliers in

this relation, because their H2 excitation cannot be explained by star formation or

supernova remnants alone. They evoke either X-ray irradiation or shocks through

cloud collisions as a possible explanation for the anomalous values.

We calculate the values for the metric for all of our galaxies in the sample and

plot the values in Figure 4.17. H2 fluxes are obtained from line fits of the extraction

regions explored in this paper and Paper 1. If the detections of the S(1), S(2),

and/or S(3) lines are not significant, we do not include them in H2 line flux sum.

The error bars show both the errors in the 24 µm fluxes and the root-sum-squared

flux for the ratio that includes both the error in the H2 line flux and the 24 µm flux.

The values obtained from regions that represent the galaxies are plotted with larger
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Figure 4.17 Comparison of ground state rotational H2 line flux (S(0) thru S(3)
transitions) to 24 µm flux as a function of 24 µm flux for the galaxies investigated
in our IRS sample. In some cases where there were no detections of the S(1),
S(2) and/or S(3) lines, only the detected lines are included in the H2 flux. The
open diamond points are galaxies from the SINGS sample with warm H2 detections
(Roussel et al., 2007). The significant outliers in Roussel et al. (2007)’s sample,
NGC 4450 and 4579, are marked in the figure. The warm H2 in these galaxies are
thought to be heated by shocks or X-ray irradiation, as the H2 line fluxes cannot be
adequately explained by star formation or supernova remnants. The red triangular
point represents the values obtained from our analysis of 97073. The large symbol
represents the full galaxy extraction region while the smaller symbol represents the
tail extraction region. The blue square points represent the two extraction regions
in NGC 4522. The large symbol represents the nuclear region of NGC 4522 while
the smaller symbols represent the two regions where ram-pressure is thought be
stripping gas. The green upside down triangles represent the extraction regions
in NGC1427A. The larger symbol represents the large extraction region while the
smaller one represents the smaller extraction region with most of the flux. We also
include data of ESO 137-001 and its tail from Paper 1 in this figure with purple
star symbols. The large symbol represents the nuclear extraction region, while the
smaller ones are from the H2 tail. In Paper 1, we had showed that the warm H2

tail in ESO 137-001 was not excited solely by star formation. This figure confirms
that the warm H2 observed in 97073 and the ram-pressure stripped regions of NGC
4522 are not heated solely by star formation and must have some other excitation
mechanism. The tail region of 97073 is particularly striking as it has a ratio that is
at least an order of magnitude higher than the regions in any other galaxy.
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symbols, while the other regions of interest are plotted with smaller symbols. The

individual symbols for each galaxy are explained in the figure captions. It is clear

that for 97073, ESO137-001, and NGC4522 the extraction regions where stripping

is occurring or one sees a tail have metric values that are clear outliers and therefore

have enhanced warm H2 emission that cannot be explained simply by star formation.

The tail region of 97073, represented by the small red triangular symbol, is definitely

an extreme example as it has significantly larger warm H2 excess emission than any

other galaxy in the sample. In fact, the offset H2 emission seen in 97073 strongly

suggests that H2 is being dissociated from the head of the galaxy where significant

star formation is occurring and reforming some distance behind the area of intense

star formation in an excited state. Furthermore, a significant fraction of its H2

mass is in the warm state. This supports the shock excitation model. In terms of

anomalous metric values, the far tail region of ESO 137-001 comes in as a distant

second, followed by the SW region of NGC 4522. If one looks at metric values for the

galactic extraction regions themselves, ESO 137-001 and NGC 4522 fall within the

normal values representative of star forming galaxies in the SINGS sample. 97073,

on the other hand, has enhanced emission even within the galaxy. NGC 1427A does

not have any enhanced H2 emission within either the galaxy or the high flux regions.

In fact, it has the lowest values of the metric compared to all other galaxies.

4.4.2 Tracing Ram-Pressure Stripping with Warm H2 Emission

We place the results of our survey in a general context by attempting to answer

the question of how excess warm H2 emission relates to ram-pressure stripping. As

discussed in the previous section, three of the four galaxies show enhanced H2 emis-

sion and all three of them show evidence for a warm H2 tail, while two of them,

ESO 137-001 and NGC 4522, show strong evidence for extraplanar star formation.

The fourth galaxy shows signs of ram-pressure induced star formation but no en-
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hanced warm H2 emission or tail. Of the four galaxies, based on the SSFR versus

stellar mass relation, ESO 137-001, NGC 1427A, and NGC 4522 show somewhat

suppressed star formation rate when compared to a similar stellar mass galaxy in

the field. 97073 on the other hand has a star formation rate that is normal for a

field galaxy of its size. If one arranges all galaxies in ascending order of their total

gas mass, assuming ESO 137-001 has a HI mass close to the measured upper limit

of 1 × 109 M⊙ (Sun et al., 2007), we would have NGC 4522 with the least mass,

followed by ESO 137-001, 97073, and NGC 1427A.

This suggests a possible evolutionary sequence as an explanation for the observed

differences in the properties of the four different galaxies. The first stage is repre-

sented by NGC 1427A. NGC 1427A is likely at the initial stages of being stripped

by ram-pressure where the ICM does not have significant strength to strip out the

molecular and HI gas, as evidenced by the extremely large HI mass measurement for

this galaxy (Koribalski et al., 2004). Instead, ram-pressure compresses the gas along

the leading edge of the galaxy, inducing an arc of star formation. This is plausible

because, even though NGC 1427A is very close to the center of the Fornax cluster

(only 115 kpc in projected separation), the cluster is very poor and has a fairly low

ICM temperature of 1.6 keV (Ikebe et al., 2002). Furthermore, this galaxy has a

large recessional velocity with respect to the cluster mean (∼ 650 km −1), and it

is also possible that its actual radial separation from the cluster core may be much

larger than what is observed.

The second stage is likely represented by 97073 where the interaction between the

ICM and the galaxy’s ISM becomes strong enough to dissociate the molecular gas

and reform it in an excited state downstream, possibly through shocks, in addition

to inducing star formation along the leading edge of the galaxy. 97073 is in a

moderately rich cluster, which has a relatively hot ICM with a temperature of 3.6
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keV (Ikebe et al., 2002). The images of the galaxy at Hα, and 8 µm clearly show

an arc of star formation occurring at the location directly opposite to the Hα tail.

The 24 µm image also shows intense dust continuum emission that coincides with

the star forming arc. Furthermore, this galaxy’s tail region exhibits the strongest

warm H2 excess of all the regions explored, while the galaxy itself exhibits an excess

that is stronger than all other galactic regions considered. It is very likely that this

galaxy is just beginning to experience strong ram-pressure. Its excess 8 µm emission

is not truncated in any way, which suggests that there is sufficient molecular gas

throughout the galaxy to promote star formation. It has a healthy amount of gas,

both in molecular and atomic form, and it has a healthy star formation rate. The

current rate of stripping cannot be as significant as ESO 137-001 because we do not

see large star forming knots trailing behind the galaxy. Unfortunately, due to the

alignment of the IRS slit, the true length of the warm H2 tail was not determined.

The third and intermediate stage is probably represented by ESO 137-001 where

a significant fraction of atomic and molecular gas has been stripped from the galaxy

and a significant fraction of molecular gas is within the observed Hα and X-ray

tails as discussed in Paper 1. This galaxy is also fairly close in projected separation

(∼ 280 kpc) to the core of Abell 3627, which is the hottest cluster in our sample

with an ICM temperature of 6 keV (Sun et al., 2006). The galaxy has an upper

limit on its HI mass of 109 M⊙ (Sun et al., 2007) and no published values for its

cold molecular gas content. The galaxy has log(SSFR) of -10.4, which is on the low

end of the star forming sequence defined by Salim et al. (2007). It is clear from the

8 µm excess image that the emission is not as extended as the stellar disk and has a

trail of star forming knots stretching approximately 12 kpc from the galaxy center.

This trail of star forming knots are mostly embedded within the > 20 kpc long

warm H2 tail. The warm H2 gas within the tail cannot be explained simply by star
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formation. The existence of long gaseous tails, the long trail of star forming trails,

and slightly lower than average star formation rate suggest that this galaxy must

be further along in its ram-pressure stripping phase than the previous two galaxies.

NGC 4522 possibly represents the last stage of this process. The observational

signatures show this galaxy to be similar to ESO 137-001 in many ways. It has a

smaller dust disk than its stellar disk. It has extraplanar dust emission albeit at a

smaller scale, and similarly a ∼ 4kpc long H2 tail, which has a factor of 5− 10 less

mass than the H2 tail in ESO 137-001. This galaxy is also fairly poor in gas, with

comparable HI and molecular gas content, and the HI gas is known to be displaced in

the direction of stripping (Kenney et al., 2004). All signs suggest that this galaxy is

either in a similar phase to ESO 137-001 but is less affected by ram-pressure because

this galaxy is in a much cooler cluster and not as dense portion of the ICM, or in

a later phase where ram-pressure is becoming less significant. Vollmer et al. (2006)

suggest from their dynamical modeling of VLA HI data that this galaxy must have

passed through peak ram-pressure stripping 50 Myrs ago. This galaxy has a few

peculiarities as it is approximately 1 Mpc away from Virgo’s center and the ICM

cannot be dense enough to ram-pressure strip the galaxy significantly in a fairly low

temperature cluster (∼ 2.4 keV; White, 2000) at that distance. Also, this galaxy

has a fairly large recessional velocity with respect to the cluster mean (∼ 1000 km

s−1). The only way for this galaxy to experience significant ram-pressure stripping

is for the ICM to be dynamic or for the galaxy to be traveling at very high speeds

and unbound from the cluster (Vollmer et al., 2006).

Our study of warm H2 emission in cluster galaxies shows that warm H2 heated by

the interaction between the ICM and ISM is not uncommon in galaxies experiencing

significant ram-pressure stripping. In the most extreme cases of warm H2 emission,

i.e. ESO 137-001 and 97073, there are long 40 − 70 kpc tails observed at other
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wavelengths. There may be a strong association between the existence of a Hα tail

and a warm H2 tail. However, a greater number of detections H2 tails are required

to confirm this association. If one assumes such an association is true, the recent

discovery of more than a dozen galaxies in Coma with extended Hα clouds (Yagi

et al., 2010) may suggest that warm H2 tails may be present in all galaxies with

significant ram-pressure stripping.

4.5 Chapter Conclusions

We present the results of a study of four galaxies, known to be currently undergoing

ram-pressure stripping, to detect shock-heated warm H2 emission associated with

galaxies’ interaction with the ICM. The results for one of our galaxies, ESO 137-

001, have already been described in Chapter 3. The main results of our study are

as follows:

1. We detect signatures of warm H2 emission in all four galaxies within the

sample. The ground state rotational H2 S(0) line is observed in all four of our

galaxies. The S(1), S(2), and S(3) lines are detected in ESO 137-001, CGCG 97-

073, and NGC 4522. Warm H2 emission is also detected in extraplanar regions of

ESO 137-001, CGCG 97-073, and NGC 4522 indicating that molecular gas is present

in ram-pressure stripped gas. ESO 137-001 exhibits a warm H2 tail > 20 kpc in

length, while NGC 4522 has one that is ∼ 4 kpc in length. Even though a portion

of the tail was observed in CGCG 97-073, the length of this galaxy’s warm H2 tail

could not be ascertained. NGC 1427A exhibited no signs of an H2 tail, but had

strong H2 emission associated with the brightest star-forming regions located on the

southern edge of the galaxy.

2. We measure the thermodynamic properties of the warm H2 gas, such as tem-

perature, column density, and total mass, in all four galaxies both within the galaxies
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themselves and also in other regions of interest likely associated with ram-pressure

stripping. We find similar temperature distributions in ESO 137-001, CGCG 97-

073, and NGC 4522. The H2 emission could be adequately fit by a two-temperature

model, one warm (T= 115−160K) and the other hot (T=400−600K). In the case of

NGC 1427A, we were only able to place a upper limit on its temperature of the gas

of T= 90− 105K due to the lack of detection of the S(1) line. This anomaly could

be explained by either a lower than expected ortho-to-para ratio and/or unusually

cooler H2 gas. The column densities of the warm H2 gas within the explored regions

vary somewhat but fall within the 1019−1020 cm−2 range. The hot H2 gas typically

has densities that are two orders of magnitude less than the warm H2, making the

warm gas the dominant mass component. The detected total masses of warm H2

amongst the explored regions within all four galaxies range from 106−108 M⊙, with

CGCG 97-073 having the largest mass.

