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negative(Kelly et al.2009), or uncertain(Zuo et al.2012; Caplar
et al.2017).

In previous studies, the sample number varied from nearly
100 (Wold et al.2007) to nearly 20,000(Bauer et al.2009).
The SDSS has greatly increased the number of quasars with
spectroscopic redshifts.(Schneider et al. 2010; Pâris
et al. 2017). Along with other surveys, SDSS-PS1 ensemble
variability has been studied(Morganson et al.2014), including
105,783 identi� ed quasars and a wide time lag range from 0.01
to 10 years in the rest-frame. The Dark Energy Camera Legacy
Survey (DECaLS) is a new survey for studying quasar
statistical variability. Thanks to SDSS–DECaLS overlap
regions, our quasar population reaches nearly 120,000, the
time lag reaches 10 years, and the highest redshift reaches 4.89.
Our data set covers a wide range of parameters for the quasar
properties, including redshift and bolometric luminosity,
which, along with the DECaLS deep� eld survey, will provide
more nearly complete results.

In this paper, we will discuss the main features of a speci� c
quasar data set established by combining SDSS and DECaLS.
In Sections2, we describe the SDSS–DECaLS data set, the
magnitude calibration, and the photometric noise estimation. In
Section 3, the SF is discussed. In Sections4 and 5, we
investigate the� tting parameters of the dependence of the
variability on the quasar properties. Finally, in Sections6 and
7, we discuss the results, as well as the comparisons with
several previous studies, and provide a summary. Photometric
data from SDSS are in the SDSS photometric system(Lupton
et al.1999), which is almost identical to the AB system. Since
DECaLS magnitude is in the AB system(Oke & Gunn1983),
we use the AB system for both SDSS and DECaLS throughout
this paper.

2. Data Set

2.1. The SDSS–DECaLS Data Set

The SDSS project covers a sky area of� 14,000 deg2, mainly
in the northern Galactic cap, including� ve broad bands
(u g r i, , , , andz; Doi et al.2010). The SDSS Data Release 12
quasar catalog(DR12Q) includes� 300,000 quasars observed
in the imaging survey(Pâris et al.2017). From the SDSS
DR12Q, we get the� ux, magnitude, inverse variance of� ux
(IVAR), and photometric modi� ed Julian date(MJD) data. We
also include bolometric luminosity, black hole mass, and the
Eddington ratio of each quasar by adding the SDSS DR12Q
black hole mass catalog(Koz�owski 2017a). However, DR12Q
only contains quasars observed in SDSS-III. We add Data
Release 7 quasars(DR7Q; Schneider et al.2010; Shen
et al. 2011) to � ll the gap in redshift from� 1.0 to � 2.0 and
to increase the number of bright quasars in our study.

The ongoing Legacy Survey is producing a model catalog of
the sky from a set of both optical and infrared imaging data,
aiming to comprise 14,000 deg2 of extragalactic sky visible
from the northern hemisphere(Dey et al. 2018). The sky
coverage is approximately bounded in the range of
Š18°�� �� �� �+ 84° in celestial coordinates andb 18� � � � �n� � in
Galactic coordinates. DECaLS provides data in the equatorial
region in the range of� �< �+ 30° with the Dark Energy Camera
(DECam) on the Blanco Telescope, in three optical bands
g r,DECam DECam( , andzDECam). Flux measurements are obtained

with Tractor (Lang et al.2016), which uses a model-� tting
approach to obtain catalog measurements. The DECaLS Data

Release 3(DR3) catalog is a great improvement over the
previous DR2 catalog, covering 4300 deg2 in the gDECamband,
4600 deg2 in therDECamband, and 8100 deg2 in thezDECamband.
Nearly 60% of SDSS coverage is overlapped in DECaLS DR3,
making this work on a large quasar population possible. For the
magnitude limits, the median 5� point source depths for areas
with three observations reachg r24.65, 23.61DECam DECam� � � �,
andz 22.84DECam �� . Except for the MJD information, the other
contents of SDSS are also shown in DECaLS DR3.4 DECaLS
MJD information is temporarily not available in these� les, so we
adopt a method to get access as described in theAppendix.

