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ABSTRACT

We estimate total mass (Msq), intracluster medium (ICM) mass (Mcy) and stellar mass
(M,) in a Sunyaev-Zel’dovich effect (SZE) selected sample of 91 galaxy clusters with masses
Mspy 2 2.5 x 10“M,, and redshift 0.2 < z < 1.25 from the 2500 deg2 South Pole Tele-
scope SPT-SZ survey. The total masses M5 are estimated from the SZE observable, the ICM
masses Mjcm are obtained from the analysis of Chandra X-ray observations, and the stellar
masses M, are derived by fitting spectral energy distribution templates to Dark Energy Sur-
vey (DES) griz optical photometry and WISE or Spitzer near-infrared photometry. We study
trends in the stellar mass, the ICM mass, the total baryonic mass and the cold baryonic frac-
tion with cluster halo mass and redshift. We find significant departures from self-similarity
in the mass scaling for all quantities, while the redshift trends are all statistically consistent
with zero, indicating that the baryon content of clusters at fixed mass has changed remarkably
little over the past ~ 9 Gyr. We compare our results to the mean baryon fraction (and the
stellar mass fraction) in the field, finding that these values lie above (below) those in cluster
virial regions in all but the most massive clusters at low redshift. Using a simple model of
the matter assembly of clusters from infalling groups with lower masses and from infalling
material from the low density environment or field surrounding the parent halos, we show that
the measured mass trends without strong redshift trends in the stellar mass scaling relation
could be explained by a mass and redshift dependent fractional contribution from field mate-
rial. Similar analyses of the ICM and baryon mass scaling relations provide evidence for the
so-called “missing baryons” outside cluster virial regions.
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1 INTRODUCTION

Galaxy clusters originate from the peaks of primordial fluctuations
of the density field in the early Universe, and their growth con-
tains a wealth of information about structure formation. Of particu-
lar interest are scaling relations—the relation between cluster halo
mass and other physical properties of the cluster—because these
relations enable a link between the cluster observables and the un-
derlying true halo mass. This link then enables the use of galaxy
cluster samples for the measurement of cosmological parameters
and studies of the cosmic acceleration and of structure formation
( ; ; ). In
addition, energy feedback from star formation, Active Galactic Nu-
clei or other sources during cluster formation can leave an imprint
on these scaling relations, affecting their mass or redshift depen-
dence and providing an observational handle to inform studies of
cluster astrophysics.

Over the last few decades, the scaling relations of galaxy clus-
ters have been intensely studied using X-ray observables (

s s s

; ; ; ),
populations of cluster galaxies ( , ;

; ; ), or a combination of
them ( R : ); in
addition, scaling relations have been studied using hydrodynami-
cal simulations (e.g., ; ;

; )-

Observations indicate that the ensemble properties of the bary-
onic components of galaxy clusters correlate well with the halo
mass. For example, the detailed way in which the mass of intra-
cluster medium (ICM) systematically trends with total cluster mass,
and the scatter about that mean behavior, shed light on the thermo-
dynamic history of massive cosmic halos (e.g., ;

; ; ). To date, the
bulk of observational results have been obtained using cluster sam-
ples selected at low redshift (z < 0.6). Studying scaling relations
at high redshift remains difficult due to the lack of sizable clus-
ter samples and/or the adequately deep datasets to extract physical
properties from the clusters.

Enabled by the Sunyaev-Zel’dovich Effect (SZE;

)—a signature on the Cosmic Microwave
Background (CMB) that is caused by the inverse Compton scat-
tering between the CMB photons and hot ICM—teams of scientists
have developed novel instrumentation and have used it to search for
galaxy clusters out to a redshift z ~ 1.8. These large SZE surveys,
carried out with the South Pole Telescope (SPT;

), the Atacama Cosmology Telescope ( ),
and the Planck mission ( ), have de-
livered large cluster samples and enabled studies of meaningful
ensembles of clusters to high redshift ( ;

). Further breakthroughs in the area of wide-and-deep optical
and NIR surveys, such as the Blanco Cosmology Survey (
), the Spitzer South Pole Telescope Deep Field (
), the Hyper Suprime-Cam survey ( ;
), and the Dark Energy Survey (DES;
, ) have helped in delivering the needed optical
data to study the galaxy populations of these SZE selected samples.
Recent studies of the baryon content of galaxy clusters or

groups show strong mass trends of the observable to halo mass scal-
ing relations but no significant redshift trends out to z ~ 1.3 (

,¢). That is, the stellar and ICM mass fractions vary
rapidly with cluster mass but have similar values at fixed mass, re-
gardless of cosmic time. The combination of strong mass trends and
weak redshift trends in the context of hierarchical structure forma-
tion implies that halos must accrete a significant amount of material
that lies outside the dense virial regions of halos and that has val-
ues of the stellar mass fraction or IGM fraction that are closer to
the cosmic mean. A mixture of infall from lower mass halos and
material outside the dense virial regions would then allow for the
stellar and ICM mass fractions to vary weakly over cosmic time.
However, it is important to note that current constraints on the red-
shift trends of scaling relations suffer from significant systematics
introduced by comparing heterogeneous cluster samples analyzed
in different ways ( ). To overcome these system-
atic uncertainties, one needs to use a large sample with a well-
understood selection function and—most importantly—employ an
unbiased method on homogeneous datasets to determine the masses
consistently across the mass and redshift range of interest.

In this study, we aim to analyze the baryon content of massive
galaxy clusters selected by their SZE signatures in the 2500 deg?
South Pole Telescope SZE (SPT-SZ) survey. We have focused on
a sample of 91 galaxy clusters that have X-ray observations from
Chandra, optical imaging from DES, and near-infrared (NIR) data
from Spitzer and WISE. This sample is selected to lie above a
detection significance & > 6.8 and spans a broad redshift range
0.25 < z < 1.25. This sample is currently the largest, approximately
mass-limited sample of galaxy clusters extending to high redshift
with the required uniform, multi-wavelength datasets needed to
carry out this analysis. Moreover, we adopt self-consistent method-
ologies to estimate the ICM, stellar and total masses of each galaxy
cluster in our sample; this dramatically minimizes the potential sys-
tematics that could bias the observed mass and redshift trends in the
scaling relations.

This paper is organized as follows. The cluster sample and
data are described in Section 2, while the determinations of clus-
ter mass Msqg, ICM mass Mjcy and the stellar mass M, are given
in Section 3. We describe our fitting procedure and the method for
estimating both statistical and systematic uncertainties on the scal-
ing relation parameters in Section 4, and we present the results of
power law fits to the observed scaling relations in Section 5. We
then discuss our results and quantify the potential systematics in
Section 6. Conclusions are given in Section 7. Throughout this pa-
per, we adopt the flat ACDM cosmology with the fiducial cosmo-
logical parameters (Qu1, Hy) = (0.304,68 km s~! Mpc™!), which
constitute the most recent cosmological constraints from the SPT
collaboration ( ). Unless otherwise stated, the
uncertainties indicate the 10 confidence regions, the cluster halo
mass Msq is estimated at the overdensity of 500 with respect to
the critical density p.; at the cluster redshift z4, the cluster radius
Rsqp is calculated using Msgg!, and the photometry is in the AB
magnitude system.
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Figure 1. The SZE selected sample of galaxy clusters from the SPT-SZ
survey that we use in this work is plotted in mass and redshift. The subset
of 32 clusters with combined DES griz and WISE W1W?2 photometry is
shown with green squares, and the subset of 52 clusters with combined
DES griz and Spitzer [3.6][4.5] photometry is shown with red circles. The
sample of 7 clusters currently without DES griz photometry is marked with
blue crosses. These systems are excluded from the stellar mass analysis.

2 CLUSTER SAMPLE AND DATA
2.1 Cluster sample

The cluster sample used in this work is selected from the SPT-SZ
2500 deg2 survey ( ). A subset of 80 SPT-selected
clusters at z > 0.4 with SZE detection significance £ > 6.8 has been
followed up by the Chandra X-ray Observatory through an X-ray
Visionary Project (hereafter XVP, PI Benson). We extend this 80
cluster sample by including other SPT selected clusters at redshift
z > 0.2 that have also been observed by Chandra through previous
proposals from SPT, the Atacama Cosmology Telescope (
) collaboration or the Planck (

) consortium. The final sample consists of 91 galaxy clusters
at redshifts 0.25 < z < 1.25, all SPT-SZ systems with an associated
SZE significance & that allows us to estimate the cluster masses
with an uncertainty of ~ 20 percent ( ).