3. We observe clear signs of dust stripping in at least 2 out of 4 galaxies in our

excess 8µm images, which are also visible in the 24 µm images. ESO 137-001 reveals

cometary dust emission that is extended in the direction of the wind. In the case of

NGC 4522 where we have the best spatial resolution, the turbulent nature of dust

stripping is observed, as there are large knots and ripples in the stripped regions. It

is possible that NGC 1427A may also be experiencing dust stripping as evidenced

by long finger like emission at 8 µm. These results show that dust is also stripped

by ram-pressure.

4. We study the star-forming morphologies of each of the galaxies and find

signatures of ram-pressure induced arc-like star formation within the galaxy and/or

extraplanar star formation from blown out gas. NGC 1427A is likely the most

dramatic case of ram-pressure induced star formation within the galaxy, followed

by CGCG 97-073, as both galaxies exhibit strong arc-shaped star forming regions.
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ESO 137-001 and NGC 4522 have extraplanar star forming regions that span 12 and

3 kpc, respectively.

5. We measure the star-forming rates in each galaxy within our sample to see

if they are suppressed within the cluster environment. CGCG 97-073 has a healthy

star-formation rate that is representative of a field galaxy of similar stellar mass,

and ESO 137-001 is on the low end while still within the star forming sequence.

However, the rates measured in NGC 1427A and NGC 4522 fall below the star

forming sequence.

6. We compare the measured H2 flux with the 24 µm flux to determine if the H2

emission is unusual in any way compared to a control sample consisting of SINGS

galaxies with warm H2 measurement. In three of our four galaxies, we observe excess

H2 emission, especially in regions where stripped gas is present. CGCG 97-073 is

a special case where both the galaxy and the tail region are outliers, and its tail

region is the most significant outlier of all the regions considered. NGC 1427A is

the only galaxy without anomalously high H2 emission.

7. There may be a possible association between extraplanar Hα and H2 emission

because three of the four galaxies have coaligned Hα and warm H2 emission.

8. We hypothesize that excess warm H2 emission may be a common feature

of galaxies that are experiencing significant ram-pressure stripping, and that the

varying degree of H2 emission we have observed in our sample is merely the result

of galaxies at different stages of ram-pressure stripping.
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Chapter 5

LAIRS - The Lockheed Arizona IR Spectrometer

LAIRS is a one-of-a-kind, cryogenic tunable filter (a Fabry-Perot interferometer)

instrument that can carry out diffraction-limited, narrow-band imaging in the as-

tronomical J,H, and K-bands with a spectral resolution of ∼ 1000. It can carry

out diffraction-limited observations with the MMT natural guide star or laser guide

star adaptive optics (MMTAO) system within a small 33′′ × 33′′ field-of-view or

seeing-limited observations at the Bok with a larger 2′×2′ field-of-view, albeit with

significant vignetting. We report here on the progress that has been made in making

this instrument scientifically viable. A number of serious issues were encountered in

the performance of the instrument during the first light observations at the MMT

that needed to be addressed: 1. The closed-loop servo controller for the tunable filter

did not keep the jitter of the tunable filter within operable limits. 2. The line profile

of a monochromatic source generated by scanning the filter was highly asymmetric.

3. The performance of the imaging array was poor. We discuss our extensive efforts

to address the first two problems with the third one relegated to a future time. The

closed-loop servo controller was completely redesigned after defining a clear set of

scientifically motivated requirements. Several mechanical modifications were made

to the tunable filter to improve its stability and its transmission profile at cryogenic

temperatures. The final cold tests show that the intermittent instability of the tun-

able filter at its operating temperature keeps the instrument from being robust for

astronomical observations. The most likely cause of this issue has been identified,

which can be rectified in the future.
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5.1 Chapter Introduction

Astrophysical processes are best characterized by the spectrum of light they emit.

The spectrum allows one to determine the physical processes that underlie a given

astronomical object. In optical and the near-infrared, taking a spectrum of an ob-

ject typically requires some sort of dispersive element that refracts or diffracts a

light beam as a function of its wavelength and a camera that captures the inten-

sity distribution as a function of wavelength. Such an instrument is often called a

spectrograph. To reduce the contamination from nearby sources, a slit is frequently

used to restrict the the field-of-view observed by the spectrograph to just the source

of interest. These slits are typically rectangular or circular apertures that are well-

matched to the source width. There are fundamental limitations to this approach.

Until recently, one could only observe one source at a time with a spectrograph,

which makes observing a large number of sources within a given field painstakingly

slow. With the advent of multi-object spectrographs, this issue has been largely

addressed, but they require the locations of the sources to be known a priori as

slit masks are generated prior to an observation with known object positions. The

rectangular and circular slits used by spectrographs can be limiting because they

are not very useful at capturing light from objects that have distributions that do

not match these apertures, which is the majority of galaxies. This often requires

complicated slit loss correction calculations. Some attempt has been made to ad-

dress this through integral field spectrographs, but their complexity often limits

them to a relatively small field-of-view. Finally, there is a large class of objects that

are of great interest to astronomers that are primarily dominated by emission lines,

so observing them with a conventional spectrograph may be wasteful as it often

observes over a large range of wavelengths. There is a clear niche defined by the

shortcomings of these types of spectrographs. Tunable filters fill that niche because
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they are able to image fairly wide fields at moderate spectral resolutions that match

typical spectrographs.

The concept of a tunable filter is simple. As its name implies, it is a filter

with a transmission (or reflection) profile that can be changed. However, in actual

practice its implementation can be quite complex. Originally designed by Fabry &

Perot (1897), the most common tunable filter used in astronomy is the Fabry-Perot

Interferometer (FPI) . It frequently consists of two parallel highly reflective surfaces

that are separated by some distance and is a type of multi-beam interferometer. The

transmission and reflection characteristics of this device are adjusted by changing

the optical path length between the two surfaces. This means that one can either

change the refractive index of the material between the two surfaces or change

the physical separation between the two surfaces. The full details of the theory

of operation and characteristics of a FPI will be covered in Section 1.2. The FPI

has three characteristics that makes it unique: 1. The center wavelength of its

transmission profile can be changed; 2. The width of its bandpass can be changed

and can be tuned to be very narrow; 3. Its center wavelength and the width of its

bandpass can be changed in a very short time scale, usually within seconds for a

typical setup. There are special class of astronomical problems that would typically

benefit from this type of imagers, which we term as narrow-band imagers because

FPIs can have factors of 100 − 10000 higher spectral resolution than broad-band

filters. Sources with very bright emission lines or sharp absorption features would

benefit from this type of narrow-band imaging as a FPI would allow one to take an

on-band and an off-band image relatively quickly. Moreover, this form of imaging

will also allow one to map out velocity gradients in astronomical objects from the

high spectral resolution offered by narrow-band imaging.

This same imaging technique turns out to have a unique advantage within the
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near-IR bands. The near-IR sky background is primarily dominated by bright and

very narrow width OH airglow lines. We show a representative atmospheric trans-

mission profile and an airglow spectrum for the Mauna Kea site along with typical

J,H, and Ks−band filter transmission curves in Figure 5.1. The airglow data were

obtained from Gemini Observatory’s characterization of the Mauna Kea site for typ-

ical water columns (1.6 mm) and an airmass of 1.51. It is clear that if one wishes

to image faint emission line objects in the near-IR bands, one would require very

narrow-band filters to detect these sources provided their emission lines do not fall

on top of one of these sky lines. This has been the primary motivation behind

the construction of the LAIRS instrument, which is to carry out high sensitivity

narrow-band imaging (R ∼ 1000) within the 1.2 to 2.5 µm range. In fact, LAIRS is

a unique instrument as there exists only one other near-IR tunable filter instrument,

F2T2, with similar imaging capabilities (Scott et al., 2006), but it only operates in

the J-band. LAIRS consists of an adjustable gap spacing FPI that can be infinitely

tuned within the 1.2 to 2.5 µm and cryogenically cooled optics and FPI to reduce

the thermal background. Its imaging optics are also diffraction-limited over that

wavelength range and can be used with the MMTAO system to carry out narrow-

band diffraction-limited imaging over a 33′′ by 33′′ field-of-view. The utility of such

an instrument is realized if one considers an example science project. For instance,

imaging Hα emission from high redshift clusters can benefit heavily from this type

of imaging. If we carry out this experiment on the highest redshift cluster known to

date (Papovich et al., 2010), located at z = 1.62, we need to image the Hα line at

1.72 µm. This falls in the H-band where the OH airglow lines are most severe. We

consider an imager with different spectral resolutions and how it would be affected

by the near-IR sky background in Figure 5.2. Results from three different spectral

1http://www.gemini.edu/?q=node/10787
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resolutions are shown, two of which represent an imager like LAIRS (R= 1000 and

3000) while the other represents the typical fixed bandpass narrowband filter you

can purchase (R= 100). It is important to note that in order image a spectral line,

both an on-band and off-band image is required. This means one would need at least

two fixed bandpass narrowband filters to carry out this experiment and they would

be specific to a particular project. This can become cost prohibitive if one needs to

probe a large redshift range. It is clear from Figure 5.2, that near-IR tunable filter

really wins over the fixed narrow-band filter and has at least an order of magnitude

lower sky background in between the bright emission lines when compared to the

fixed filter. This requires the FPI imager to be sky-background limited. It is impor-

tant to note FPIs do require order sorting filters, and in the case of LAIRS, these

filters have typical resolutions of R ∼ 50.

In order to attain the exquisite sensitivities in the near-IR, the tunable filter in-

strument needs to be sky-background limited, which means the instrumental back-

ground has to be fairly low. In the case of the near-IR instrument, the additional

background is usually produced inside the instrument in the form of thermal back-

ground and detector noise. The thermal background is exponentially reduced by

cooling the instrument with liquid nitrogen to 77K, while the detector background

can be reduced by using high quality arrays with low read noise and dark current.

LAIRS uses both these techniques to reach its goal of being sky-background limited.

The entire optical bench, including the FPI, is cooled to 77K and the focal plane

array (FPA) is an Aladdin III array cooled to 35K, which, in theory, should have

fairly good read noise and dark current characteristics. However, these requirements

increase LAIRS’s complexity significantly, for LAIRS’ FPI has to function after a

large change in temperature (∆T ∼ 200K). The FPI itself consists of several mov-

ing components and optical elements that need to function flawlessly after this large
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Figure 5.1 The near-IR sky background (red curve) and atmospheric transmission
(black curve) for the Gemini North site on Mauna Kea. The J,H, and Ks−band
filter bandpasses are shown by the purple, green, and orange curves.
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Figure 5.2 The near-IR sky background as a function of wavelength centered around
1.72 µm, which is the expected wavelength of Hα at a redshift 1.62. The different
curves represent the near-IR background at different spectral resolutions. The black
curve is data obtained for the Gemini North site, which has a R ∼ 40, 000. The
other curves were obtained by degrading the original spectrum to lower spectral
resolutions. The red, green, and blue curves represent the sky background seen
at R= 3000, 1000, and 100, respectively. The typical fixed band-pass narrow-band
filter has a spectral resolution of 100. A FPI tuned to a wavelength outside of the
spectral line will have at least an order of magnitude less near-IR background then
the typical fixed band-pass narrow-band filter.
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change in temperature. Additionally, in order to maintain the high resolutions re-

quired for this instrument to be scientifically fruitful, the gap separation between

the two reflective surfaces within the FPI need to be kept fixed despite ambient

vibrations. This requires a complex servo controller that can sense changes in gap

spacing quickly and correct for it in a correspondingly short timescale. It is these

key areas that LAIRS struggled as it suffered from a number of serious issues with

the FPI such as bent plates, sticky actuators, and slow servo controller and with

the array, which had significant read noise. All of these issues conspired to prevent

the instrument from achieving its full potential. In this chapter, we discuss in great

detail the effort that went into resolving most of these issues. We have divided

the chapter into the following sections: In Section 5.2 we review the mathematical

framework required to understand the operation of FPIs; in Section 5.3, we present

our characterization of the original issues experienced by LAIRS; in Section 5.4, we

discuss the solutions for the identified issues and the improvements made in the op-

tical performance of the FPI. We also present the the latest on-sky tests carried out

at the Bok 90” telescope in this section. In Section 5.5, we summarize the remaining

issues that need to be address prior to the instrument returning to the telescope.