In this paper, we use the PSF magnitudes in both SDSS and
DECaLS to make sure the results are accurate for point sources.
We establish the data set by concatenating DR12Q and DR7Q,
both of which have one-to-one matched counterparts in
DECaLS DR3. Our quasar population consists of 119,305
quasars. Since the DECaLSzDECamband covers a much larger
area than the other two bands, a larger number of quasars have
measurements in thezDECamband, although theg- andr-band
samples still exceed� 50,000. The redshift range is from 0.06
to 4.89(see Figure1).

2.2. The Magnitude Calibration between SDSS and DECaLS

Considering the different characteristics of the� lters in the
two surveys, the magnitude calibration is designed to calculate
the transformation formulas and check the dependence of the
magnitude difference on the color of the nonvariable sources.
We include SDSS standard stars(Ivezi� et al.2007) and use the
DECaLS� le5 for cross-matching, with the positional offset of
< 1� . In addition, we must eliminate those calibration stars that

Figure 1.Bolometric luminosity vs. redshift and the distributions of bolometric
luminosities(right) and redshifts(top) for our quasar sample. The gray dots and
histograms represent DR7 data, while the black dots and histograms represent
DR12 data. DR7Q� lls in the redshift gap of DR12Q.

4 http:// portal.nersc.gov/ project/ cosmo/ data/ legacysurvey/ dr3/ external/
survey-dr3-DR12Q.� ts andhttp:// portal.nersc.gov/ project/ cosmo/ data/ lega-
cysurvey/ dr3/ external/ survey-dr3-DR7Q.� ts.
5 http:// portal.nersc.gov/ project/ cosmo/ data/ legacysurvey/ dr3/ survey-
dr3-specObj-dr13.� ts. A portion of the calibration stars have spectra observed
by SDSS.
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could be detected in one band in SDSS but not in the same
band of DECam. Eventually, 15,736 standard stars that are
simultaneously detected in both DECaLS and SDSS are
included.

We note that SDSS uses asinh magnitudes, while DECaLS
uses Pogson magnitudes. There will be a difference between
these measures for very faint sources. Instead of directly using
the difference in the magnitudes obtained from the catalog, the
solution is to calculate the difference in� uxes as

m f f2.5 log SDSS DECam*�% � � � � ( ) before the calibration, where
f represents the� ux and m*�% represents the magnitude
difference. Furthermore, we also de� ne the colorg�Š�i in
SDSS as f f2.5 log g i�� ( ) in SDSS. We plot m*�% in the g r, ,
andz bands versus the colorg�Š�i in SDSS in Figure2. One
way is by� tting the binned data, instead of� tting all of the data
points. Theg�Š�i color is divided into bins with a width of
0.05, and the bin centers are recorded, especially for all three
bands of 0.3�< �g – i�< �3.0, where the means ofm*�% remain
stable. Note that for the transformations between DECam and
PS1,6 we apply a cubic� t, and the accuracy of the cubic term is
suf� cient. In each bin, we use sigma clipping to remove the
outliers with deviations from the mean values greater than 10� ,
where the standard deviation is determined by the Gaussian� t.
Thus, the transformation formulas for converting from SDSS to
DECam calculated with the standard stars are as follows(g and
i represent the magnitudes in SDSS, and the range ofg Š i is
0.3�< �gŠi�< �3.0):

m m c c g i c g i c g i .
1

SD SDSS 0 1 2
2

3
3� � � � � � � � � � � � � � � �( ) ( ) ( )
( )

The subscript“SD” refers to the DECam magnitude predicted
from SDSS. The� tting curves are also shown in Figure2, and
the coef� cients are listed in Table1. Compared to the present
SDSS-PS1 transformation(Morganson et al.2014) and PS1-
DECam transformation, the results are close to the combination
of the two transformations, and the magnitude differences
between them are� 0.01 mag.

2.3. The Photometric Noise Estimation

The remaining scatter in the magnitude differences after
calibration is contributed by the photometric noise, provided
the standard stars are nonvariable sources. However, the
calibration stars are brighter than the quasars we are studying
and thus have a larger typical signal-to-noise ratio(S/ N). We
must instead construct a reference sample of stars with
measurements in SDSS and DECaLS that span the same
magnitude range(and hence S/ N) as the quasars.