The redshifts of a subset of 61 clusters in our sample have
been determined spectroscopically ( ;

). For the rest, we adopt photometric redshifts that are esti-
mated by using the Composite Stellar Population (hereafter CSP)
of the Bruzual and Charlot (BCO03; ) model
with formation redshift zz = 3 and an exponentially-decaying star
formation rate with the e-folding timescale 7 = 0.4 Gyr. This CSP
model is built by running EzGal ( ) and
is calibrated using the red sequence of the Coma cluster and by us-
ing six different metallicities associated with different luminosities
(see more details in ). The resulting CSP model
has been demonstrated to provide accurate and precise measure-
ments of the photometric redshifts of galaxy clusters with an accu-
racy of Az/(1+z) < 0.025 through comparison with spectroscopic

' Rsoo = (Ms00/ (%”Pcrit(zdﬁoo))m
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Figure 2. A comparison of photometric depths (bars of constant magnitude)
and the redshift variation of the characteristic magnitude m, chor (dashed
lines) over the relevant redshift range. The median and the 1o variation of
the 50% completeness for the DES griz bands are shown with green, red, or-
ange and purple bars, respectively. The 100 depth of [3.6] and W1 ([4.5] and
W2) are shown in pink (dark purple), where the WISE passbands are marked
with black boundaries. The redshift ranges of the riz bands stand for the red-
shift ranges over which we use those bands to apply the magnitude cut (see
Section 3.3.2), while the limits in the other bands (i.e., g[3.6][4.5]|W1W2)
all appear on the left.

redshifts ( ,b; ; ).
This CSP model is also used to estimate the cluster characteristic
magnitude m, cp,r that will be used to define the magnitude cut of
each cluster in a consistent manner across the wide redshift range
(see Section 3.3.2). The characteristic magnitude m, char i a pa-
rameter in the Schechter luminosity function that marks the transi-
tion magnitude between the exponential cutoff and the power-law
components of the galaxy luminosity function. In the following
work we neglect these uncertainties in photo-z. Fig. 1 contains a
plot of the mass and redshift distribution of the sample, and the
basic properties of each cluster are listed in Table 1.

2.2 X-ray data

All the clusters in our sample have been observed with the Chandra
X-ray Observatory. The X-ray data were largely motivated by the
need to determine an X-ray mass proxy to support the cosmolog-
ical analysis ( ; ;

R ); observing times were tuned to
obtain = 2000 source photons per cluster. With these X-ray data,
we are able to estimate the total luminosity Ly, temperature 7x and
ICM masses Moy as well as the mass proxy Yx = TxMicm for
each cluster. These cluster parameters have been used in several
previous works ( ; s ;

; ; ). In
this work, we use only the Mjcy measurement (see Section 3.2),
while the total cluster masses are estimated from the SPT observ-
ables (see Section 3.1). Following ( ), we adopt
the X-ray center as the cluster center for our analysis (see Table 1).
More details of the X-ray data acquisition, reduction and analysis
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Table 1. For the full sample, we list the cluster name, the redshift, the Right
Ascension (otx) and Declination (dx) inferred from the X-ray imaging, the
Right Ascension (0cg) and Declination (8gcg) of the BCG, and the opti-
cal/NIR datasets used in the SED fitting (see Section 2.3).

Name z ax x oBCG dscG Optical + NIR datasets
SPT-CL J0000—-5748  0.702 0.2518 —57.8094 0.2501 —57.8093 griz[3.6][4.5]
SPT-CL J0013—4906  0.406 3.3309 —49.1160 3.3306 —49.1099 grizW1w?2
SPT-CL J0014—-4952  0.752 3.6912 —49.8800 3.7041 —49.8851 grizW1w2
SPT-CL J0033—-6326  0.597 8.4720 —63.4429 8.4710 —63.4449 grizW1w2
SPT-CL J0037—-5047  1.026 9.4476 —50.7876 9.4478 —50.7890 griz[3.6][4.5]
SPT-CL J0040—4407  0.350 10.2085 —44.1340 10.2080 —44.1307 grizW1w2
SPT-CL J0058—6145  0.826 14.5829 —61.7693 14.5842 —61.7669 griz[3.6][4.5]
SPT-CL J0102—4603  0.722 15.6737 —46.0652 15.6779 —46.0710 griz[3.6][4.5]
SPT-CL J0102—4915  0.870 15.7350 —49.2667 15.7407 —49.2720 griz[3.6][4.5]
SPT-CLJ0123—-4821  0.620  20.7931 ~ —48.3567  20.7956  —48.3563 griz[3.6][4.5)
SPT-CL J0142—-5032  0.730 25.5464 —50.5403 25.5401 —50.5410 griz[3.6][4.5]
SPT-CLJ0151-5954  1.035  27.8584  —59.9076  27.8540  —59.9123 griz[3.6][4.5)
SPT-CL JO156—-5541  1.221 29.0405 —55.6976  29.0381 —55.7029 griz[3.6][4.5]
SPT-CL J0200—-4852  0.498 30.1403 —48.8752 30.1421 —48.8712 grizW1w2
SPT-CL J0212—-4657  0.655 33.1094 —46.9495 33.0986 —46.9537 griz[3.6][4.5]
SPT-CL J0217-5245  0.343 34.2947 —52.7514 34.3122 —52.7604 grizWiw2
SPT-CL J0232—-5257  0.556  38.1977 —52.9556 38.2058 —52.9531 grizW1w2
SPT-CL J0234-5831  0.415 38.6777 —58.5240 38.6761 —58.5236 grizW1w?2
SPT-CL J0236—4938  0.334  39.2495 —49.6343 39.2569 —49.6360 grizW1w2
SPT-CL J0243—-5930  0.635  40.8638 —59.5166  40.8628 —59.5172 griz[3.6][4.5]
SPT-CL J0252—4824  0.421 43.1946 —48.4136  43.2083 —48.4162 grizW1w2
SPT-CL J0256—5617  0.580  44.1044 —56.2977  44.1056 —56.2978 £riz[3.6][4.5]
SPT-CL J0304—4401  0.458  46.0659 —44.0329  46.0701 —44.0255 grizW1w2
SPT-CL J0304—4921  0.392  46.0664 —49.3570  46.0673 —49.3571 grizWi1w2
SPT-CL J0307—-5042  0.550  46.9603 —50.7045 46.9605 —50.7012 grizW1w2
SPT-CL J0307—-6225  0.579 46.8275 —62.4352 46.8195 —62.4465 grizW1w?2
SPT-CL J0310—4647  0.709 47.6343 —46.7847 47.6354 —46.7856 griz[3.6][4.5]
SPT-CL J0324-6236  0.730 51.0488 —62.5984 51.0511 —62.5988 griz[3.6][4.5]
SPT-CL J0330—-5228  0.442 52.7226 —52.4737 527374 —52.4704 grizWiw?2
SPT-CL J0334-4659  0.485 53.5501 —46.9966  53.5457 —46.9958 grizWiw2
SPT-CL J0346—-5439  0.530  56.7320 —54.6477  56.7308 —54.6487 grizWiw2
SPT-CL J0348—4515  0.358 57.0701 —45.2507  57.0712 —45.2498 grizW1w2
SPT-CL J0352—-5647  0.670  58.2403 —56.7985 58.2397 —56.7977 griz[3.6][4.5]
SPT-CL J0406—4805  0.737 61.7270 —48.0853 61.7302 —48.0826 grizW1w?2
SPT-CL J0411—-4819  0.424  62.8100 —48.3214  62.7957 —48.3277 grizW1w2
SPT-CL J0417—4748  0.581 64.3458 —47.8140  64.3461 —47.8132 griz[3.6][4.5]
SPT-CL J0426—5455  0.630  66.5207 —54.9173 66.5171 —54.9253 grizW1w2
SPT-CL J0438—5419  0.421 69.5775 —54.3202  69.5734 —54.3224 grizWi1w2

SPT-CL J0441—-4855  0.790  70.4503 —48.9220  70.4497 —48.9233
SPT-CL J0446—5849  1.186  71.5170 ~ —58.8294  71.5157 —58.8304
SPT-CL J0449—-4901  0.792  72.2741 —49.0242  72.2819  —49.0214
SPT-CL J0456—5116  0.562  74.1201 =51.2777  74.1171 —51.2764
SPT-CL J0509—5342  0.461 77.3383 —53.7032  77.3393 —53.7035
SPT-CL J0528—5300  0.768  82.0188 —52.9961 82.0222 —52.9981
SPT-CL J0533—-5005  0.881 83.4018 —50.0969  83.4033 —50.0958