Finally, we list our conclusions in Section 5.6.

5.2 Theory of Operation

5.2.1 One-dimensional, Jitter-less FPI

We present here a quick summary of the theory of operation of a one-dimensional

FPI consisting of two plates with highly reflective surfaces one side separated by an

air/vacuum gap, which is the type of FPI used in LAIRS. A full treatment of the FPI

can be found in any classical optics text. We only consider the transmission through

the FPI, as that is the mode LAIRS is operated in. We show a simplified model of
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Figure 5.3 A simplified view of a Fabry Perot interferometer. This particular FPI
consists of two glass plates (grey in color) with a highly reflective coating on one
side of each plate (cyan in color) that are separated by a distance d. Both plates
are plane-parallel to each other. This type of FPI is similar to the one used within
LAIRS. The red ray entering from the left is in the input ray at some wavelength.
Its angle with respect to the FPI is greatly exaggerated. The rays shown within the
FPI are reflected rays, some of which leak out and forming a bundle of rays exiting
the FPI to the left. If the correct gap spacing is chosen the rays within the exiting
ray bundle will constructively interfere resulting in the transmission of the original
incident ray.

this type of FPI in Figure 5.3. However, one can also use an FPI in reflection but

that will not be discussed here. The reflective surfaces can be considered as non-

absorptive surfaces with a reflectance, R, and transmittance, T, such that R+T = 1.

One can derive the intensity of the transmitted light as a function of the incident

light with a given wavelength λ, incident angle θ, and plate separation d, which is

given by the following equation:

It
Ii

=
T

(1− R)2 + 4R sin2(δ/2)
(5.1)

where It is the transmitted intensity, Ii is the incident intensity and δ = 4πnd/(λ cos θ).

When working in air or vacuum as in the case of a FPI inside a dewar the refrac-



194

tive index n = 1. This equation can be further recast in a slightly different form

using the finesse, F , of an FPI as a free parameter instead of the reflectance of the

coatings. The finesse of a FPI can be considered a figure of merit for a FPI. It is

defined as the separation of two different orders for a given wavelength divided by

the full-width-half-max (FWHM) of a transmission (or reflection) profile of a single

order. This quantity can be easily measured by scanning the FPI across two orders

when viewing a monochromatic light source. One can solve for the finesse F by

using its definition and Equation 5.1 and obtain the following equation:

F =
π
√
R

1−R
. (5.2)

One might notice that increasing the reflectance will increase the finesse parameter

of a given FPI. Therefore, the finesse is an important parameter that needs to be

considered when designing a FPI. We show the effect of different F values on the

transmission profile of a FPI in Figure 5.4. It is clear that the finesse of a FPI is

similar to a quality factor, and determines how well separated the spectral orders

are. With the definition of F, Equation 5.1 can be further simplified to

It
Ii

=
1

1 + (2F/π)2 sin2(δ/2)
. (5.3)

This equation is frequently known as the Airy formula, and we will be using this

equation to quantify the performance of the LAIRS FPI. Now if we are viewing

a monochromatic light source with a wavelength λ, we can determine which gap

separations we will see a peak in the transmission profile. This happens when

δ/2 = mπ where m is some non-negative integer. This means that we will see a

peak in the transmission profile for a given wavelength when

d =
mλ

2 cos θ
. (5.4)

So if we wish to view a specific wavelength, we need to set d to a value that sat-

isfies the above relation. However, this equation does not say anything about how
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Figure 5.4 Transmission profiles for a FPI with different values of F when viewing
a monochromatic light source plotted as a function of gap spacing. Each peak in
the transmission peak corresponds to a spectral order. The black, green, and red
curves represent finesse values of 5, 20, and 50, respectively. The higher the value
of the finesse the sharper the finesse peak. This will become important later when
we discuss the spectral resolution of FPIs.
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Figure 5.5 Transmission profiles of two monochromatic light sources viewed by an
FPI at normal incidence. The black curve corresponds to λ = 1.5 µm, while the
red curve is for λ = 1.505 µm. This plot shows that the two peaks can be clearly
resolved at these orders if the two light sources are viewed simultaneously.

well we can resolve two nearby wavelengths of light. Now suppose we consider the

transmission profile of a FPI viewing two wavelengths of light. Each wavelength of

light will have a corresponding peak at a gap spacing d given by Equation 5.4. We

consider the case where we have two monochromatic light sources shining on an FPI

at normal incidence that are very close in wavelength, one at 1.5 µm, λ1, and the

other at 1.505 µm, λ2. We plot the the transmission profile for a set of a few orders

in Figure 5.5. We can calculate the separation of the peaks of the same order in

terms of gap spacing d given some order m,

∆d = m
(λ2 − λ1)

2
. (5.5)

If one wishes to resolve one wavelength from another very close to it, we assert

that the two lines should be at least one transmission profile FWHM apart. That
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value can be written in terms of finesse, FWHM = (dm+1 − dm)/F = λ1/(2F ). If

we substitute ∆d = λ1/(2F ) and rewrite (λ1−λ2) = ∆λ1, we obtain a new equation

where

λ1

∆λ1

= mF. (5.6)

But λ/∆λ is defined as the resolution of a spectrograph. Therefore, the FPI’s

spectral resolution is mF. This makes the FPI a very unique kind of spectrograph

because m is not a fixed property of the FPI. One can change the spectral resolution

by just changing the order the FPI operates at for a given wavelength. In reality

there are several constraints that do not allow one an infinite range in orders. The

actuators that move the plates have a limited range of motion, but more importantly

the gap spacing one operates at and the free spectral range are intimately linked.

The free spectral range (FSR) derived to be

FSR =
λ2

2d
, (5.7)

varies inversely with gap spacing. So it is clear that if one operates at larger gap

spacings (i.e. higher orders), the free spectral range gets much smaller. It was

mentioned earlier that single FPIs require order sorting filters placed in series to

remove overlapping orders. The width of the order sorting filters must be at most

the size of the FSR. This is a case where a trade-off needs to be made as the cost

of order sorting filters increases with narrowing width. Moreover, the smaller the

FSR, the more order sorting filters one needs. Coupled with the equation for the

spectrograph resolution, it becomes clear that a FPI with a high finesse would be

ideal as one can operate at smaller gap spacing for a given spectral resolution while

maximizing the FSR the same time. This does not come for free as a FPI with

very high finesse is difficult to fabricate as it requires highly reflective coatings and

it requires much more stringent control requirements, which will be discussed later.
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So when designing a FPI for an instrument all of this must be kept in mind, and

the appropriate trade-offs need to be made to achieve the required resolution. But

it is also worth noting that a FPI is more versatile then a typical spectrograph, as

its resolution can be changed by simply changing the gap spacing.

5.2.2 Two-dimensional FPI with Jitter

So far the discussion has centered around a one-dimensional, theoretical prescription

of an FPI. In real-life, FPIs have transmission profiles that can vary in two dimen-

sions and also experience jitter. The type of FPI used in LAIRS consists of a fixed

plate and a moveable plate. The movable plate is suspended by 3 C-springs and is

actuated by 3 voice coil electromagnets. Due to this design choice, the moveable

plate has three degrees of freedom. It can move toward and away from the fixed

plate, and it also can tilt about two axes with respect to the fixed plate. The tilt

of one plate with respect to the other affects its parallelism. For a FPI to function

properly, the two plates must be plane-parallel to each other. There are usually

two kinds of jitter experienced by the type of FPI discussed above: jitter in gap

spacing and jitter in parallelism. Ambient mechanical disturbances can affect the

parallelism and gap spacing of the plates as the moveable plate is not held rigidly

fixed to the fixed plate. Jitter degrades the throughput and finesse of the FPI and

we will develop the framework to simulate its effects in this section.

To fully understand the impact of jitter, we need a proper way to treat the two

dimensional characteristics of the FPI’s transmission profile. A tilt of one plate

with respect to another strongly affects the two dimensional transmission profile of

the FPI, reducing the overall integrated transmittance of the FPI. A few examples

of this effect are shown in Figure 5.6. A shift in gap spacing affects the entire 2D

transmission profile by increasing or reducing the intensity of the entire profile. To

characterize these two effects, we define a defect function, which is a 2D map of how
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Figure 5.6 Transmission images for two different plate tilt configurations for a FPI
with a finesse of 25 viewing a collimated monochromatic light source with a wave-
length of 1.5 µm at normal incidence. The FPI is illuminated by a square beam 30
mm in size on each side. The FPI has the appropriate gap spacing at its center to be
at the peak of the transmission curve for this wavelength. However, only a portion
of the incident light is transmitted through because moveable plate is not plane-
parallel to the fixed plate. The greyscale represents the logarithm of transmittance
where white represents a transmittance of 1 while black represents a transmittance
of 0.001. In the left image, the FPI has a tilt along the x and y axes of 10−4 and
10−5 µrad, respectively. In the right image, the tilt in both the x and y axes is
5 × 10−6 µrad. The degree of parallelism between the plates pays a significant role
in the transmission properties of the FPI.
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different portions of the FPI illuminated by a light source deviate from the nominal

gap spacing:

ddefect(x, y) = BSx(x− 1/2) tan(θx) +BSy(y − 1/2) tan(θy) + ∆z (5.8)

where BSx and BSy are the size of the beam illuminating the FPI in the x and

y direction, x and y are parameters that vary from 0 to 1 and the value (0.5, 0.5)

represents the center of the FPI, θx and θy are the tilt angles about the x and y

axes, respectively, and ∆z is the overall offset from the nominal gap spacing. The 2D

transmission profile can be determined by substituting Equation 5.8 into Equation

5.3. One would simply uniformly sample the parameters x and y do obtain a 2D map

of FPI transmittance. In effect, we are sub-dividing the FPI into smaller FPIs and

calculating the transmittance of each individual sub unit. For example, Figure 5.6

was generated by computing the transmittance over a 10002 grid covering a square

beam 30 mm on each side. Incidentally, LAIRS FPI’s incident beam size is close

to this value. The overall integrated transmittance of the FPI is simply the sum of

the transmittance of each sub FPI divided by the total number of them. The lack

of parallelism increases the finesse and reduces the throughput. These results show

that parallelizing the plates is critical to the performance of the FPI and is therefore

an important part of the calibration procedure.

To evaluate how jitter affects the scientific performance of the FPI, we create

a model that provides the average transmittance of the FPI as a function of gap

spacing given some statistical description of the jitter parameters. In the case of the

LAIRS FPI, we experience jitter in three different axes (θx, θy, and z), where z is the

jitter in the gap spacing. We assume that each parameter is normally distributed.

Both θx, θy, and z have a mean of zero, which means that the FPI is appropriately

parallelized and set to the correct gap spacing. We carry out Monte Carlo simu-

lations where we first generate a 2D transmittance map for each realization of the
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Figure 5.7 A comparison of the integrated transmission profile for a FPI without
jitter (black curve) and with 10 nm of gap-spacing jitter (red symbols). The jitter-
free finesse of the FPI is 25. Jitter reduces the peak transmittance of the FPI and
increases the width of the transmission profile.

(θx, θy, z) parameter set. We then compute the integrated transmittance and plot

it as a function of commanded gap spacing to determine the average transmission

profile when the FPI experiences jitter. An average transmittance profile is sufficient

for our analyses because we assume that the time variability of the transmittance

due to jitter is much smaller than the integration time of our observations. From

Figure 5.7 it is immediately clear that jitter changes the transmission profile in two

distinct ways: 1. It reduces the peak transmittance. This means that the overall

throughput of the system is reduced. 2. It broadens the FWHM of the transmission

profile and essentially reduces the finesse of the FPI. The greater the jitter, the worse

the throughput and effective finesse of the FPI. Therefore, it is critical to reduce

the level of jitter, which often necessitates a complex closed-loop servo controller to

dampen out vibrations.