We randomly choose six sweep� les7 where our quasars are
contained, resulting in far more than 100 bricks.8 Reference
stars are selected by the following criteria: TYPE�= �“PSF”
(morphological model) and NOBS_[G, R, Z]�= �1 (number of
images that contribute to the central pixel in theg, r, and z
bands). In this way, we create a reference star sample
consisting of 48,575 stars. The SDSS information(magnitude,
� ux, and IVAR) of the reference stars can be directly searched
from the Web site.9 Because these stars share the same bricks
with quasars and only have single DECaLS observations, the
photometric depths are similar with those of quasars. The
reference stars can be considered as nonvariable sources
because the fraction of variable stars is very small and not
likely to affect the statistics(Sesar et al.2007). This procedure
ensures that the S/ N distribution of the reference stars is
matched well with that of the quasars.

Since the SDSS-DECam magnitudes can be calculated using
the transformation formulas in Equation(1), the photometric
noise is de� ned as the difference between the DECam
magnitude and the SDSS-DECam magnitude for the reference
stars:

m m m . 2DECam SD� % � � � � ( )

m�% for the reference stars is the photometric noise, denoted as
S N�T in our later analysis. Beware thatS N�T here represents the

magnitude difference for the nonvariable reference stars to
determine the photometric noise, rather than the photometric
uncertainty, mag�T , which is directly measured in either of the
two surveys.

Figure 2. The � tting results of the three bands describe the trend of the mean
values of the data. The gray dots represent all of the data, while the circles mark
the mean values of� m* in the bins. The solid lines show the� tting curves.

Table 1
Coef� cients Used to Convert from SDSS Magnitudes

to DECam Magnitudes in Equation(1)

Filter c0 c1 c2 c3

g + 0.00152 Š0.06464 Š0.00109 + 0.00091
r Š0.00898 Š0.12964 + 0.06553 Š0.01707
z + 0.01228 Š0.05673 + 0.02404 Š0.00544

6 http:// legacysurvey.org/ dr3/ description/

7 http:// legacysurvey.org/ dr5/ � les/ # sweep-catalogs
8 A DECaLS“brick” consists of a roughly0.25 0.25�q deg2 square region on
the sky and is used to subdivide the survey area into smaller units.
9 http:// skyserver.sdss.org/ dr12/ en/ tools/ chart/ listinfo.aspx
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We use the S/ N in SDSS to estimate the photometric noises
because SDSS photometry is shallower than that of DECaLS.
The mean S/ N in the SDSSg, r, andz bands is(38.9, 53.1,
42.1), while for DECam it is(298.9, 370.1, 624.4). For the
reference stars, we apply

a a aexp S N 100 3S N 0 1 2�T � � � � � q[ ( ) ] ( )

as our mathematical form of� tting the 68.3% con� dence half-
width envelopes(Vanden Berk et al.2004). We notice that the
� tting results are similar to Figure 2 in Vanden Berk et al.
(2004) and converge to 1� rapidly. Thus, we take the 1� values

when the S/ N is larger than 25(0.04, 0.04, and 0.05 mag) as
the constant terms in the estimation for theg, r, andz bands,
respectively. The� tting results are shown in the left panel in
Figure3 as well as in Table2.

Another source of uncertainty is that the broad emission lines
of quasars induce a response to a given photometric system that
is different from that induced by the smooth continua of main-
sequence stars. This may make the estimation imprecise. Thus,
we additionally check the magnitude discrepancies between
SDSS and DECaLS by simulating the quasar template(Vanden
Berk et al. 2001) at different redshifts. The magnitude

Figure 3. (Left) The magnitude differences after calibrations vs. S/ N in SDSS in theg (upper), r (middle), andz (lower) bands. The curves indicate the� tting results
to the 68.3% con� dence half-width envelopes, which are symmetric about they-axis. (Right) The distributions of magnitude differences after calibration for the
reference stars whose S/ N is more than 25 in theg (upper), r (middle), andz (lower) bands shown in the left panel. The dashed lines indicate the Gaussian� ts.
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differences are calculated by convolving the template with the
� lter curves when the redshift increases from 0.0 to 5.0 in steps
of 0.01. For theg and r bands, over 67.3% of the simulated
differences are constrained to 0.01 mag. For thez band, over
67.3% of the differences are between 0.01 and 0.02 mag since
these twoz bands are not very similar. We add an additional
0.01 mag to ourz-band photometric noise estimation.