SPT-CL J0542—-4100  0.642  85.7111 —41.0019  85.7085 —41.0001

SPT-CL J0546—-5345  1.066  86.6532  —53.7604  86.6568 —53.7586

SPT-CL J0551-5709  0.423  87.8954  —57.1484  87.8931 —57.1451

SPT-CL J0555-6406  0.345  88.8660  —64.1058  88.8731 —64.1068 ——
SPT-CL J0559-5249  0.609  89.9357  —52.8253  89.9301 —52.8242

SPT-CL J0616—5227  0.684  94.1466 ~ —52.4555  94.1420  —52.4525

SPT-CL J0655—5234  0.470  103.9721  —52.5687  103.9760  —52.5674 -
SPT-CL J2031-4037  0.342  307.9648  —40.6220 307.9720  —40.6252 —
SPT-CL J2034-5936  0.919  308.5371  —59.6039  308.5390  —59.6042 griz[3.6][4.5]
SPT-CL J2035-5251  0.528  308.7927  —52.8554 308.7950  —52.8564 griz[3.6][4.5]
SPT-CL J2043—-5035  0.723  310.8243  —50.5930 310.8230  —50.5923 griz[3.6][4.5]
SPT-CL J2106—5844  1.132  316.5174 —58.7426  316.5190  —58.7411 griz[3.6][4.5]
SPT-CL J2135-5726  0.427 3239111  —57.4390 323.9060 —57.4418 griz[3.6][4.5]
SPT-CL J2145-5644  0.480 326.4686 —56.7470  326.4660  —56.7482 griz[3.6][4.5]
SPT-CL J2146—4633  0.933  326.6456  —46.5489  326.6470  —46.5505 griz[3.6][4.5]
SPT-CL J2148—6116  0.571  327.1804  —61.2788  327.1780  —61.2795 griz[3.6][4.5]
SPT-CL J2218—4519  0.650  334.7461  —45.3158 334.7470  —45.3145 griz[3.6][4.5]
SPT-CL J2222-4834  0.652  335.7136 48.5770  335.7110 48.5764 griz[3.6][4.5]
SPT-CL J2232-5959  0.594  338.1428 ~ —59.9990  338.1410  —59.9980 grizWiw2
SPT-CL J2233-5339  0.480 338.3233  —53.6544  338.3150  —53.6526 grizWiw2
SPT-CL J2236-4555  1.162  339.2196  —45.9270  339.2230  —45.9312 griz[3.6][4.5]
SPT-CL J2245-6206  0.580  341.2577  —62.1185  341.2590  —62.1272 griz[3.6][4.5]

SPT-CL J2248—4431  0.351  342.1875  —44.5287  342.1830  —44.5308 grizW1w2
SPT-CL J2258—4044  0.826  344.7062  —40.7396 3447010  —40.7418 —
griz[3.6][4.5]

SPT-CL J2259—-6057  0.750  344.7509  —60.9590  344.7540  —60.9595

SPT-CL J2301-4023  0.730 3454692  —40.3895 345.4700 —40.3868 griz[3.6][4.5]
SPT-CL J2306—6505  0.530  346.7260  —65.0902  346.7230  —65.0882 griz[3.6][4.5]
SPT-CL J2325—4111  0.358  351.3023  —41.1959  351.2990  —41.2037 grizWi1w2

SPT-CL J2331-5051  0.576  352.9610  —50.8631  352.9630  —50.8650 griz[3.6][4.5]
SPT-CL J2335-4544  0.547  353.7854  —45.7396  353.7850  —45.7391 grizW w2

SPT-CL J2337-5942  0.775  354.3516  —59.7061  354.3370  —59.7109

SPT-CL J2341-5119  1.003  355.3009  —51.3285 —51.3291
SPT-CL J2342—5411  1.075  355.6904  —54.1838 —54.1847
SPT-CL J2344-4243  0.596  356.1839 42.7205 356 1830 42.7201
SPT-CL J2345-6405  0.937  356.2491  —64.1001  356.2510  —64.0927

SPT-CL J2352-4657  0.734  358.0684  —46.9605 358.0680  —46.9602
SPT-CL J2355-5055  0.320  358.9502  —50.9283  358.9480  —50.9277

SPT-CL J2359-5009  0.775  359.9321  —50.1697  359.9280  —50.1672 —
SPT-CL J0106—5943  0.348 16.6141 —59.7200 16.6197 —59.7201 grizW1w2
SPT-CL J2332—-5053  0.560  353.0343  —50.8911  353.0249  —50.8849 griz[3.6][4.5]
SPT-CL J0232—4421  0.284  38.0711 —44.3513 38.0773 —44.3467 grizW1w2
SPT-CL J0235-5121  0.278  38.9345 —51.3585 38.9387 —51.3512 grizW1w2
SPT-CL J0516—5430  0.295  79.1479 —54.5126  79.1556  —54.5004 griz[3.6][4.5]
SPT-CL J0522—4818  0.296  80.5682 —48.3039  80.5648 —48.3049 grizW1w2
SPT-CL J0658—5556  0.296  104.6180  —55.9448  104.6470  —55.9491 —
SPT-CL J2011-5725  0.279  302.8611  —57.4200 302.8620 —57.4196 ——

are described elsewhere ( R ;

).

2.3 Optical and NIR data

To estimate the stellar mass of each cluster galaxy in our sample,
we use optical photometry in the griz bands observed by the Dark
Energy Survey ( , ) together with near-
infrared (NIR) photometry obtained with either the Wide-field In-
frared Survey Explorer (WISE; ) or the Infrared
Array Camera (IRAC, ) of the Spitzer telescope.
The combination of DES, WISE, and Spitzer datasets enables us to
estimate the stellar masses of cluster galaxies by constraining their
Spectral Energy Distributions (SED; see Section 3.3).

The Spitzer observations originate from an SPT follow-up pro-
gram (see Section 2.3.2) that was designed to aid in the cluster con-
firmation at high redshift (z 2 0.4). These data are much deeper
than the WISE observations, which we have acquired from the pub-
lic archive (see Section 2.3.3). The field of view of our Spirzer
imaging is small and can only sufficiently cover the angular area
out to Rsqq for clusters at z 2> 0.4, while we specifically re-process
the WISE data such that each resulting coadd image is centered on
the cluster with coverage of ~ 40’ x 40’ (see Section 2.3.3). In ad-
dition, the Spitzer imaging has better angular resolution, making
it more appropriate for galaxy studies in crowded environments—
especially cluster cores—at higher redshift. Thus, when we com-
bine the optical data from DES with the additional NIR datasets,
we choose to use Spitzer observations whenever available. These
shallower WISE observations are used only for the lower redshift
clusters.

There are 84 out of the 91 clusters covered by the footprints
of the Science Verification, Year One and Year Two of the DES
datasets, and the remaining 7 clusters are or will be imaged by the
continuing efforts from the DES. Therefore, we do not have the
stellar mass measurements for the 7 clusters in our sample. In Fig. 1
the sample is shown, color coded according to whether WISE or
Spitzer imaging was used. We describe the details of each dataset
in Sections 2.3.1 to 2.3.3, and then we present the procedure for
combining these datasets in Section 2.3.4.

2.3.1 Optical dataset

For the optical data, the Science Verification, Year One and Year
Two of the DES datasets ( ) are used to obtain the
griz photometry. For each cluster, we build Point Spread Function
(PSF)-homogenized coadd images for the griz bands with the field
of view of &~ 1 deg? centered on the cluster; this avoids the edge ef-
fects that are typically seen in wide field surveys. The optical imag-
ing is processed by the CosmoDM pipeline ( ), and
the full description of data reduction, source extraction and photo-
metric calibration is given elsewhere (

; ). These DES catalogs and i 1mage§ have
been specifically processed for studying the SPT clusters, and the
excellent photometric quality has been presented elsewhere (

; ). We increase the flux uncertain-
ties by a factor of 2 based on tests of photometric repeatability on
faint sources, which crudely accounts for contributions to the pho-
tometric noise from sources that are not tracked in the image weight
maps. These include, for example, cataloging noise and uncertain-
ties in photometric calibration. Through these efforts the catalogs
of griz photometry are available for 84 of the 91 clusters.
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Following the procedures of previous studies (

; e ), we estimate the com-
pleteness of the photometric catalogs by comparing the observed
number counts to those estimated from the deeper COSMOS field
( ; ; ), where the
source catalogs are complete down to 2 25.5 mag in the griz bands.
Specifically, we first estimate the logarithmic slope of the source
count—magnitude relation of the COSMOS field over a range of
magnitudes, assuming that it follows a power law. We then com-
pare the histogram of the source counts—which are observed in the
cluster field and are away from the cluster center at projected sep-
arations > 3Rsgp—to the derived power law model with the slope
fixed to the best-fit value of the COSMOS and the normalization
that is fitted to the source counts observed between 19.5 mag and
21 mag in the cluster field. Finally, we fit an error function to the
ratio of DES galaxy counts to those predicted by the power law
model from COSMOS to obtain the completeness function.