202

5.2.3 Operation of LAIRS and its FPI

After having discussed a reasonable toy model for a real-life FPI, we present the

workings of LAIRS itself. In this section, we will mainly focus on its FPI and not

so much on its imaging optics as the FPI is what makes the instrument unique.

However, we will cover the optical train and its expected optical performance for

the sake of completeness. LAIRS consists of several major components: 1. the

collimating and reimaging optics; 2. the FPI; 3. order sorting filters; 4. the near-IR

focal plane array (FPA). All of these components are housed within the dewar

and are cooled to 77K to reduce the thermal background. The FPA is cooled

to 35K by a solid neon reservoir which itself is cooled by a closed-cycle helium

cryopump. The Aladdin III FPA is an InSb array, and therefore has a cut-off

wavelength of 5 µm, requiring the lower operating temperatures. The solid neon

reservoir is required because the cryopump induces significant vibrations in the

dewar and adversely affects the performance of the FPI. The cryopump is shut off

during scientific operations, and the solid neon reservoir acts as a thermal reservoir,

sinking heat from the detector for 6 to 12 hours without requiring the cryopump to

be turned on. The hold time for the dewar itself is approximately 24 hours.

The LAIRS optical train is fairly straight-forward and is shown in Figure 5.8.

See Ryder (2007) and Chow et al. (2007) for a detailed description on the optics of

the instrument and its performance. An f/15 beam enters from the left through the

dichroic and passes through a selectable field stop and into a collimating doublet

consisting of a lithium fluoride (LiF) and calcium fluoride (CaF2) lenses. The FPI

accepts the collimated beam and is located close to the pupil plane. In fact, there is

no well-defined pupil stop for this instrument. This is a bit unusual as most near-IR

instruments that operate in the K-band, have a pupil stop that can be aligned to

match the exit pupil of the telescope to minimize the thermal background. Following
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Figure 5.8 This is a ZEMAX model of LAIRS optical train. The important compo-
nents are labelled. An f/15 beam enters from the left through the dichroic. There
is an intermediate image plane where a selectable field stop is located. The light
passes through a collimating doublet before arriving at the FPI. The order sorting
filters are located downstream of the FPI after which the beams are reimaged by
another doublet onto the FPA. The blue, pink, and yellow beams represent different
field positions on the sky.

the FPI, we have filter wheels that house the order sorting filters after which we

have another LiF/CaF2 doublet that re-images the collimated beams onto the array.

The entire optical train is designed to be diffraction-limited in the 1− 2.5 µm range

when observing with the MMT f/15 adaptive secondary, as evidenced by the spot

diagram generated by the ZEMAX model shown in Figure 5.9. The extent of the

field observable at the MMT is 33′′ by 33′′ on each side.

The FPI is the most complex component within LAIRS. It consists of two 1”

thick circular Homosil plates with a highly reflective coating on one face that has a

reflectivity of 94 − 95% across the 1.2 to 2.6 µm range, and with an antireflection
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Figure 5.9 The spot diagram that shows the optical performance of LAIRS at dif-
ferent wavelengths and different field positions when coupled with the MMT f/15
configuration. The different colors represent different wavelengths. The airy radius
for 2.2 µm is shown as a black circle. At all field positions, this diagram shows that
LAIRS is fairly close to diffraction-limited.



205

coating that reflects less than 1% of the light on the other face of each plate. This

corresponds to a finesse of 50−60 if we evaluate Equation 5.2 using the reflectivities

for the dielectric coatings. Both of these plates are held within special titanium

housings that constrain them both laterally and radially. The lateral and radial

constraints are specially designed to compensate for the contraction of the housing

as the instrument cools to its operating temperature. One of the plates is held fixed,

while the other is suspended at three locations by large C-springs housed in spring

towers and is attached to three voice coil actuators. The arrangement is shown in

Figure 5.10. As mentioned earlier, this design allows for the moveable plate with

three degrees of motion, which we call tip, tilt, and piston. Piston is a movement

along center axis of the plates, i.e. a change in gap spacing, and tip and tilt are

changes in the angles of the x and y axes of the plate, respectively, as shown in

Figure 5.10.

In order for the FPI to be useable, we need to know the position of the moveable

plate with respect to the fixed one to very high precision. The moveable plate needs

to be positioned to nanometer precision, which means that we need a measurement

technique that has better precision than a nanometer. Capacitive nano position

sensors are employed to solve this problem. Three capacitive plates are deposited

onto each FPI plate forming three capacitive sensors as shown in Figure 5.11. A

changing gap between the plates changes the capacitance of each pair of capacitive

plates in the following manner:

C =
ǫ0A

d
(5.9)

where ǫ0 is the permittivity of free space because the dielectric here is vacuum (or

air), A is the area of the plates, and d is their separation. Special electronics manu-

factured by Queensgate Instruments Ltd, measure the impedance of these capacitors

by passing a high frequency signal and determining the gap spacing. These devices
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Figure 5.10 A CAD model of the LAIRS FPI viewed from its back, i.e. light exits the
FPI from this end. The large pink circle is the moveable plate and it is housed inside
a titanium ring with attachment points to the C-springs and voice-coil actuators.
One of the spring towers is shown by the red box outline. There are 3 springs towers,
which are arranged in a circle with each one 120◦ apart. The diagram also shows
the voice-coil actuators, one of which is highlighted by the yellow box outline. The
actuators are also arranged in a circle and are 120◦ apart. However, they are offset
from the spring towers by 60◦. The three degrees of freedom are labelled on the
diagram. The moveable plate can rotate about the x and y axes and move in and
out of the z axis.
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Figure 5.11 A CAD model of one of the LAIRS plates. The arrows point towards the
capacitive plates deposited onto the Homosil plates. The central circle within the
capacitive plates is the highly reflective dielectric coating. The LAIRS FPI consists
of two plates adjacent to each other such that each capacitive plate is paired with
another in the adjacent plate, forming three capacitive sensors. The readings from
these sensors can be used to measure the tip/tilt/piston of the moveable plate with
respect to the fixed one.

produce a voltage output that scales linearly with the capacitive plate separation.

There is one Queensgate device per capacitor with three in total. Hereafter, we

refer to these devices as Queensgates and will obtain all of our telemetry of the

FPI from them. The translation between the voltages output by these devices to

tip/tilt/piston is a simple matrix multiplication given by the following relation:
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where z, θx, and θy are piston, tip, and tilt, respectively, R is the radius of the

circle the capacitive sensors are placed on, γ is conversion factor from voltage to
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microns, and V1, V2 and V3 are the voltages read out by the three Queensgates. The

radius R is 24.625 mm and the γ factor is approximately 6.8 µm/V. This factor is

calibrated optically with the FPI by using a monochromatic light source with well-

known wavelength. The measurement accuracy of the Queensgates is approximately

∼ 1/10th of a nanometer.

We now have a method to measure accurately the position of one plate with

respect to the other. The only piece that is missing is moving the plate to a desired

position. This requires two components: 1. Actuators and 2. A control system.

LAIRS has three voice-coil actuators with a throw of over 10− 20 µm, much larger

than cryogenic piezoelectric actuators used in other common FPI designs. These

actuators allow one to position the moveable plate to any tip/tilt/piston position

so long as the moveable plate does not touch the fixed plate or the actuator does

not hit its limits. One may envision a simple open-loop control servo that could

drive the actuators in order to obtain the desired position. However, this is not

sufficiently robust to ensure the kind of jitter requirements expected for LAIRS to

be scientifically useful in an operational environment where nanometer level control

accuracy is required. One may suggest that using stiffer springs and more powerful

actuators may solve this problem, but this is another place where a tradeoff has to

be made for more powerful actuators dissipate more heat, which can be a serious

issue at cryogenic temperatures. The solution to this problem is a closed-loop servo

controller that can constantly monitor the position of the moveable plate and send

actuator commands to correct for any deviation from the commanded position.

One way to characterize such a controller is by its bandwidth. Its bandwidth can

be considered to be the frequency range over which the controller can effectively

dampen out oscillations (or modes) in the system. It is often a rule of thumb that

the sampling frequency of such a controller should be about ten times its bandwidth.



209

However, modes outside of the bandwidth of the controller are often amplified and

care must be taken to remove any mechanical resonances that exist outside of the

bandwidth of the controller. So the design of an effective controller for an FPI is

an iterative process where adverse mechanical resonances need to be identified and

removed while changing the control parameters to improve the bandwidth of the

controller.

5.3 The Characterization of LAIRS Issues

Multiple issues were identified during the first MMT engineering run in December

2007 that we aimed to correct. The optical train of the instrument performed flaw-

lessly, and we were able to close the loop with the AO system and obtain exquisite

images without the FPI in the beam. When the FPI was moved into the optical

beam, its jitter characteristics were poor because the control servo was unable to

attenuate the vibrations experienced by the instrument while mounted onto the AO

topbox. The overall jitter was so poor that there was no hope of imaging emis-

sion line objects. No value of servo parameters could sufficiently stabilize the FPI

to a point where it was useful scientifically. The second issue, which was already

known prior to the run, was that the transmission profiles were highly asymmetric

at cryogenic temperatures. It was not clear what the issue was and at that time it

was thought that one possible explanation was that the FPI was tilted respect to

the optical beam (Ryder, 2007). Both of these issues needed to be addressed before

LAIRS could be scientifically useful. In this section, we discuss at length the nature

of these issues and identify their causes.

5.3.1 The Cause of the Asymmetric Line Profile

We first start with the problem of the highly asymmetric transmission profile, which

was first reported by Ryder (2007) and Chow et al. (2007). In Figure 5.12, we
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show the LAIRS line profile obtained by using the original control servo at a FPI

operating temperature of 80K and for reference one taken at room temperature.

The profiles were taken in 2007 under quiescent conditions where the original control

servo functioned satisfactorily. The data were taken by shining an internal source,

which is close to a point source, located at the intermediate image plane into the

LAIRS optical train. The internal source was illuminated by a laser at 1.5 µm

with a power of approximately 10 mW. The source light after passing through the

FPI was re-imaged onto 3 mm diameter infrared photodiode. All subsequent tests

that measure the integrated line profile of the FPI use this configuration. The line

profile is in effect directly proportional to a transmission profile. However, we do not

have an absolute calibration between line intensity and transmission at cryogenic

temperatures. The internal source produces a beam that is slightly faster than f/15

and is not a true point source, so the results obtained represent a lower bound on

the finesse of the FPI. These asymmetric line profiles were repeatable and were

observed during every cold cycle. This asymmetry is highly detrimental to scientific

observations, as an image taken at a wavelength with a low sky background can

be easily be contaminated by a nearly bright sky emission line, which are plentiful

in the near-IR. Moreover, nearby off-band images will also be contaminated by the

observed spectral line.

We also have the ability to image the 2D transmission profile of the FPI by

inserting a special imaging lens into the optical beam, which conjugates the rear of

the FPI to the FPA image plane. We use the same internal source configuration to

carry out these tests. Because the FPI is illuminated by a collimated beam from

a single point source, we expect the whole beam to be transmitted through the

FPI when one sets the appropriate gap spacing. This is indeed observed at room

temperature (Ryder, 2007; Chow et al., 2007). However, at 80K the FPI exhibits a
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Figure 5.12 An intensity profile of the LAIRS FPI carried out at 80K (black) and
room temperature (red) in 2007. The gap spacing has been corrected to the actual
gap spacing reported using the telemetry from the controller. These profiles are the
closest to what is expected if the FPI doesn’t experience jitter. Two spectral orders
are shown for both temperatures. This shows that as the FPI cools to its operating
temperature its transmission profile broadens and also becomes highly asymmetric.
In fact, there is not much dark space in between two spectral orders at 80K, which
means that bright spectral lines close in wavelength can contaminate a measurement
made at a chosen wavelength.
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Figure 5.13 2D transmission profile of the LAIRS FPI taken at 80K while scanning
through an order. The images shown are ordered by increasing gap spacing from
left to right. The vertical stripes are missing data due to a bad column readout in
the FPA. The transmission profile is not uniformly distributed over the full beam
as the FPI is scanned through a transmission peak. The broad tail observed in the
integrated line profile are produced by what appear to be tilt fringes.

different behavior as shown in Figure 5.13. As one approaches the appropriate gap

spacing to observe a peak in the transmission profile, we observe different portions

of the FPI transmitting light at gap spacings less than the expected peak in trans-

mission. Two fringes that look like tilt fringes approach each other from the top

and bottom of the FPA field-of-view and join each other to form a single fringe as

the gap spacing is increased. The combined fringe disappears once one passes the

expected gap spacing for the transmission peak.