3. The Structure Function

We utilize the SF to describe the ensemble quasar variability
between SDSS and DECaLS. As given in Equation(12) of
Koz�owski (2016), the expression is

V m , 42
S N
2�T� � � ˜� % � � � § ( )

where m�% is the magnitude difference de� ned in Equation(2),
and S N�T is the photometric noise de� ned in Equation(3). A
total of 1573 quasars with magnitude differences greater than
1.0 are removed. Although some of the large magnitude
differences may be due to spurious measurements, e.g., on
the CCD edges, most are due to high-amplitude variability
(e.g., Rumbaugh et al.2018), which is beyond the scope of this
study. Rumbaugh et al.(2018) draw the conclusion that the
large magnitude variances may be caused by disk instabilities
with low accretion rates, indicating a mechanism that is
potentially different from that operating in other quasars in our
sample.

Equation (4) is the de� nition of the variability with the
magnitude difference and the photometric noise, known as the
SF. Here,V describes the ensemble behavior of a set of quasars
within each bin. An empirical model is derived in our study for
the variance of the magnitude differences themselves, not the
individual magnitudes. In this case, our SF de� nition is not
duplicated from Equation(12) in Koz�owski (2016).

As this is an ensemble study, we group magnitude
differences for many quasars into bins of time lag and then
measure the SF within each bin. This provides an average
measurement for the set of included quasars. We can then
divide our full sample by quasar property(redshift, bolometric
luminosity, rest-frame wavelength, and black hole mass) to
examine the dependence of the average variability on these
properties. Because of two-epoch data, analyses of the quasar
light curves are not applied in our work.

As in previous work, we adopt a power-law parameterization
for the SF of quasar variability,

V t A A
t

,
1years

. 5�H ��
�H�

�
�

�

�
�( � ) ( )

In Section 4.1, A and � are constants and can be directly
compared with previous work. In Sections4.3 and 4.4, we
discuss their dependence on quasar properties, that is,
A A z L M, , ,�M�� ( ) and� �= �� (z, L, � , M).

The SF is related to the autocorrelation function, tACF ,�%( )
through the equation

t tSF SF 1 ACF . 6� % � � � � � %�d( ) ( ) ( )

This function may take the form of a power exponential(PE) as
in Koz�owski (2017b):

t
t

ACF exp . 7
�U

� % � � � �
�% �C

� �
�

	



�
�

�
�

�

�
( )

� �
( )

Equation (6) can be expanded into a Taylor series as
tSF SF ,1 2�U� � � %�d

�� �C
(� � ) when t �U�% ��� � , which is referred to as

the DRW model when� �= �1. MacLeod et al.(2010) found that
� is typically between 0.1 and 3 years andSF�d is typically
between 0.1 and 0.5 mag. There are detailed discussions in
MacLeod et al.(2010) and Morganson et al.(2014) about the
relationship between DRW models and the ensemble SF.
However, the conclusion is that the exponential model inherent
to DRW cannot be easily applied to ensemble SFs. In reality,
each quasar has its own set of SFs or DRW parameters. The
ensemble SF treats all quasars as a single light curve and thus
averages over the individual parameters. BecauseSF�d is related
to � in the DRW model, one cannot robustly extractSF�d
without knowledge of� for each quasar. By averaging over a
large number of objects, the results will tend toward a power-
law relationship. In fact, a power-law� t is the short-term part
of the general SF because we have little idea of how to
determine the characteristic timescale� , that is, the turning
point of the SF from a power-law form to a� at form. So, if we
use a more complex DRW equation to� t the entire data set, we
will � nd that the results are almost identical to those of a
power-law� t. Thus, we apply the power-law� t to quantify the
analysis, considering the negligible difference between the
two � ts.

4. Quasar Variability as a Function of
Time lag, Redshift, Bolometric Luminosity, Rest-frame

Wavelength, and Black Hole Mass

4.1. Rest-frame Time Lag

In this subsection, we focus on the rest-frame time lag,
t t z1obs� � � �( ), in the three bands. This can be directly
compared with the results in previous works. The time lag bins
are divided into equal intervals on the logarithmic axis from 1
year to 11 years. The mean value of the two boundaries is
taken. The rest-frame SFs for each of the three bands are
presented in Figure4. The rest-frame parameters including
uncertainties in each of the bands are shown along with the
observer-frame SF in Table3 to allow comparisons with those
in Morganson et al.(2014). However, we can study the
inherent characteristics of quasar variability only with regard to
the rest frame.