The procedure above is carried out for each cluster, and the re-
sulting 50 percent completeness depths are shown in Fig. 2, where
the median and root mean square variation of the completeness
are plotted with horizontal bars. For clarity, we only show the re-
sults of the riz bands where we will perform the magnitude cut on
our galaxy samples in the following analysis (see Section 3.3.2);
the median 50% completeness of the g band is 24.51 +0.02 mag.
In Fig. 2, we also plot the characteristic magnitude n1, chor (2) as
a function of redshift for the griz bands as predicted by the CSP
model (see Section 2.1). Overall, the 50% completeness of the griz
bands is deeper than m, ¢, (z) by > 2 mag (= 1.5 mag forz > 1.1).
This suggests that the depth of DES optical data is sufficiently deep
to detect the cluster galaxies that are dominating the stellar content
of our sample, allowing us to estimate the total stellar mass of each
cluster. The incompleteness corrections applied in the following
analysis (see Section 3.3.3) are based on these derived complete-
ness functions.

2.3.2 Spitzer dataset

The Spitzer observations are obtained in IRAC channels 3.6 um
and 4.5 um with the Program IDs (PI Brodwin) 60099, 70053
and 80012, resulting in photometry of [3.6] and [4.5], respectively.
The data acquisition, processing and photometric calibration of the
Spitzer observations are fully described in ( ), to
which we defer the reader for more details. By design, the depths
of IRAC observations are sufficient to image the cluster galaxies,
which are brighter than m, char(z) + 1 mag in [3.6] and [4.5], as pre-
dicted by the CSP model (see Section 2.1) out to redshift z ~ 1.5
with more than 90% completeness. The 100 depth of [3.6] and [4.5]
are 22.00 and 20.92 mag with 10 variation of 0.13 and 0.18 mag,
respectively, as shown in Fig. 2. The field of view of the Spitzer
mosaics is &~ 7' x 7’ (and is = 5’ x 5’ for the full depth), which as
already mentioned is sufficient to cover the Rsg region of the clus-
ters in our sample at redshift z = 0.4. Among the 84 clusters imaged
by DES in this work, there are 52 clusters that are also imaged by
the Spirzer telescope. For these systems we use the photometry of
griz[3.6][4.5] (see Section 2.3.4 for SED fitting.

2.3.3 WISE dataset

For each cluster, we acquire the NIR imaging observed by the Wide-
field Infrared Survey Explorer (WISE) through the WISE all-sky
survey and the project of Near-Earth Object Wide-field Infrared
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Survey Explorer (NEOWISE; ). The NEOWISE
project is part of the primary WISE survey, which started in 2009
with the goal of imaging the full sky in four bands (3.4, 4.6, 12 and
22 um, denoted by W1, W2, W3 and W4, respectively). The main
mission was followed by the NEOWISE Reactivation Mission—
beginning in 2013—with the goal of continuing to find and char-
acterize near-Earth objects using passbands W1 and W2. The data
taken by the primary WISE survey, the NEOWISE project and its
Reactivation Mission have been regularly released since 2011, pro-
viding a valuable legacy dataset to the community.

In this work, we collect the imaging of the 91 galaxy clusters
in our sample in the passbands of W1 and W2 from the ALLWISE
data release combined with the release from the NEOWISE Reac-
tivation Mission through 2016, which enables us to detect fainter
sources than the official catalogs from the ALLWISE data release.
After acquiring the single-exposure images centered on each clus-
ter, we coadd them with the area weighting by the Image Coad-
dition with Optional Resolution Enhancement (ICORE;

) in the WISE/NEOWISE Coadder 2. The photometric
zeropoint is calibrated on the basis of each single-exposure image
using the measurements of a network of calibration standard stars
near the ecliptic poles (see more details in ;

), and we properly calculate the final zero point of
the coadd image in the reduction process. The 100 depth of W1
and W2 are 20.39 and 19.98 mag with 10 variation of 0.20 and
0.26 mag, respectively, as shown in Fig. 2. We create the coadd im-
ages with footprints of 40’ x 40’ centered on each cluster, allowing
us to completely cover a region extending to = 4Rsq in our cluster
sample.

2.3.4 Combining DES and NIR datasets

Our goal is to construct a photometric catalog (either grizW 1W?2 or
griz[3.6][4.5]) for each cluster. However, one of the greatest chal-
lenges in combining these multi-wavelength datasets is that the
source blending varies from band to band due to the variation in
the PSF size. Many methods have been proposed to solve or allevi-
ate the blending problem (e.g., ;

; ; ; ),
and good performance has been demonstrated when one adopts pri-
ors based on the images with better resolution.

In this work, we use the T-PHOT package (

)—a state-of-the-art PSF-matching technique—to deblend the
NIR fluxes on the NIR images observed by either the WISE or
Spitzer telescope based on priors from the DES optical imaging.
The coadd images are used in the following procedures. Here we
list the steps.

(i) We first prepare the NIR images in the native pixel scale
(0.263") of the DECam using SWarp ( ).

(ii)) We then run SExtractor ( ) on these
swarped images to produce the background-subtracted images. The
background-subtracted DES images will be used to construct the
“real 2-d profiles” (see details in ) as the inputs
of T-PHOT.

(iii) The PSFs of the NIR and optical images are then derived
by stacking a few tens of stars that are selected in the DES cat-
alog. Specifically, these stars are selected in i-band to have (1)
|[spread_model|| < 0.002, (2) 17 mag < mag_auto < 22 mag, (3)

2 http://irsa.ipac.caltech.edu/applications/ICORE/docs/instructions.html
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FLAGS = 0 in SExtractor flags indicating no blending, and then
these stars are subjected to 30 iterative clipping in FLUX_RADIUS
to exclude any outliers.

(iv) Once the PSFs of NIR and optical images are obtained, the
kernel connecting them is derived by a method similar to that used
in ( ), where a low passband filter is applied to
suppress the high-frequency noise in the Fourier space.

(v) We run T-PHOT on each source in the optical catalog us-
ing the priors of “real 2-d profiles”, convolving them with the de-
rived kernel, and obtaining the best-fit fluxes of the corresponding
sources observed on the NIR images. The i-band images are good
as optical priors because they are deep and have good seeing.

(vi) The second round of T-PHOT is run with locally registered
kernels to account for small offsets in astrometry and/or position-
dependent variation of the kernel. The final deblended NIR fluxes
are obtained.

Following this process for each cluster with available Spitzer
or WISE data, we extract PSF-matched NIR photometry ([3.6][4.5]
or W1W?2) for each source in the DES griz catalogs. As previously
stated, we use the griz[3.6][4.5] catalogs whenever available. An
implication is that all sources in our photometric catalogs are con-
structed based on optical detection. Although the wavelength cov-
erage of [3.6][4.5] and W1W?2 is similar, we observe a small sys-
tematic offset in stellar masses extracted using the two sets of pho-
tometry: grizW 1W2 and griz[3.6][4.5]. We quantify this systematic
in Section 3.3.1, apply a correction to the stellar masses in Sec-
tion 3.3.4.

3 CLUSTER MASS ESTIMATION

In the subsections below we describe in turn how the total cluster
masses, ICM masses and stellar masses are measured. The esti-
mates of the [ICM masses and stellar masses assume spherical sym-
metry for the galaxy clusters.

3.1 Halo masses

We use the latest SZE scaling relation from the SPT collaboration
(i.e., Table 3 in ) to estimate the halo mass or
total mass Msq for each cluster. The best fit scaling relation param-
eters were determined using the number counts of the SPT galaxy
clusters together with external information from big-bang nucle-
osynthesis (BBN) calculations ( ), direct measure-
ment of the Hubble parameter ( ), and Yy measure-
ments for a subset of the clusters. The resulting M5 of each cluster
is listed in the Table 2.
The details of the mass determination are given in

( ), to which we refer the readers for more details. We
briefly describe the method as follows. For each cluster with the
SZE signal to noise & observed in the SPT-SZ survey, we estimate
the cluster total mass M5 using the {-mass relation,

Ms Bsz E(z) Gz
3% 101 h M, E(z=0.6)

with log-normal intrinsic scatter Dsz = Oy |y, Where we con-
nect the observable {—a biased estimator of the cluster SZE
signature—to the unbiased SZE observable { by its ensemble be-
havior that can be described by a normal distribution with unit

width,
(&) =1/C2+3. 2)

{ =Asz (D

Table 2. Cluster parameters include, from left to right, the cluster name,
the cluster radius, the halo mass, the ICM mass, the stellar mass, the total
baryon mass and the cold baryon fraction.