The first clue for the cause of this problem was that this phenomenon was tem-

perature dependent. The effect was first seen in the integrated transmission profiles

as the instrument cooled down. The first appearance of the asymmetry was at

∼ 200K, and the asymmetry grew as the FPI cooled down further. The FPI also

had internal heaters that could be used to change the temperature of only that

component. Heating up the FPI while the instrument was cold showed a clear im-

provement in the 2D transmission profiles. The profiles became more uniform when

passing through the transmission peak. A possible explanation to this issue was

that the plates within the FPI were warping due to stresses from cooling. To test
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this hypothesis, a set of FPA images were taken while scanning the FPI through a

transmission peak at 80K. We subdivided the entire FPI into smaller sub FPIs and

determined the gap spacing where each sub FPI exhibited peak transmission. By

looking at the offsets in these gap spacings, we could determine the optical path dif-

ference (OPD) between different illuminated portions of the FPI. This requires the

assumption that the plates are properly parallelized and the collimation errors from

the fore optics do not introduce significant path length differences. To construct

the OPD map, the position of the beam was first identified on the 5122 pixels FPA

image. Second, the beam was subdivided into 82 pixel regions, and the gap spacing

where peak transmission occurs was determined for each of these regions. A map,

shown in Figure 5.14, was then generated that showed the relative difference in gap

spacing between the subdivided regions. The map shows a difference of ∼ 300 nm

peak-to-valley in the OPD over the full beam at 80K, and shows strong astigma-

tism. This is a significant effect, as the FWHM of the transmission profile the FPI

viewing a light source at 1.5 µm is only 30 nm for the expected finesse of 25 at 80K

and the separation between two orders for a 1.5µm source is 750 nm. The OPD

map explains the broad asymmetric wings observed in the integrated transmission

profiles.

We sought to determine the source of the plate bending through an independent

test. The mounting strategy for the plates was carefully studied to find any design

weaknesses. The plates are housed in titanium rings and are radially constrained at

three points. The plate is constrained at two points by pins and the third by a wide

pressure pad, which itself is held in place by a #6-40 set-screw, shown in Figure 5.15.

To compensate for the difference in the coefficient in thermal expansion between the

titanium ring and Homosil plate, the #6-40 set screw has a ball-plunger on the end

that contacts the pressure pad. The ball plunger within the set-screw has a travel
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Figure 5.14 Optical path difference map of the FPI calculated using a succession
of 2D transmission profiles taken using the FPA while scanning through a spectral
order when the FPI is at 80K. There is approximately ∼ 300 nm path difference
between the center of the beam and the edges. Furthermore, the distribution of the
path difference suggests that the plates are suffering from astigmatism. It is also
important to note that the optical beam may not be centered on FPI plate itself,
which might explain why the astigmatic profile is not centered.
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Figure 5.15 A view of the mounting ring that contains the FPI plate. This diagram
shows the radial constraints for the Homosil plate, which itself is shown in pink.
The constraints consists of two cylindrical pins and a pressure pad held in place by
a #6-40 set screw. The pressure pad in this diagram is translucent, in order to show
how the set-screw interfaces with it. The set-screw has a ball plunger at the end
which allows for 0.6 mm of travel. This is the thermal compensation mechanism as
the ring will shrink faster than the plate while cooling down.
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Figure 5.16 OPD profile of the FPI plate reflective surface taken by the 4D interfer-
ometer. A beam expanding optic was used to fully illuminate the plate, which left
ring artifacts due to the poor positioning of the optic. However, the results are clear.
On the left is the surface of the plate with a loose set-screw, and on the right is the
surface of the plate when the set-screw is overtightened by a 1/4 turn. We observe
approximately 0.15 waves (peak-to-valley) of warping at 632 nm. This corresponds
to approximately 100 nm peak-to-valley. Note that the OPD profile generated using
the FPA does not have the same orientation as these profiles. One has to flip these
profiles about the y-axis to compare them with the FPA profile.

of 0.6 mm. Calculations show that as the titanium ring cools to 80K, its diameter

shrinks by 0.15 mm while the Homosil plate shrinks an order of magnitude less. We

discovered that if the ball plunger compensation mechanism was not implemented

correctly and the radial constraints start applying force on the plate, it may be

possible to warp the plate and add astigmatism. We carried out the test using

a spare plate and titanium mounting ring from the engineering unit to simulate

the conditions of a faulty mount on the plate. The set screw within the mounting

ring was overtightened by 1/4 turn, which corresponds distance of travel of 0.15

mm, and the optical figure of the reflective surface on the plate was measured

by a 4D interferometer. We show the results of our experiment in Figure 5.16.

There is a clear difference between the case where the set-screw is left loose, and

when the set-screw is overtightened. The overtightened screw induces approximately

0.15 waves (at 632 nm) of bending, which is approximately 100 nm peak-to-valley

difference in optical path length over the reflective surface of the plate. In the LAIRS
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FPI, one would expect an OPD that is twice this value because both plates have

similar mounts, and this matches what was determined with the FPA method for

determining the OPD across the plate. After this discovery, we closely inspected

the set-screw and the pressure pad and found a design issue where the set screw

plunger did not properly touch the spherical groove machined into the pressure pad

(see Figure 5.19 left panel). Instead the screw threads first contacted the pressure

pad before the plunger did, thereby eliminating any temperature compensation built

into the mount. We discuss the method we used to fix this issue in the next section.

5.3.2 The Cause of Excessive Jitter at the MMT

The original LAIRS controller consisted of a closed-loop digital control servo that

had been designed to function satisfactorily within the lab environment at Lockheed-

Martin (LM) Advanced Technology Center (ATC) lab. Long leads passing the

telemetry signals and actuator control currents connected the instrument and pro-

cessing rack that housed the controller. The signals from the Queensgates were

digitalized by high resolution ADCs in the rack and were fed into the control com-

puter which ran the servo controller program. A control law was applied and ac-

tuator commands were generated by the computer and fed into power amplifiers

within the rack, which in turn drove the actuators in the FPI. The system sampled

the incoming telemetry stream at 4 kHz, and had a control bandwidth of 50 Hz.

The digital controller also had an adjustable digital roll-off filter, normally set in

the 400-450 Hz range, that filtered out the high frequency components within the

telemetry stream. This roll-off frequency range produced the best performance, and

increasing the frequency made the control-loop unstable. The performance of this

controller was deemed adequate as the controller often achieved approximately 10

nm RMS jitter in piston, and 0.1 µrad RMS jitter in tip and tilt within the lab.

This was considered to be satisfactory performance for the finesse goal of 20 at an
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operating temperature of 80K. It was thought functioning acceptably in the ATC

lab environment meant that the instrument would function at least as well or better

in a telescope environment. This turned out to be an incorrect assumption. The

ultimate performance of the FPI in a given environment is ultimately linked to the

frequency spectrum of the environmental vibrations, the open-loop transfer func-

tion of the FPI, and the correction gain of the controller as a function of frequency.

Though the latter two quantities had been characterized, the frequency spectrum of

the MMT backend was unknown. Our tests at the MMT in December 2007 showed

that the controller bandwidth and gain were insufficient to keep the FPI stable for

scientific measurements.

We and LM engineers took a systematic approach in diagnosing the source of this

issue. First, the vibrations on the backend of the MMT were measured when the AO

top-box was installed. Two sets of accelerometers were installed at a location on the

top-box where the instrument would be mounted. Both sets of accelerometers could

measure minute accelerations along three different axes; the only difference between

the two accelerometers were their sensitivity and frequency ranges. One set was

approximately 100 times more sensitive than the other, but had a frequency range

out to 200 Hz versus 3 KHz for the other set. We carried out several measurements

with various components of the telescope and the top-box powered on to isolate the

primary vibration sources. Figure 5.17, a cumulative RMS acceleration plot, from

Anderson et al. (2008) summarizes the most important findings from our experiment.

Turning on the cooler for the mirror cell induces significant vibrations in the 150−250

Hz frequency range. Turning on tracking and the derotator actually reduces the

induced vibrations somewhat. For comparison, we also present the data taken at the

Bok 90” telescope, another possible destination for LAIRS, with the same setup in

Figure 5.18. The cumulative RMS acceleration is approximately five times worse at
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Figure 5.17 Cumulative RMS vibration spectra in units of g’s taken by mounting a
accelerometer on the backend of the AO topbox mounted on the MMT. The different
colored curves represent different equipment turned on in the telescope. The baseline
is given by the blue curve where everything is turned off. Different equipment were
turned on in succession. First, the AO top box was turned on, next the cooling fan
for the top box was turned on. After that, the mirror cell cooler was turned on,
followed by tracking, and the derotator. It is clear that the biggest contributor to
the cumulative RMS is the mirror cell cooling, which introduces a large contribution
in the 150− 250 Hz range. Figure taken from Anderson et al. (2008).
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the MMT than at the Bok telescope, which explains why the FPI functioned within

nominal parameters during the first engineering run at the 90” in July 2007. During

these 90” tests we were unable to test the on-sky performance of the FPI due to

poor weather conditions. After folding in the open-loop transfer function of the FPI

with the measured vibration spectra from the MMT backend, it became clear that

a controller with a bandwidth of 50 Hz was insufficient for effectively controlling the

FPI at the MMT. Furthermore, we discovered electromagnetic interference (EMI)

pickup in the original setup due to the long telemetry cables that stretched 10s of

feet from the dewar to the processing rack positioned on the observing floor. It

became clear that the original control system could not be modified to increase

its bandwidth to attenuate the higher frequency components at the MMT. A new

controller needed to be designed from the ground-up with much higher bandwidth

and immunity to EMI. Furthermore, any high frequency response of the FPI had

to be identified and removed. This was the task for a special team of LM engineers

with expertise in these issues.

5.4 Solutions to the Identified Issues

5.4.1 Improving the Thermal Compensation of the Plate Mount

We devised a straight-forward method to correct for the lack of thermal compen-

sation in the plate mount, which was warping the plates. The set-screw with the

ball plunger had to be replaced. However, disassembling the entire FPI to modify

the mount was not an option, as it would increase the complexity of the task by

an order of magnitude. We devised a minimally invasive procedure, which would

replace the set-screw with a custom part shown in Figure 5.19. The part consisted

of a hand-crafted pin with a hemispherical end that had a slightly smaller radius

than spherical recess in the pressure pad. A spring with sufficient stiffness and small
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Figure 5.18 Cumulative RMS vibration spectra in units of g’s taken by mounting
a accelerometer on the backend of the 90” telescope. The different colored curves
represent different equipment turned on in the telescope. The baseline is given by
the dark blue curve where everything is turned off. There does not appear to be a
large change in the vibration spectra when difference pieces of support equipment
are turned on. The rotating dome introduces a higher low frequency component,
but the majority of the power comes from 450 Hz mode that is present even when
all of the hardware is turned off. Nevertheless, the total power present in these
spectra are a factor of 5 less than what is measured at the MMT. Figure taken from
Anderson et al. (2008).

Figure 5.19 The left figure shows the original thermal compensation mechanism
used. The small piece that the #6-40 set-screw with ball plunger fits into is a cross-
section of the pressure pad, which has a spherical recess that the ball plunger can
contact. Unfortunately, the threads of the screw contact the pressure pad before
the ball plunger does, removing any thermal compensation in the mount. The right
figure shows our redesigned thermal compensation mechanism that consists of a pin
with a hemispherical end epoxied onto a spring. On the other end of the spring is
a small #6-40 set-screw, which will be used to constrain the pin/spring mechanism
within the mount.
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enough diameter was chosen and epoxied onto the pin. The spring would be con-

strained within the threaded set-screw hole with a smaller #6-40 set screw with a

guiding pin which had a slightly smaller diameter than the inner diameter of the

spring. To replace the old set-screw we devised a procedure that involved removing

one of the spring towers to access the set-screws in both plate mounts. New spring

mechanism was slid into a #6-40 threaded hole and pushed up against the pressure

pad. The outer diameter of the pin had to be reduced somewhat by sanding it down

to fit through the hole, which increased the possibility that it might get hung up as

the pin retracted back into the hole as the plate assembly cooled down. The set-

screw to keep the new spring mechanism in place was then tightened till the spring

was fully compressed, and backed off by 1 turn to allow for 0.6 mm of play. This

was calculated to be at least twice the expected change in diameter of the titanium

ring when cooled to 80K.