In this study as well as in previous ones(e.g., Schmidt
et al. 2010), the SF increases as a function of time lag. In
addition, the variability amplitude decreases accordingly from
the g band to thez band. This matches previous observations
that the amplitude of variability decreases toward longer
wavelengths(e.g., Vanden Berk et al.2001). The shallower
z-band data are compensated for by the larger number of

Table 2
Coef� cients Used to Fit the Envelopes in Equation(3)

Filter a0 a1 a2

g ± 0.04 ± 0.36 Š9.48
r ± 0.04 ± 0.42 Š9.27
z ± 0.05 ± 0.28 Š10.6
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observations in that band. We see suf� cient quasars to mitigate
the unreliability.

In the next three subsections, we will mainly concentrate on
separating quasar properties and analyze the relationships of
the variability with them. Notably, the� rst time lag bin tends to
include more high-redshift quasars because of the de� nition of
the rest-frame time lag. Theg-dropout effect may cause a
signi� cantly redderg�Š�i color and correspondingly larger
magnitude offsets than in low-redshift quasars. We additionally
check that in the� rst bin, the fraction of quasars atz 3.7�� is
only 10% and that the SF values will change by no greater than
0.01 mag when removing theseg-dropout quasars.

4.2. Multidimensional Fit and Bootstrap Method

We now examine the relationship between variability and
other properties of quasars, namely redshift, bolometric
luminosity, rest-frame wavelength, and black hole mass.
Rest-frame wavelength is de� ned as z1obs�M �M� � � �( ), where

obs�M is given by the central wavelength of the SDSSg r, , andz
� lters (4686Å, 6166Å, and 8932Å). To study the variability
as a function of these properties, each of them is limited to a
small range. As a result, we divide the redshift, bolometric
luminosity, rest-frame wavelength, and black hole mass each
into � ve bins. Considering that our quasar population is not
evenly distributed in redshift and DR12Q is composed of more
quasars at 2.0�< �z�< �3.0, we divide the properties so that the
number of quasars in each bin is close to one-� fth of the whole
population. The redshift bins are bounded atz�= �1.07, 1.94,
2.33, and 2.65. The bolometric luminosity bins are bounded at
L�= �45.71, 46.03, 46.28, and 46.56erg s 1��· . The rest-frame
wavelength bins are bounded at� �= �1600, 2120, 2630, and
3360Å. The black hole mass bins are bounded atMBH�= �8.39,
8.71, 8.96, and 9.23Me . The rest-frame time lag bin
boundaries are mentioned above. Thus, we get 6250 cells
(we use bins for one-dimensional data and cells for

multidimensional data): 625 cells in a z–L–� –MBH four-
dimensional space along with an additional 10 bins of the
rest-frame time lag. The large quasar sample makes it possible
to separate the data into so many cells. We reject cells
containing fewer than 10 quasars. Since the quasar population
is not evenly distributed in the thez–L–� –MBH four-
dimensional space, there will be some cells containing few
quasars. Therefore, the number of cells� nally decreases to
� 1600. We use the mean value of the redshift, bolometric
luminosity, rest-frame wavelength, and black hole mass of the
quasar population to represent a whole cell.

We start by examining how the variability parameters
depend on the parameters above. Thus, from Equation(5), we
adopt Equation(19) in Morganson et al.(2014) for the cells
described above:

A A z
L

L
M
M

A A B z B L L
B B M M

z L L
M M

L M M

1 ,

log log log 1 log
log log ,

log
log log ,

10 erg s , 10 , 10 . 8
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z L
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�
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�( )

( ) ( )
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( )
( ) ( )

· � ( )

A multidimensional� t is applied, considering the reciprocal
of the error bar as a weight. Compared to the methods in
Morganson et al.(2014), we add both rest-frame wavelength
and black hole mass simultaneously into the equations.

In addition, we apply a bootstrap method to quantify the
signi� cance of the� tted values. The initial quasar data are
resampled 500 times and repeatedly� tted. This procedure
makes the number of total cells un� xed, � uctuating between
1572 and 1633. One standard deviation is adopted to present

Figure 4. The SFs for each of the three bands with single power-law� ts to the bins are marked. The squares indicate the variances in each bin, and the solid lines
indicate the single power-law� t results. In comparison we also plot the results of Morganson et al.(2014) as the dotted lines. Blue, green, and red indicate theg, r, and
z bands, respectively.
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