Rsoo Msoo Micm M, M,
Name [arcmin] [10"M.] [101°M,,] [10"2M,] [101Ms)] fe
SPT-CLJ0000—5748  2.07 413+£059  3.99+023 3.34£051 4.33+£024 0.077+0.012
SPT-CLJ0013-4906  3.46 5944078  6.77+£0.19  337+£0.58  7.11£0.20  0.047+0.008
SPT-CLJ0014-4952  2.07 474£0.66  6.69+£0.15 4.76+0.74  7.17£0.17  0.066:0.010
SPT-CLJ0033-6326  2.35 43040.64  4.88+0.16 444+078  532+0.18  0.083+0.014

SPT-CL J0037—-5047 1.56 3.73£0.59 2.35+£0.19  2.74£0.61 2.62+£0.20  0.104£0.022
SPT-CL J0040—4407 4.33 8.2541.00 8344026 4.69+0.63 881+0.26  0.053+0.007
SPT-CL J0058—6145 1.85 4.06+0.61 4.42+0.15  3.08£0.58 4.73+0.16  0.065+0.012

SPT-CL J0102—4603 2.04 4.16+0.64 4.04+£0.14  4.82+0.56  4.52+0.15  0.107+£0.012
SPT-CL J0102—4915 2.52 11.36+1.34  2250+0.21  9.80+£1.01 23.4840.24  0.04240.004

SPT-CL J0123—4821 2.25 4.09+0.65 4.58+0.09 4.50+0.58  5.03+0.11  0.090+0.011
SPT-CL J0142—5032 2.15 5.0240.68 5554027 3.64+£0.62 592+0.28  0.061+£0.010
SPT-CL JO151—-5954 1.58 3.91£0.59 507+0.14  458+0.73  5.52+0.16  0.083+£0.012

SPT-CL J0156—5541 1.38 3.4940.55 4.174£0.15  2.01£036  4.37+0.16  0.046£0.008
SPT-CL J0200—4852 2.67 4.31+0.65 5.00%0.17  4.39+0.61 544+0.18  0.081£0.011
SPT-CL J0212—4657 2.33 5.154£0.69 6.43+0.22  3.37£0.62 6.77+0.23  0.050£0.009
SPT-CL J0217—-5245 3.46 4.01+0.66 4.9940.13  449+0.85 544+0.16 0.083+£0.014
SPT-CL J0232—-5257 2.54 4.71£0.67 5.91+0.21 3.80+£0.57  6.29+0.22  0.060+0.009
SPT-CL J0234—5831 3.54 6.70+0.83 7.23£0.20  3.60£0.56  7.59+0.21  0.047£0.007
SPT-CL J0236—4938 3.44 3.69£0.67 3.84£0.07 3.15£0.57  4.15+0.09 0.076£0.013
SPT-CL J0243—5930 2.23 4.1840.62 52740.16  3.83+£0.61  5.66+0.17  0.068+£0.010
SPT-CL J0252—4824 3.01 4.241+0.66 4.67+0.14 2284042  4.89+0.14  0.047£0.008
SPT-CL J0256—5617 2.36 4.15£0.62 543£0.13  3.96+£0.60 5.83+0.15 0.068+0.010
SPT-CL J0304—4401 3.34 6.9940.87 9.774£0.24 5594073 10.33£0.25  0.054+£0.007
SPT-CL J0304—4921 3.62 6.26+0.81 7.06+0.14  3.49+£049  7.41+0.15  0.047+0.006
SPT-CL J0307-5042 2.55 4.6440.66 537+0.14  550+£076  5.92+0.16  0.093+£0.012
SPT-CL J0307—-6225 2.43 4.49+0.64 574£020 2.81£048  6.02+0.20  0.047£0.008
SPT-CL J0310—4647 2.03 3.9840.62 4.194£0.23  3.04£0.54  449+024  0.068+0.012
SPT-CL J0324—6236 2.07 4.46+0.63 4.9440.13  5.13£074 545+0.15  0.094+£0.012
SPT-CL J0330—5228 3.19 5.63+£0.74  11.29%£0.18 3.48£0.56 11.64£0.19  0.030=0.005
SPT-CL J0334—4659 2.83 4.85+0.67 5574+0.14  2.10£041  578+0.15  0.036+£0.007
SPT-CL J0346—5439 2.65 4.82+0.66 587+0.14  429+0.65 6.30+0.16  0.068+0.010
SPT-CL J0348-4515 3.66 5.274£0.71 5.08+0.17  4.39+£0.66 5.52+0.19  0.079+0.011
SPT-CL J0352—5647 2.10 3.90£0.61 4.654+0.16  3.11£0.51  496+0.17  0.063+£0.010
SPT-CL J0406—4805 2.02 4.21£0.61 522+0.17 460079  5.68+0.18  0.081+£0.013
SPT-CL J0411—4819 3.50 6.794+0.84 9.024£0.13  5.54+0.75  9.58+0.15  0.058+0.007
SPT-CL J0417—4748 2.70 6.234£0.78 7.44£020 453£069 7.89+0.21  0.057£0.008

SPT-CL J0426—5455 231 4.584+0.64 5414+0.14  471+£071  5.88+0.16  0.080+£0.011
SPT-CL J0438—5419 3.82 8.684+1.04 11.27+0.22 596+0.67 11.87£0.23  0.050=0.005
SPT-CL J0441-4855 1.94 4.31£0.61 4.88+0.12  5.01£0.77  5.38+0.14  0.093+£0.013
SPT-CL J0446—5849 1.40 3.5040.54 2874031 4224077 329+032  0.12840.024
SPT-CL J0449—4901 1.95 4.4140.62 4.96+0.16 4.24+0.69 5.39+0.18 0.079+0.012

SPT-CL J0456—5116 2.49 4.51+0.64 5.174£0.09 3.64£0.60 5.53+0.11  0.066+0.010
SPT-CL J0509—5342 2.87 4.51+0.64 548+0.16  1.70£0.34  5.65+0.16  0.030=0.006
SPT-CL J0528—-5300 1.83 3.45+0.57 2.99+0.10 3.82+£0.62 3.37+0.11  0.113+£0.017
SPT-CL J0533—5005 1.70 3.60+0.56 24340.15  243+£0.56  2.67+0.16  0.091£0.020
SPT-CL J0542—4100 2.29 4.65+0.68 562+0.13  3.78£0.56  6.00+£0.14  0.063=0.009
SPT-CL J0546—5345 1.64 4.58+0.60 6.20+0.15  7.23+£094  6.92+0.18  0.104+£0.012
SPT-CL J0551—-5709 3.05 4.45+0.64 6.09£0.11  3.86£0.53  647+0.12  0.060=0.008
SPT-CL J0555—6406 4.03 6.434+0.82 8.56+£0.19