During the subsequent cold test, we tested to see if there was any improvement

in the 80K transmission profile. We used the internal light source discussed earlier

coupled with a 1.5 µm laser to measure the integrated transmission profile with

the internal photodiode. We compared the data taken in May 2009 with the new

controller but without the changes in the FPI mount with one taken after the fix

was implemented. The results are shown in Figure 5.20. The jitter in gap spacing

was removed in this figure to show the jitter-free transmission profile. The difference

is remarkable. The new transmission profile is significantly more symmetric than

the old profile. The finesse of the jitter-free transmission profile is 30, which is

higher than our original estimate of 25, however, it is factor of 2 lower than the

room temperature finesse of 55.

It was decided earlier on during the design of the instrument that a finesse of

20, which includes the jitter, was sufficient for the type of science to be done with
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Figure 5.20 The 80K intensity profile taken before (black) and after (red) the plate
mount fix with the new controller illuminated by a 1.5 µm laser. The data were
taken at 2 kHz, while the scan spanning two spectral orders over a period of 2
minutes. The improvement in the line profile is remarkable as seen by the much
more symmetric line profile compared to the previous line profile, indicating the fix
did work.
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this instrument. We expand on this aspect further in the next section. So, there is

some leeway in the requirement for the quality of the optical performance to degrade

when cold. There are several reasons why this may happen: 1. The beam may not

be well-collimated, increasing wavefront errors in the incident beam on the FPI. 2.

The control-loop may not be as effective in attenuating jitter due to increased sensor

noise. 3. The FPI plates may not be flat. We dug deeper into the cause behind

the reduced finesse and discovered that the intensity profile was still asymmetric.

In Figure 5.21, we show the jitter-free intensity profiles taken at room temperature

(293K) and at 80K. The room temperature profile is well fit by an Airy function

and shows no asymmetric residuals. However, the 80K profile is clearly asymmetric.

The FWHM of the profile at 80K is also increased by almost a factor of 2, while

the peak intensity has fallen by a third. A warped plate will reduce the overall

intensity at the peak because when the gap spacing of the FPI is set to be at its

peak transmission, the full beam is not transmitted. This is a possible sign that the

plate bending has not been completely resolved.

To confirm the plates were still bending we carried out the same procedure

discussed in Section 5.3.1 where we generated 2D intensity profiles of the FPI. We

computed the optical path difference between different sections of the FPI and we

plotted the results in Figure 5.22. The same color bar scale as that shown in Figure

5.14 is used for an easy comparison of the change after implementing the fix. Now,

instead of 300 nm peak to valley variation only a 50 nm variation is observed.

There is still an astigmatic profile that has the same orientation as that observed

prior to the fix. This suggests that the thermal compensation fix was not completely

successful, though it did make the FPI useable. This may be because the pin that

contacts the pressure pad may be hanging up within the threaded hole as the FPI

cools down. Clearly, the only way to completely fix this is to make a more invasive
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Figure 5.21 Jitter-free intensity profiles as measured by the photodiode of a single
order at room temperature (293K) (top panel) and at 80K (bottom panel) when
viewing a monochromatic light source at 1.5 µm. The piston value is plotted in
volts as calculated from the Queensgate outputs. To convert from volts to microns
multiply by 6.8 µm/V. The jitter is removed by shifting each data point to the
gap spacing measured by the capacitive sensors instead of commanded gap spacing.
The jitter in the tip/tilt direction is not removed because it is not trivial to do so.
The 80K intensity profile still shows an asymmetry. Furthermore, its FWHM has
increased by a factor of 2 and its peak intensity has fallen by a factor of 3.
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Figure 5.22 Optical path difference map of the FPI calculated using a succession
of 2D transmission profiles taken using the FPA while scanning through a spectral
order when the FPI is at 80K after fixing the mount issue. The same OPD error
scale as Figure 5.14 was used for easy comparison. There is approximately ∼ 50 nm
path difference between the center of the beam and the edges, which is almost an
order of magnitude improvement after the fix. However, the presence of a similar
astigmatic profile means there is still some bending occurring.
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change to the plate mount such as the re-machining of the pressure pad to properly

accept the ball plunger screw. There are three major ramifications to operating

the FPI in this state: 1. Throughput is reduced at the transmission peak because

the full etalon is not at the correct gap spacing for maximum transmission; 2. The

jitter-free finesse is reduced because of the broader transmission profiles; 3. It is

more difficult to parallelize the plates because it is harder to tell when the tip/tilt

is taken out from the distorted fringe.

5.4.2 The Performance of the new FPI controller

After having identified the need for a new controller, our task was to first clearly

define the requirements of a new controller that would satisfy our scientific needs.

Our original scientific requirement was to carry out narrow-band imaging at R ∼

1, 000. We start with an jitter-free finesse of 25, which is based on a prediction of

what is expected when the plate warping is fixed. The plates have appropriately

parallelized and do not have any distortions. The other constraint is the type of

order sorting filters that we would use. Our choice of 2% bandpass filters, which

can be readily purchased off-the-shelf, constrains the order we can operate at if we

want the free spectral range (FSR) of the FPI to match the full width of the order

sorting filter’s bandpass. By combining Equations 5.4 and 5.7, we find that we need

to operate the FPI at an order m = 50 to best match the FSR with the order

sorting filter’s bandpass. We require a finesse of 20 at this order to meet resolution

requirement for the spectrograph.

We use the Monte Carlo simulation method described in Section 5.2.2 to estimate

the maximum jitter in piston, tip, and tilt that can be tolerated to produce an overall

finesse that is at least our minimum requirement. The RMS jitter parameters are

used as the standard deviation of normal distributions we draw the gap spacing

and plate tip and tilts from. The source wavelength was set to 1.5µm, which is
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Figure 5.23 Time averaged transmission profiles for a single order from the Monte
Carlo simulations used to determine the control system requirements. The different
colored profiles represent different model runs. Increasing jitter reduces both the
peak transmission and the finesse of the FPI.

wavelength of the calibration laser used for all of our lab tests. The finesse of

each model run was measured by first averaging the transmission values at each

gap spacing sampled, second finding the FWHM of the resultant profile, and third

computing the finesse by dividing the separation of two orders by the FWHM. In

addition to computing the finesse, we also computed the average transmission at the

transmission peak as a function of jitter parameters. The results of our simulations

are tabulated in Table 5.1 and the resultant profiles are shown in Figure 5.23.

It has already been discussed why finesse is a important parameter in an FPI, but

peak transmission is also a very important parameter as it defines the throughput of

the instrument. We aimed for a goal of 80% peak transmission. It is important that
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Table 5.1. Monte Carlo Model Parameters and Results

Model Tip/Tilt RMS Piston RMS Finesse Peak Transmission

(µrad) (nm)

No Vibration 0 0 25 1

Low Tilt 5 nm 0.1 5 21.75 0.912

High Tilt 5 nm 0.33 5 20.80 0.879

10 nm 0.66 10 15.61 0.717

15 nm 1 15 12.37 0.595

20 nm 1.34 20 10.01 0.504

the controller does not degrade the finesse of the FPI significantly more than the

FPI’s intrinsic finesse as that will adversely affect the FPI’s peak transmission. The

model that satisfies both our minimum requirement for the finesse and our goal for

peak transmission is the “High Tilt 5 nm” model, which was originally decided upon

as the requirement that the controller must meet. However, after much discussion

with the LM control system engineers who had considered the open-loop frequency

response of the FPI and the vibration environment at the MMT, we agreed on a

more achievable a jitter requirement of 10 nm in piston, and 0.7 µrad in tip and

tilt, respectively. This means that if we operate at the same spectral order m = 50,

we will only obtain a spectral resolution of 800. We set the parameters used in the

“High Tilt 5 nm” model as a goal.

The new controller was designed from the ground-up with the telescope envi-

ronment in mind. It was decided to mount the controller directly on the dewar
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to keep the telemetry and actuator command cable paths to be a minimum be-

cause telescope environments are notorious for EMI. A fully analog controller with a

proportional-integral-derivative (PID) loop was chosen to be the solution for achiev-

ing the necessary bandwidth for stable operation at the MMT. For each control axis,

two adjustable notch filters were included along with three fixed notch filters that

can increase the gain of the controller at specific frequencies. For example, one

would want increased gain at the resonant frequency of the moveable plate, which is

around 30 Hz in order to increase the attenuation at the frequency. The adjustable

notch filters were present to remove any new modes that are not seen in the lab

environment that might crop up in the telescope environment. LM personnel iden-

tified additional mechanical modes in the FPI housing and removed them in order

to improve the open-loop transfer function of the FPI. One major bending mode

in the 40− 60Hz range was discovered to be due to the FPI being mounted onto a

thin aluminum plate that was attached to the dewar with three glass epoxy (G-10)

stand-offs. The fiberglass stand-offs were replaced by a solid aluminum block that

improved the rigidity of the FPI base and removed the bending mode.

The new interface for the controller consisted of a PC with a LabView GUI

interface, which sent the positional commands to the controller. These commands

were filtered by a 20 Hz filter within the controller before they were passed onto the

control loop to move the FPI. This minimized any chance for EMI to disturb the

input signals. The telemetry from the Queensgates was buffered by the controller

and sent back to the PC where values were digitized. The photodiode voltage

and the analog commands sent to the controller are also digitized by the PC. The

entire data stream is sampled at 2 kHz. All of these data can be stored at the

full sampling rate and resolution for diagnostic purposes. In fact, almost all of the

intensity profiles presented in this chapter are derived from these data. Special care
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was taken in designing how the controller and the data acquisition and control PC

were grounded to remove any possible ground loops that might couple in EMI into

the system. It is important to remind the reader again that the control loop is

implemented in the controller located on the dewar. The PC only sends commands

to move the movable etalon to a specific tip/tilt/piston value. The controller does

all of the work, which include transforming the Queensgate signals to tip/tilt/piston

of the moveable plate, implements the control loop, transforms the error commands

into the actuator co-ordinate planes which drive the power amplifiers that move the

actuators.

The new controller was tested extensively at room temperature at the ATC

lab. The closed-loop transfer function was measured and the bandwidth of the

full system was characterized to be in the 200 − 300 Hz range with acceptable

phase margin. This was deemed sufficient by the LM engineers, through careful

modeling of the known characteristics of the new controller, the modified FPI, and

the vibration spectra taken at the MMT, to reach our requirement of 10 nm RMS

and 0.7 µrad RMS jitter in piston and tip/tilt, respectively, at the MMT. Our own

tests showed a respectable jitter of around 4−5 nm RMS and 0.2 µrad in piston and

tip/tilt, respectively, within their lab environment. We devised a method to confirm

that the telemetry reported by the controller was indeed what the FPI was truly

experiencing. We used the internal source coupled with a 1.5 µm laser to illuminate

the FPI, and we set the gap spacing such that the FPI was at the half-max point of

the intensity profile. This is the most linear part of the the finesse curve. We took

a 5 minute long data stream consisting of the photodiode voltage and actual piston

reconstructed from the Queensgate voltages reported by the PC. We generated two

different power spectra, one from the photodiode voltage dataset, and the other

from the reconstructed piston and compared the two. If there were any spurious
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signals present in the telemetry data stream, we would expect differences in the two

power spectra, as the photodiode voltage is the ground truth on what the FPI is

doing optically. The two power spectra looked very similar with the exception of a

multiplicative constant, indicating the telemetry data stream truly reflected what

the FPI was experiencing in the piston axis, which is the average of all queensgate

outputs.

The newly upgraded LAIRS was delivered to the University of Arizona in De-

cember 2009 where more extensive tests were carried out, the most critical one being

the cold test. The controller performance in the LAIRS lab at the UA was excep-

tional with steady values of RMS jitter piston, tip/tilt of 2 − 3 nm and 0.15 µrad,

respectively. An intensity profile of the controller performance is shown in Figure

5.24. The black curve is a plot of commanded piston versus intensity as the FPI is

slowly scanned across an order. The red curve was generated from the same dataset

but is plot of actual piston versus intensity, which was slightly smoothed to remove

the tip/tilt jitter errors. The red curve is a closer reflection of what the intensity

profile of a jitter-free FPI will look. The controller tracks the jitter-free intensity

profile very well. If we were to measure the finesse of the commanded piston versus

intensity curve, which can be done by finding the average intensity for a discrete

set of commanded piston positions, we obtain a finesse of ∼ 45 at a wavelength

of 1.5µm at room temperature. This value is close to the theoretical finesse of 55

obtained from the reflectivity of the plates at 1.5µm.

The next stage in the validation of the controller was cold testing. The FPI

proved to be unstable during the cold tests. Two effects were observed: 1. The

moveable plate was sticking at its operating temperature of 80K, i.e. when com-

manded to move, the FPI will make discontinuous changes in its position. The

open-loop transfer function of the FPI showed a bending mode in the 300 − 400
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Figure 5.24 A comparison of a real intensity profile obtained by scanning the the
FPI across an order while the control loop is closed (black points) versus what is
expected for a relatively jitter-free FPI (red curve). On average, the commanded
gap spacing versus intensity plot tracks the jitter-free plot fairly closely, which is
the testament of the quality of the controller, which was achieving a RMS jitter in
piston of approximately 2− 3 nm in the UA lab environment.
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Hz range upon the onset of the FPI stiction. The stiction went away when the

dewar was rotated to its vertical position. This problem existed even before the

new incarnation of the controller, but with the newer high bandwidth controller,

this was not acceptable. 2. As the temperature of the FPI and optical bench of

the dewar fell below 150K, the FPI started exhibiting high frequency oscillations

in the 700 − 1.3 kHz range. The modes would come and go and shift in frequency.

These oscillations were only observed in closed-loop. The controller was essentially

exciting modes that were outside of its bandwidth. These issues were not experi-

enced with the original controller due to the 400 Hz roll-off filter that applied to

the telemetry signal. Changing the orientation of the dewar from the horizontal

position to vertical position seemed to improve the situation.

We tackled the stiction issue first. Unfortunately, the bending mode was not

present at room temperatures making it difficult to diagnose. After a careful analysis

of the FPI, the most likely candidate for this issue was found to be the actuators.

The actuators consisted of a voice coil sandwiched by two magnets. The minimum

clearance between the voice coil and magnets was sometimes very small, only 0.1

mm. The voice coils were mounted on an aluminum face plate, but the magnets were

mounted on the plate mount which was made of titanium. Because the coefficient of

thermal expansion for aluminum is significantly larger than titanium, we calculated

that the gaps for one of the actuators was small enough that the voice coil will

touch one of the magnets as the instrument cools down. To verify the bending

mode was actually caused by this, we wedged a thin card in between the voice

coil and the magnet and measured the open-loop transfer function of the FPI. The

bending mode observed while cold was present in the data. We also discovered

that the moveable plate shifts a small amount when the dewar is rotated to its

vertical position, improving this issue. To rectify this issue, we calculated what
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gap spacings were required in order for the FPI without sticking to function at all

orientations. The actuators were re-gapped to the new specifications. The next cold

test confirmed that we had fixed the stiction problem.

We originally thought that the high frequency oscillations may be related to stic-

tion, but the subsequent cold test confirmed that these oscillations were still present.

Because a 90” telescope engineering run was quickly approaching, we opted for a

quick fix for these oscillations. The modes typically had well defined frequencies.

LM engineers suggested that we can remove these modes by using notch filters to

attenuate these modes in the telemetry signals so the controller does not see them.

This approach had a serious weakness because the modes could change, and the

notch filters would have to be moved to remove the new modes. Such a setup would

not be robust in the changing telescope environment where the observer expects

a reliable instrument. The only sure way of fixing this issue is by identifying the

underlying mechanical issue. Nevertheless, the FPI was in a sufficiently stable con-

dition to obtain engineering data at the 90”, which are presented in the next section.

The linear slide on which the FPI was mounted on was identified as a possible cul-

prit. The original LAIRS design allowed for the FPI to be moved in and out of the

beam allowing one to switch to broadband imaging. Moving the slide to a slightly

different position often changed the amplitude of the high frequency modes. It was

decided that the broadband imaging mode was not important for the scientific goals

of LAIRS, and the linear slide was removed. Calculations showed that continuum

imaging can be still be done by the FPI by removing the order-sorting filter out of

the beam. For a finesse of 25, the expected transmission in the 1−2.5 µm range for

the FPI is 6%. This is sufficient for finding objects in the field. For the next cold

test, the linear slide was replaced with a solid aluminum block. The high frequency

modes were greatly reduced, but were still present at a level that detrimentally af-
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fected the performance of the FPI. The modes were transient, coming and going

with time and shifting in frequency somewhat. It was discovered that adjusting the

position of the filter wheel closest to the FPI greatly affected the amplitude of the

modes. Worn bearings within the filter wheel are considered to be the culprit.

5.4.3 Dec 2009 On-Sky Tests at the 90” Telescope

Our first on-sky tests of LAIRS with new controller at the Bok 90” telescope were

largely successful, with the exception of the intermittent high frequency modes that

made the FPI unstable. The requirement of the engineering run was to make sure

that the instrument and the FPI can function within a telescope environment at

different orientations that are common during observing. The goal was to image

a spectral line with the FPI. We were only able to partially meet the requirement

of stably functioning FPI in the telescope environment. The linear slide had to

be periodically exercised to attain stable performance, with a typical RMS jitter

of 2 − 3 nm in piston and 0.1 − 0.15 µrad in tip/tilt, with a cryogenic finesse of

around 25 as measured by the 1.5 µm laser coupled internal source. Controller

bandwidth remained close to room temperature values of around 200 Hz. The FPI

performance was very good when it behaved and had a consistent performance at all

tested orientations (±20◦ from zenith) when stable. Nevertheless, it is unacceptable

for an instrument to function only part of the time. We were also able to image an

extended source with a strong spectral line and we saw the characteristic Haidinger

fringes as we stepped through in gap spacing. We discuss this result further below.

We also carried out optical tests of LAIRS at the 90”, such as imaging continuum

sources through the blocking filters, measuring the full field-of-view, and determining

the extent of f/# mismatch. The goal of these tests were to evaluate the feasibility

of this telescope as a possible destination for LAIRS scientific observations. The

90” f/9 secondary is not optically ideal for LAIRS f/15 optics. However, the f/9
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secondary is the closest match for our needs. Consequently, the beam was stopped

down inside the instrument. It is not entirely clear what is the stop within the

instrument, as there is no well-defined pupil stop. From our optical modeling it

appears the blocking filters may act as a stop, which are fairly close to the pupil

plane. We show a representative image of a star (87 Tau) taken through a blocking

filter without the FPI in the beam in the top panel of Figure 5.25. The plate

scale and field of view was measured to be 0.28′′/pixel and 2.4′ by 2.4′, respectively.

We also measured the effective area of the telescope observable through LAIRS to

quantify the extent of the f/# mismatch. We observed a bright star (Capella) and

took an exposure with the star defocused (Figure 5.25 bottom panel). We could

estimate the size of the entrance aperture because the central obscuration of known

dimension was visible in the defocused image. We estimate an effective telescope

aperture diameter of 1.55 m (61”). This corresponds to an f/# of 13.3.

The final test involved imaging a spectral line with the FPI in the beam. Due

to the poor readout noise of the array, we had to observe a fairly bright source. We

chose a bright sky line the 1.5 µm range. We used a 1510 nm blocking filter in series

to take the images shown in Figure 5.26. The images have been smoothed to reduce

the large readout noise produced by the array. Each panel shows an image taken at

a slightly different gap spacing. The gap spacing values given above each panel are

in relative units. The Haidinger fringes associated with the sky line are visible in

our images. There is a slight peculiarity observed in the top right panel where there

is only a portion of a ring visible. We suspect it may be due to vignetting. We also

generated a model of how an extended source would look like taking into account

the focal lengths of the two doublets within LAIRS and the size of the observable

field. The results are shown in Figure 5.27. We assume a finesse of approximately

40 and true gap spacing around 45 µm for this model. We are able to qualitatively
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Figure 5.25 Top panel: An image of 87 Tau taken during the 90” observing run.
The horizontal banding is a readout artifact. The bright spots near the left side
of the array are bad pixels. Bottom panel: A defocussed image of Capella taken
to measure the size of entrance aperture. The large central obscuration is clearly
visible in this image
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Figure 5.26 Images of a bright sky line at 1.5 µm taken by stepping the FPI through
four different gap spacings. The gap spacings shown on top of each frame are
only relative. The images are smoothed to reduce the readout noise of the array.
Haidinger fringes are clearly visible in all frames. A slight peculiarity is observed in
the top left corner of the top right frame which could be attributed to vignetting.



240

Figure 5.27 An extended source model generated to explain the observed Haidinger
fringes. The model qualitatively reproduces what is observed.

reproduce the observed fringe pattern with our model. The chosen model parameters

may not match the true values, but the goal of the model is to qualitatively show

that the observed fringe pattern can be reproduced by a reasonable model. Lastly, a

thermal light leak was discovered in the darks taken with the FPA, which is sensitive

out to 5 µm. The source of the leak was not clear, but this strengthened the case

to replace the FPA with a shorter wavelength detector.
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5.5 Remaining Issues

We have shown in this work that we have made significant progress towards making

LAIRS a viable instrument. In order for LAIRS to realize its full scientific potential,

a few remaining issues must be addressed:

1. The mechanical sources of the high frequency modes excited by the controller

in closed-loop must be removed. There is strong evidence that the bearing in

the filter wheel is the culprit. The filter wheel bearing must either be replaced

if it is worn or the mechanism itself needs to be rethought.

2. The FPA needs to be replaced with a shorter wavelength (1 − 2.5 µm), low-

noise array, which is insensitive to the thermal light leak. Plans already exist

to replace the array with a high quality flight-reject short-wave NIRCam array.

3. The calibration of the gap spacing of the FPI needs to be well-understood.

We have not spent sufficient time understanding how the gravity vector on

the FPI or time affects its calibration, as its mount is known to sag slightly.

When tracking an object across the sky, the calibration needs to be sufficiently

well known that we can stay on a spectral line while tracking.

4. The method to tune to a specific wavelength over the full 1.2 to 2.5 µm needs

to be devised. Currently, it is trivial to change the gap spacing of the FPI.

However, due to the dielectric coatings used, one needs to carefully calibrate

the the phase change upon reflection as a function of wavelength associated

with the coatings. This needs to be well-known to properly predict the correct

gap spacing for a given wavelength.
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5.6 Chapter Conclusions

In this chapter, we presented the work that was carried out to rectify a number of

issues that needed to be addressed to make LAIRS a viable scientific instrument.

We discussed the main issues were the warping of the FPI plates at operating tem-

perature of 80K and the insufficient controller bandwidth to keep the FPI stable and

within operable limits at the MMT. The sources of both of these issues were identi-

fied. The warping of the etalon was caused by a mechanical flaw in the mount that

pinched the plates during cool-down. The flaw in the mechanical mount was fixed

through a minimally invasive procedure that improved the thermal compensation

of the mount. The peak-to-valley bending of the plates were reduced from 300 nm

to 50 nm. Some bending still remains leading to slightly asymmetric transmission

profiles. Vibration measurements of the bottom end of the MMT shown significant

power in the 150 − 250 Hz range associated with the mirror cooling system. This

required a much higher bandwidth controller to maintain FPI stability. The con-

troller was completely redesigned to increase the control bandwidth from 50 Hz to

200 Hz. Cold tests revealed an instability in the FPI because the controller was

exciting high frequency modes outside of its bandwidth in closed-loop mode. We

have removed the linear slide mechanism, which significantly improved the situa-

tion, but the mechanical resonances of the filter wheel adjacent to the FPI are also

excited. This needs to be rectified to have a robust FPI. The 90” on-sky tests in

December 2009 proved that the instrument can function in a telescope environment

at different orientations. The plate scale and degree of f/# mismatch were quanti-

fied. A number of issues remain before LAIRS can be a robust instrument that can

used routinely used for scientific observations. The high frequency modes have to be

attenuated; the FPA needs to be replaced with a lower noise, higher quality array;

and, the calibration of the FPI needs to be well-understood. Upon completion of
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these tasks, LAIRS will be tested at the MMT prior to routine observations.
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Chapter 6

Concluding Remarks

In our work, we discussed two different topics that address aspects of the close

relationship between the intracluster medium and the cluster stellar content. The

two scientific questions we had aimed to answer were: 1. How is the intracluster

medium enriched, more specifically can an unaccounted for population of intracluster

stars solve the ICM metallicity problem? and 2. Can the effects of ram-pressure

stripping be better quantified? We present here a brief summary of the conclusions

that we reached in our effort to address these two questions.