SPT-CL J0559—5249 2.44 5.0440.67 6.994+0.09 5.84+079 7.57+0.12  0.077+£0.010
SPT-CL J0616—5227 2.06 4.194£0.47 5.02+0.18  6.24+126 5.65+022  0.111£0.020
SPT-CL J0655—5234 2.83 4.53+0.67 4.4240.22 — — —
SPT-CL J2031-4037 4.36 7.954£0.97  10.31%0.18 — — —
SPT-CL J2034—5936 1.73 4.08+0.58 5.5440.13  3.33+£0.57 5.87+0.14  0.057+0.009
SPT-CL J2035—5251 2.76 5.3940.73 590+0.19 853+£0.86 676021  0.126£0.012
SPT-CL J2043—5035 2.03 4.17£0.64 5724£0.10  4.01£0.66  6.12+0.12  0.066=£0.010
SPT-CL J2106—5844 1.83 7.1440.85 10.564+0.21 8.53+£1.04 11.41+£0.23  0.075+£0.009
SPT-CL J2135—5726 3.20 5.26+£0.70 529£0.19  5.09£059  5.80+0.20  0.088=+£0.010
SPT-CL J2145—5644 3.03 5.824+0.75 828+0.17 4.17+0.62  8.70+0.18  0.048+0.007
SPT-CL J2146—4633 1.82 4.8940.66 5944013 422+071  6.36+0.15  0.066+0.011
SPT-CL J2148—-6116 2.38 4.0740.61 5334+0.12  4.88+1.53  5.82+020  0.084+£0.024
SPT-CL J2218—4519 2.28 4.70+0.66 560+0.13  535+£073  6.14£0.15  0.087+0.011
SPT-CL J2222—4834 2.28 4.77£0.66 5.12£0.15  3.07£0.54  542+0.16  0.057=£0.009
SPT-CL J2232—5959 2.45 4.87+0.69 535+0.16 6.82+£1.05 6.04+0.19 0.113+£0.016
SPT-CL J2233—5339 2.85 4.80+0.69 6.13£0.23  421£0.60 6.55+0.23  0.064=£0.009
SPT-CL J2236—4555 1.46 3.80+0.56 3.88+0.13  428+0.61 430+0.15  0.099+0.013
SPT-CL J2245—6206 2.47 4.75+0.67 7.40+0.16  7.87+£1.21  8.18+0.20  0.096+0.013
SPT-CL J2248—4431 5.04 13.05+1.54 21.15£022 8.62+0.88 22.01+0.24 0.039+0.004
SPT-CL J2258—4044 2.00 5.1840.68 5.4740.19 — — —
SPT-CL J2259—6057 2.10 4.93+0.67 565+0.11 411057  6.06+0.13  0.0680.009
SPT-CL J2301-4023 2.05 4.37+0.63 2.814+0.13 2494056  3.06+0.14  0.081+£0.017
SPT-CL J2306—6505 2.69 5.04£0.69 6.70+0.17  5.16£0.64  7.21+0.18  0.072£0.008
SPT-CL J2325—4111 3.90 6.3340.81 8574024  8.64+1.04 9.44+026  0.092+0.010
SPT-CL J2331-5051 2.51 4.894+0.65 538+0.16 4.68+£0.63 5.85+0.17  0.080£0.010
SPT-CL J2335—4544 2.69 5.37£0.71 7.64£0.19 625085 826+021  0.076£0.010

SPT-CL J2337-5942 231 7.054+0.85 8224034  6.51+092 887+035  0.073+0.010
SPT-CL J2341-5119 1.74 4.94+0.63 577+0.15 5.05+£0.82 627+0.17  0.081£0.012
SPT-CL J2342-5411 1.51 3.70+0.53 2.76+0.10  3.08£0.68 3.07+0.12  0.100£0.020
SPT-CL J2344—4243 3.07 9.60+1.14  13.82+0.14 7.56+£1.03 14.58£0.18  0.052+0.007
SPT-CL J2345-6405 1.78 4.65+0.63 4.87+0.24  5.06£091 5.38+£025  0.094+0.016

SPT-CL J2352—4657 2.00 4.094+0.62 3.66+0.14  563+0.85 423+0.16  0.133+0.018
SPT-CL J2355—5055 3.58 3.7840.61 4.06+0.08 2.75£0.58  4.33+0.10  0.063£0.013
SPT-CL J2359-5009 1.82 3.4440.55 3.11+£0.09 - -
SPT-CL J0106—5943 3.76 5.3340.73 567+0.13  4.68+£149  6.13+£020  0.076+£0.022
SPT-CL J2332-5053 2.08 2.63£0.58 2.38+0.20 4.35+0.8I1 2.82£022  0.154+0.027
SPT-CL J0232—4421 5.35 9.464+1.13 12.884+0.17 6.88£0.90 13.57£0.19  0.051£0.006
SPT-CL J0235—5121 4.53 5.44+0.74 6.95+0.15  4.38+0.65 7.39+0.17  0.059+0.008
SPT-CL J0516—5430 4.45 5974076  10.90+0.13  6.43+£0.97 11.54£0.17  0.056+0.008
SPT-CL J0522—4818 3.67 3.3840.73 3.67+£0.08 330+0.57 4.00+0.10  0.083+0.013
SPT-CL J0658—5556 5.71 12.71£1.51  22.69+0.17 - -

SPT-CL J2011-5725 3.85 3.364+0.65 3.61+£0.07 —— —— ——
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The biases in & arise because there are three degrees of freedom
adopted in the cluster detection: the cluster coordinates on the sky
and the scale or core radius of the matched filter employed in the
detection. For the mass estimates used here we adopt for these scal-
ing relation parameters

rsz = (Asz,Bsz,Csz,Dsz)
(4.84,1.66,0.55,0.20) 3)
along with their associated uncertainties ( ).

When we calculate the SZE-derived masses M5, we account for
the Malmquist bias, which arises from the intrinsic scatter and mea-
surement uncertainty coupling with the selection function in the
SPT-SZ survey, and the Eddington bias, which comes from the
intrinsic scatter and measurement uncertainties together with the
steeply falling behavior of the mass function on the high-mass end.

Our mass measurements are inferred from the SZE observ-
able & using the parameters of the SZE observable to mass relation
that have been calibrated self-consistently using information from
(1) the X-ray mass proxy Yx that is externally calibrated through
weak lensing information, and (2) the observed distribution of the
SPT-SZ cluster sample in & and z, which is connected to the under-
lying mass function through the observable to mass relation. The
mass calibration information coming from the mass function itself
is substantial—especially when external cosmological constraints
are adopted as priors (see Section 4.2 for more discussions of sys-
tematics in mass estimation). With these external constraints within
a flat ACDM context, the cosmological parameters are already so
well constrained that there is very little freedom in the underlying
halo mass function. Thus, the observable to mass relation that de-
scribes the mapping to the observed cluster distribution in & and z
is tightly constrained.

Note that the mass calibration obtained in
( ) and used in our analysis is statistically consistent with the
direct mass calibration through weak lensing using 32 SPT-SZ clus-
ters ( ) and dynamical analyses of 110 SPT-SZ
clusters ( ). The equivalent mass offset measure-
ment relative to ( ) is (—=9+21) % in the former
analyses and (4+12+£12) % in the latter analysis. These analyses in-
volve clusters over the full redshift range of interest to our analysis
025z51.2

We stress that in this analysis we account for both statistical
and systematic halo mass uncertainties. We consider the intrinsic
scatter in { at fixed mass together with the measurement noise in &
as a representation of the underlying { as statistical components of
the uncertainties, because they are independent from cluster to clus-
ter. The impact of this statistical component of the uncertainty on
the results we present here can be reduced by enlarging the sample
we study. We consider the uncertainties in the {-mass scaling rela-
tion parameters rgz to be systematic uncertainties, because a shift
in one of those parameters, for example the normalization param-
eter Agz, systematically shifts the halo masses of the entire cluster
ensemble. Moreover, these systematic uncertainties can only be re-
duced through an improved mass calibration of the sample.

To account for both statistical and systematic halo mass un-
certainties, we adopt a two step process. We first fix the cosmo-
logical parameters and scaling relation parameters rsyz rather than
marginalizing over the full posterior parameter distributions from

( ) when we estimate the total cluster mass Msqy.
In this first step, the uncertainties of the cluster masses only re-
flect the measurement uncertainties and intrinsic scatter in our SZE
halo masses, but do not include the systematic uncertainties due
to the uncertainties in the cosmological and SZE {—mass scaling
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relation parameters. Characteristically, these statistical mass uncer-
tainties are at the level of ~ 20 percent for a £& = 5 cluster. In a
second step, described in Section 4.2, we quantify the impact of
the systematic uncertainties on the best fit baryonic scaling relation
parameters that arise due to the uncertainties on the SZE {—mass
scaling relation parameters rgz presented in ( ).
Marginalizing over the uncertainties in the scaling relation parame-
ters rsz corresponds characteristically to a =~ 15 percent systematic
uncertainty on the cluster halo mass for our sample. Adding these
two components in quadrature leads to a = 25 percent total charac-
teristic uncertainty on a single cluster halo mass.

Unless otherwise stated, the baryonic scaling relation param-
eter uncertainties presented in the paper are the quadrature sum of
the statistical and systematic uncertainties. Note that both statistical
and systematic uncertainties are presented separately in Table 3.

3.2 ICM masses

We estimate the ICM mass Mjcy of each cluster by fitting the X-
ray surface brightness profile. The resulting Mjcy of each cluster is
listed in the Table 2. We briefly summarize the procedures below,
and we defer the readers to ( ) for more details.

After the reduction of the Chandra X-ray data, the surface
brightness profile is extracted in the energy range of 0.7 —2.0 keV
out to 1.5R500. The surface brightness profile is further corrected
for the spatial variation of the ICM properties (e.g., temperature) as
well as the telescope effective area. We then project the modified
B-model ( ) along the line of sight to fit the ob-
served surface brightness profile. In the end, the ICM mass Mjcy is
obtained by integrating the best-fit modified 3-model to the radius
of R50g, which comes directly from the SZE based halo mass.