In our quest to understand the enrichment of the intracluster medium, we discov-

ered that the brightest cluster galaxy plus intracluster stars (BCG+ICS) contributes

on average a non-negligible fraction, 31+11
−9 % of the ICM’s Fe within r500 when we

use our baseline model, which does not include any extreme assumptions. Using a

different two-component SN Ia model yields consistent but slightly lower fractional

contribution of 22+9
−9%. For the seven of the ten clusters that we have decomposi-

tions of the BCG and ICS surface brightness profiles, we find that the ICS typically

contributes 80% of the light. This means that the ICS is a significant contributor to

the cluster Fe within r500 and needs to be taken account in enrichment models for

the ICM. Because the ICS does not explain all of the Fe in the ICM, the remaining

Fe must come from the cluster galaxies themselves. When we include the cluster

galaxies into the equation, we require a 84+11
−24% galactic metal loss fraction in order

to account for all of the observed Fe. Even though this is a large fractional value,

it is consistent with other theoretical estimates (Calura et al., 2006). This means

that the Fe measured with r500 can be explained without any need for non-standard

IMFs or other exotic explanations. However, the large uncertainties in SN Ia rates
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within clusters remain a significant issue and introduces a fairly large uncertainty

to the galactic mass loss fraction. The only way to resolve this issue is through the

better measurement of both the cluster and intracluster SN Ia rate.

Our search for warm H2 emission from ram-pressure stripped galaxies in order

to make quantitative measurements of ram-pressure stripped gas proved to be very

successful. Our survey yielded three out of four galaxies showing clear signs of

anomalously strong H2 emission. In two cases we detected clear H2 tails associated

with stripped gas from ram-pressure stripping. ESO 137-001 exhibited a spectacular

> 20 kpc long tail that was coaligned with the previously detected Hα and X-ray

tails, with embedded star forming regions. The mass of the H2 tail was approxi-

mately 4 × 107 M⊙, with approximately half of it located outside the tidal radius

of the galaxy, meaning at least half of the detected gas is permanently lost to the

ICM. Due to the chance alignment of the galaxy’s motion along the plane of the sky,

we were able to estimate the warm H2 mass loss rate of 1.9 − 3.4 M⊙ yr−1. From

reasonable estimates of the remaining gas within the galaxy and warm H2 to total

gas mass ratio, we place a strong upper limit on the time to strip the remaining gas

in the galaxy of 300 − 500 Myr and on the total ram-pressure timescale of 1 Gyr.

We find that this galaxy will lose all of its gas in a single pass through the cluster.

The rest of the sample produced just as interesting results. In the case of NGC

4522, we detected a 4 kpc long warm H2 tail that was coaligned with a newly

detected dust trail at 8µm. The mass contained within the tail was an order of

magnitude less than what was observed in ESO 137-001. Because the galaxy is

moving at a large radial velocity with respect to the cluster center, we were able to

detect a blue-ward velocity shift in the H2 0−0 S(1) that is consistent with the warm

H2 gas being permanently stripped from the galaxy. CGCG 97-073 was the most

striking example within the sample, as it had the strongest H2 emission of all four
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galaxies, and the infrared spectrum in a portion of its tail showed emission that was

entirely dominated by H2 emission. The H2 in all three of these galaxies exhibited

similar temperature and column density characteristics, suggesting that a common

process was responsible for the excitation of H2. The H2 excitation diagrams for

these galaxies were best fit by two temperature component models, yielding a mass

dominant warm component with temperatures ranging from 115 − 160K and hot

component with temperatures ranging from 400 − 600K. The forth galaxy, NGC

1427A, only had a detection of the S(0) line, and thus only upper limits were set

on the H2 temperature. Most of its S(0) line emission was mainly concentrated on

the largest star-forming complex in the galaxy. To determine if the H2 emission

from these galaxies were unusual in any way, we compared the H2 line to 24 µm

flux ratio with the values obtained from SINGS galaxies. For the three galaxies

with significant H2 emission, we find that their H2 emission is anomalously higher

than what is expected from excitation from star formation. Moreover, in the case

of CGCG 97-073, we see a clear offset between 24 µm and H2 line emission, adding

credence to the hypothesis that H2 is dissociated from the ICM/ISM interaction and

reforms further downstream.

We also study the dust and star-forming properties of all four galaxies. By

generating 8 µm images, we study the morphology of hot dust. In three cases, NGC

1427A, NGC 4522, and ESO 137-001, we see clear evidence for dust stripping. In

the case of NGC 4522, we have sufficient resolution to observe the turbulent process

of dust stripping. We also measure the specific star-formation rates of each of the

galaxy to ascertain if they are suppressed in any way. We find that both ESO 137-

001 and CGCG 97-073 fall within the typical star forming sequence within the field,

while the remaining two galaxies fall below the star forming sequence and are likely

transitioning to a quiescent state. We construct a possible evolutionary sequence
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to explain the variety of results observed for the galaxies within our sample. We

hypothesize that excess warm H2 emission may be a common feature for galaxies

that are experiencing significant ram-pressure stripping, and that the differences

seen in the galaxies within the sample may be merely the result of the galaxies

being in different stages of ram-pressure stripping.

6.1 Future work

There are many exciting avenues that have opened up specifically from the detection

of anomalous warm H2 emission in three out of four of the galaxies in the Spitzer

IRS survey. The discovery is fairly unique and more work needs to be done to

understand the mechanism for the stripping of molecular gas from galaxies. There

are several open questions that remain: 1. How much cold atomic and molecular

gas is associated with the stripped warm H2 gas? 2. Is dust stripping a common

feature of ram-pressure stripping? 3. How does star formation proceed in these

tails? 4. How frequent is this phenomenon in clusters? We have begun a number of

scientific programs to answer some of these questions. We have carried out CO and

HI observations for a few galaxies within our sample, and we present the preliminary

results in the following section. We have proposed for Herschel observations for a

slightly larger sample of galaxies known to be undergoing ram-pressure stripping in

order to detect cold dust stripping. Finally, we hope to carry out a much larger

ground-based H2 survey where we aim to detect more galaxies experiencing H2

stripping through narrow-band imaging with LAIRS.

6.1.1 Follow-up radio observations

We sought to understand how much cold H2 was associated with the warm H2 tail

through CO observations of the tail. In July 2010, we obtained Mopra CO 1 − 0

observations of the galaxy and two locations in the H2 tail. The Mopra pointings
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Figure 6.1 Spitzer IRS 17 µm image of ESO 137-001 of the detected H2 tail. The
green circles are represent the Mopra pointings. The central pointing of the image
is centered on the galaxy.

are shown in Figure 6.1 and we present the CO spectra of the two tail pointings in

Figure 6.2. In addition to detecting CO within the galaxy, we clearly detect CO well

outside the galaxy and within the warm H2 tail, suggesting that there is substantial

cold H2 within the tail. This is not surprising considering the fact that there are

several star forming regions embedded in the tail. In addition to obtaining the Mopra

data, we observed ESO 137-001 with Australia Compact Telescope Array (ATCA)

to determine its HI content. So far, this galaxy remains undetected in previous

21cm observations. We also followed up CGCG 97-073 with University of Arizona

SMT CO 2 − 1 observations. In the near future, ALMA will have unprecedented

sensitivity and spatial resolution for detecting these cold molecular gas tails. It is

our future goal to propose for an ALMA survey of galaxies that are experiencing

strong ram-pressure stripping.

6.1.2 Herschel search for ram-pressure stripped cold dust

We have proposed to carry out a survey of cluster galaxies experiencing significant

ram-pressure stripping in order to study cold dust stripping and find the formation

sites for molecular hydrogen, as molecular gas and dust is intimately linked. Three of

the galaxies within our warm H2 survey are included in the overall Herschel sample.

At present, Herschel is the only telescope that has the sensitivity to detect the dust
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Figure 6.2 Mopra CO 1− 0 spectra of two tail pointings in ESO 137-001 with both
polarizations averaged. The top panel is the tail pointing closest to the galaxy while
the bottom panel is the pointing that is farthest away. The spectra have been binned
to 8 km s−1 spectral resolution, and the center frequency is set to the expected CO
line frequency for ESO 137-001. There is a clear CO line detection in both cases,
which are seen at both intermediate frequencies (IF) spectra. This suggests that
there is cold H2 gas present in the warm H2 tail.
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blown out into the intracluster medium (ICM). In fact, Herschel has already proven

itself in detecting ram-pressure stripped cold dust emission in NGC 4438 within

the Virgo cluster, though in this case the dust is most likely still gravitationally

bound to the galaxy (Cortese et al., 2010). Herschel PACS/SPIRE observations

are aimed to answer the following specific questions: 1. Does ram-pressure involve

significant amounts of dust?; 2. What is the lifetime of dust in the harsh ICM?; and

3. What role does stripped dust play in the existence of molecular hydrogen in the

ICM and intracluster star formation? In Figure 6.3, we show the sensitivity limits

of our proposed PACS/SPIRE observations. We plan on detecting dust across at

least three wavelengths to quantify the temperature and quantity of stripped dust.

These observations will provide a more complete view of the effects of ram-pressure

stripping on dust.

6.1.3 LAIRS H2 2.12 µm imaging follow-up

The Spitzer IRS observations are very sensitive when it comes to detecting the

lowest excitation H2 lines. However, they leave much to be desired when it comes

to spatial resolution. Our original plan with LAIRS was to first carry out follow-

up observations of our warm H2 galaxies that are accessible from the north. The

goal was to observe a higher excitation ro-vibrational H2 line at 2.12 µm. Even

though this will probe higher temperature H2 gas, meaning the emission at this

wavelength will be fainter, we will have unprecedented resolution and sensitivity to

detect this line when LAIRS is coupled with the MMTAO system. LAIRS would

obtain images with spatial resolutions comparable to the HST Advanced Camera

for Surveys (ACS). Figure 6.4 shows a representative field of NGC 4522 observed by

ACS and the size of LAIRS AO corrected field-of-view. The LAIRS observations are

envisioned to take place in two stages. The first commissioning stage would involve

the follow-up of galaxies already studied extensively with Spitzer. The second stage
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Figure 6.3 Predicted infrared spectrum of stripped dust emission (solid line). The
open square shows the 24µm flux value, while the filled squares correspond to the
proposed PACS/SPIRE flux measurements. The horizontal solid and dotted lines
indicate the 1σ extended source sensitivity required for our observations and the 1σ
extended source confusion limit, respectively. The thin grey solid line is the IRS
spectrum of ESO 137-001 tail region extracted from the SL/LL region shown in
Figure 1. The mid-IR continuum emission matches our chosen model well.
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Figure 6.4 We reproduce the color-composite shown in Chapter 4 of NGC 4522. The
field shown on this image is approximately the field-of-view of the HST Advanced
Camera for Surveys Wide-field Camera (WFC). We overlay AO-corrected LAIRS
fields on this image, which are shown by the magenta boxes. We will be able to
achieve similar angular resolution as WFC at 2.12 µm with our LAIRS MMTAO
observations, obtaining a high spatial resolution view of H2 stripping within nearby
infalling cluster galaxies.

would involve observing a much larger sample of galaxies and search for H2 signatures

associated with ram-pressure stripping, which is no longer possible with Spitzer.
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