We stress that the clusters used in this work have been imaged
uniformly by the Chandra X-ray telescope in the XVP program
with the goal of obtaining ~ 2000 source counts, which is sufficient
signal to allow us to measure Mycy with an uncertainty < 5% for
each cluster.

3.3 Stellar masses

To estimate the stellar mass M, of each cluster, we carry out SED
fitting of individual galaxies using six band photometry—either
griz[3.6][4.5] or grizW 1W2 (see Section 2.3 for more information
of constructing the photometric catalogs). In this work, we have
made no attempt to measure the intra cluster light because of the
limiting depth of the available imaging. We describe the procedure
of deriving stellar mass in the following subsections.

3.3.1 SED fitting

After constructing the catalogs (see Section 2.3.4), we use
Le Phare ( R ) to perform
the yx2-based SED fitting on the galaxies that lie in each cluster
field. We first compile a template library using the BCO3 code
with various input parameters. The parameters and their ranges
include (1) metallicities Z = 0.02,0.008, (2) star formation rates
that are exponentially decaying with e-folding timescales of T =
1.0, 2.0, 3.0, 5.0, 10.0, 15.0, 30.0 Gyr, (3) 40 ages logarithmi-
cally increasing from 0.01 Gyr to 13.5 Gyr, (4) redshift ranging
from O to 3.0 with a step of 0.02 and (4) the ( )
extinction law with reddening E (B—V) = 0.0, 0.1, 0.2, 0.3. This
template library is constructed with the goal of sampling the wide
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Figure 3. The plot of photo-z versus spec-z (top) and of photo-z mean er-
ror and RMS scatter (bottom) for the galaxy sample. Photo-z’s are mea-
sured using SED fitting with either griz[3.6][4.5] (red) or grizW IW2 (green)
photometry. The dashed lines in the upper panel bracket the region with
|Az]|/(14z) < 0.15. For clarity, these two samples are plotted with an off-
set of 0.02 on the x-axis.

range of physical characteristics expected for stellar populations in
galaxies in and near clusters. The ( ) initial mass func-
tion is used in constructing the library. Then, we run Le Phare
on each galaxy that lies within the observed footprint to estimate
the stellar mass and photometric redshift (photo-z or zp) simul-
taneously. During the fitting, we interpolate the templates among
the redshift steps. The SED fitting is performed by comparing pre-
dicted and observed fluxes in each of the six bands.

For estimating the stellar mass M, gcg of the Brightest Cluster
Galaxy (BCG), we run the same SED fitting pipeline on the BCG of
each cluster with its redshift fixed to the cluster redshift. The BCGs
have been visually identified and studied in ( ),
and their sky coordinates are listed in Table 1. When calculating
the stellar masses of non-BCG galaxies, we use the stellar masses
estimated based on the photo-z, regardless of whether there is a
spec-z available, in the interest of uniformity.

We use the sample of galaxies with spectroscopic redshifts
(spec-z or z5) to gauge the accuracy of our photo-z, and also to quan-
tify the systematics in deriving the stellar masses. In the following
comparison, we discard stars (see star/galaxy separation discussion
in Section 3.3.2). The measurements of spec-z are taken from the
previous SPT spectroscopic follow-up programs ( ;

), where a subset of &~ 100 SPT selected clusters
is targeted with the goal of obtaining ~ 25 — 35 spectra of galax-

ies per cluster for the purposes of cluster mass calibration (

; ). It is worth mentioning that we
include all galaxies with spec-z measurements in the comparison
even if they are in the fore- or background of the clusters. The
spec-z galaxies are selected to sample the cluster red sequence, and
we expect this strategy to provide an excellent sample for the pur-
poses of this work, given that the member galaxies of our clusters
are indeed dominated by passively evolving populations (

). We also note that we re-process the WISE datasets for
the full sample (including the ones with Spitzer follow-up obser-
vations); therefore, we are able to (1) increase the statistics in our
study of the SED fitting performance on grizW 1W2 and (2) cross-
compare the results obtained between griz[3.6][4.5] and grizW 1W2
for those 52 clusters with both WISE and Spitzer data. In the cluster
fields there are 2,149 galaxies in total with spec-z measurements for
the clusters with grizW 1W?2 photometry; for the clusters with the
IRAC photometry there are 999 galaxies.

A comparison between the photo-z’s and the spectroscopic
redshifts (spec-z or zs) for this sample is contained in Fig. 3. When
using the estimator Z_BEST? for the photo-z, we measure the mean
bias Az = (zp —zs) /(1+25) and the root-mean-square variation
about the mean as a function of redshift for the sample (bottom
panel). These values are in good agreement, regardless of which
NIR photometry is used (griz[3.6][4.5] in red and grizW1W2 in
green). Although the mean bias of the photo-z’s is statistically
consistent with no bias at each redshift bin separately, we do ob-
serve mild differences between the photo-z’s and spec-z’s, and these
translate into systematics in our stellar mass estimation. In at least
one previous work ( ), a photo-z correc-
tion was applied to reduce this systematic. In this work we account
for the uncertainties of the photo-z’s by employing the information
from the full probability distribution of the photo-z (instead of only
using a photo-z point estimator).

To quantify any resulting systematics in the derived stellar
masses that arise from the accuracy of the photo-z’s, we com-
pare the derived stellar masses using the same SED fitting on each
galaxy when adopting the photo-z and the spec-z. The results are
shown in Fig. 4. We find that the stellar masses m, of galaxies show
a mild bias as a function of redshift if photo-z’s are used: the de-
rived m, is biased high by ~ 0.05 — 0.07 dex at low redshift and
trends to a bias of ~ —0.07 dex as the redshift increases to ~ 1.2.
This fractional bias in stellar mass—denoted as §(z)—is present
for both photometric datasets. To correct for this bias, we fit a lin-
ear function J,(z) to the observed J(z), and we use this model to
correct the derived stellar masses of each cluster.

We repeat the exercise while using spectroscopic redshifts zg
with the two different sets of photometry. The results are shown
by the blue diamonds in Fig. 4. This comparison reveals any sys-
tematic offsets between the stellar masses when using the dif-
ferent datasets, and this appears to be well described by a red-
shift independent factor. Namely, the stellar masses estimated
with grizW 1W2 are systematically lower than those obtained with
griz[3.6][4.5] by ~ 0.031 dex (= 7%). We apply the correction
€ = log(my grizw1w2) —10g(m, griz[3.6)4.5) = —0.031 dex to the
stellar masses estimated from grizW 1W?2 to bring them into consis-
tency with those obtained using griz[3.6][4.5] (see Section 3.3.3).
In summary, the correction € accounts for the redshift-independent
offset in results from the two datasets, while the correction 6, (z)

3 The best estimate of photometric redshift from the maximum likelihood
estimation.

(© 0000 RAS, MNRAS 000, 000-000
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Figure 4. The comparison of derived stellar masses m, among the cases
of using photo-z, spec-z, and photometric catalogs. These comparisons are
made based on the galaxies with available spec-z measurements (see Sec-
tion 3.3.1). The comparison of stellar masses m, estimated with photom-
etry of griz[3.6][4.5] between photo-z and spec-z are in red circles, while
the same comparison but with photometry of grizW 1W2 is marked by the
green squares. Additionally, the comparison using the spec-z between the
photometry of griz[3.6][4.5] and grizW 1W2 is shown by the blue diamonds.
For clarity, these samples are plotted with an offset 0.02 in the x-axis.

accounts for the redshift-dependent discrepancy in the derived stel-
lar masses introduced by using photo-z’s.

3.3.2  Selection of cluster galaxies

After the SED fitting, we select the galaxies that are used in this
work by carrying out (1) the star/galaxy separation, (2) the photo-z
selection, and (3) the magnitude cut.

For the star/galaxy separation, the parameter spread_model
provides a robust identification of stars down to i-band magnitude
of ~ 22 mag in the DES data ( ); therefore we
exclude the stars in i band exhibiting ||spread_model|| <2 x 1073
with magnitudes brighter than 22 mag. We also discard any objects
with spread_model < —2 x 1073; these consist mainly of defects
or unreliable detections. The remaining faint stars (i > 22 mag) are
excluded by the statistical fore/background subtraction as described
below.

After discarding the stars, we reject the galaxies (1) whose
photo-z probability distributions are inconsistent with the cluster
redshift zy at the 30 or greater level, and (2) whose photo-z point
estimators satisfy || (zp —z4) /(1+2z4) || = 0.15. Note that for the
photo-z point estimator we use a conservative threshold (i.e., 0.15)
that is > 3 times the RMS scatter of || (zp —z4) / (1+24) || we ob-
served in the zp-zs relation. The purpose of the photo-z selection
is to remove the galaxies that are certainly outside the cluster, ob-
taining a highly complete sample of cluster members with lower
purity as a trade-off. We ultimately remove the contamination from
fore/background galaxies leaking into our sample by conducting a
statistical background subtraction (see Section 3.3.3).

© 0000 RAS, MNRAS 000, 000-000
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In the end, we apply a magnitude cut to select the galaxies
brighter than m, char + 2 mag in the band that is just redder than the
4000 A break in the observed frame. Specifically, we only select
galaxies with MAG_AUTO < i, char 12 in the 7 (i, z) band for clus-
ters at 7 < 0.35 (0.35 <z < 0.75, 2> 0.75), where the m, cpy; is pre-
dicted by the CSP model at the cluster redshift zq4 (see Section 2.1).
By employing the selections above, we ensure that we study and se-
lect the galaxy populations in a consistent manner across the whole
redshift range of the cluster sample.

3.3.3  Statistical background subtraction

To eliminate the contamination of (1) faint stars that are not dis-
carded by the cut in spread_model and (2) non-cluster galaxies
due to the photo-z scatter, we perform statistical background sub-
traction. Specifically, we select the footprint with the field of view
of ~ 1 deg? located at the center of the COSMOS field (

; ) as the background field, because this region
is also observed by DES and lies within the Spitzer Large Area Sur-
vey with Hyper-Suprime-Cam (SPLASH, ), with
the same wavelength coverage as our cluster fields. In the COS-
MOS field, we only use the passbands griz[3.6][4.5] to ensure the
uniformity between the optical and NIR datasets available for the
SPT clusters. Moreover, we stress that (1) this region is free from
any cluster that is as massive as the SPT clusters, (2) we specifi-
cally build this background field by coadding the single exposures
observed by the DES to reach comparable depth in the griz bands as
we have in the cluster fields, even though the combined DES data
in the COSMOS field would be much deeper, and (3) the photo-
metric catalogs of the griz bands are also processed and cataloged
using the CosmoDM system. For the photometry of [3.6] and [4.5]
used in the background field, we match our optical catalog to the
COSM0S2015 catalog released in ( ), using a match-
ing radius of 1” to obtain the magnitudes and fluxes observed by the
SPLASH survey. We note that the photometry of [3.6] and [4.5] in
the COSM0S2015 catalog has been properly deblended; therefore,
the number of ambiguous pairs in matching is negligible.

In this way, the photometric catalog of the background field is
constructed using the CosmoDM system and is based on the optical
detections in the same manner as the cluster fields. After construct-
ing the photometric catalog of the background field, we perform
the same SED fitting and galaxy selection (e.g., the spread model,
photo-z and magnitude cuts) to obtain the background properties
for each cluster. In other words, we have the stellar mass estimates
of the galaxy populations selected and analyzed in the same way on
each cluster field and in a corresponding background field. We ran-
domly draw multiple background apertures with the same size as
the cluster Rsgg (typically ~ 20 independent apertures, depending
on cluster size), and then adopt the ensemble behavior of the stellar
masses among these apertures for use as the background model of
the stellar masses toward each galaxy cluster (see Section 3.3.4).

3.3.4 Modelling stellar mass functions

We obtain the stellar mass of each cluster by integrating the stel-
lar mass function (SMF). In the process of modelling the SMF, we
exclude the BCG because the luminosity function of the BCGs ap-
pears to follow a Gaussian function separately from the satellite
galaxies (e.g., , ). The details of modelling
stellar mass function are described as follows.

First, we create the histograms of stellar mass ., = log(m.)
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after performing the galaxy selection (see Section 3.3.2) for both
cluster and background fields using stellar mass binning between
9 dex and 13 dex with an equal step of 0.2 dex. We use the Rsqg
for each cluster to define the region of interest in the cluster and
background fields. If there are non-observed portions of the Rsgg
region in the cluster field, then we modify the radii of the back-
ground apertures such that their areas match those of the cluster
field.
Second, we model the stellar mass function using a

( ) function,

D( M) = 0 100 a) @) 1014 )

)

for each cluster where ¢, is the normalization, mp,, is the charac-
teristic mass scale denoting the transition between the exponential
cutoff and the power-law componentns of the SMF, and « is the
faint end slope. We employ ( ) statistics to properly deal
with observations in the Poisson regime. Namely, we maximize the
log-likelihood

In (Lcstat) = 72,‘ (Mi *Di +D,<(1n(D,-) — ln(M;))) s (4)

where i runs over the stellar mass bins, D; is the observed number of
galaxies in the i-th bin of the stellar mass histogram observed on the
cluster field (which includes the cluster members and background),
and M; is the value of the model stellar mass function in the i-th
bin. We construct the model M; as

M; = fincmp,clu (m*i)(p (m*i) + fincmp,bkg (m*i)Bf )

where B; is the mean number of galaxies in the i-th bin of the stel-
lar mass histograms among the apertures that are randomly drawn
from the COSMOS field, and the uncertainty of the mean serves as
the background uncertainty. The incompleteness at the low-mass
end is accounted for by boosting the number of sources—for both
cluster and background fields (denoted by finemp,clu @nd finemp,bkg>
respectively)—based on the completeness functions in magnitude
(see Section 2.3) derived in the band used for the magnitude cut
(see Section 3.3.2). Specifically, we bin the galaxies in magnitude
space and randomly draw galaxies in each magnitude bin to meet
the number count required by the measured completeness function
(i.e., the original number multiplied by a factor of 1/ finemp(12)). In
this way, we use the completeness function in magnitude to derive
a completeness correction for each stellar mass bin.

Finally, we use emcee ( ) to ex-
plore the likelihood space of (@, mcpar, @). We begin with flat and
largely uninformative priors on these three parameters, and we find
that they are ill-constrained on a single cluster basis. The mean val-
ues of mcp, and o among the cluster sample are 10.89 dex and
—0.47, respectively, both with scatter of 0.25. Moreover, the en-
semble behavior of mgp,, and o show no trends with cluster mass
M5 or redshift. Motivated by the data, we therefore apply a Gaus-
sian prior with mean of 10.89 dex and width of 0.25 (mean of
—0.47 and width of 0.25) on mgp,, (0¢) for modelling the stellar
mass function of each cluster. The main impact of this informative
prior is a reduction in the uncertainty of the cluster stellar masses;
specifically, a return to the flat priors would increase the stellar
mass uncertainties by & (5 £20)% over the cluster sample. Once
the parameter constraints are in hand for each cluster, we derive the
integrated stellar mass M, s of each cluster by integrating over the
stellar mass function from a lower mass limit of log (m, /Mg ) = 10,
where we are = 80% complete for all but seven clusters. Extrapo-
lating our best-fit stellar mass function to lower stellar masses in-
creases the cluster stellar mass by ~ 3.5%. We assess the uncer-
tainty due to the cosmic variance in our background estimation that

cannot be captured by the solid angle COSMOS survey. Specifi-
cally, we use the analytic function derived in

( ) to calculate the cosmic variance of the galaxy population in
the COSMOS field at the cluster redshift z4 with the line-of-sight
length enclosed by the redshifts* of zg — 0.3 and zq +0.3; the re-
sulting uncertainties due to cosmic variance are 11%,8.7%,7.8%
and 7.5% at zg = 0.3,0.6,0.9 and 1.2, respectively. We do not in-
clude the cosmic variance in the error budget of the stellar mass
estimation.

There are three corrections that we need to apply to the in-
tegrated stellar mass—the masking correction, the correction for
systematics of the SED fit and a deprojection correction. First, due
to the insufficient field of view of the Spitzer follow-up observa-
tions, we apply the masking correction fi,5k to the integrated stel-
lar mass estimates. The masking correction fi,,s is obtained by
calculating the weighted ratio of geometric areas of the cluster foot-
print (nR%OO) to the observed footprint. The weighting factor is de-
rived based on a projected NFW profile £(r) with concentration
of Csp0 =2 ( ; ;

; ) to account for the radial distribution
of the cluster galaxies (e.g., the number densities of galaxies drop
significantly at large radii). For example, the weighting factor for
the area A is derived as [ £(x)dx, where reg is the effective radius
such that A = nrgff. By construction, fi,asx = 1 for the case of using
grizWISE photometry because our WISE imaging is wide enough
to cover the whole cluster footprint.

Second, we apply the correction to account for the systemat-
ics in the SED fitting (see Section 3.3.1). We apply the correction
to account for the systematics caused by the use of photometric
redshifts and a correction to take into account the systematic differ-
ences in stellar masses when measured using the two different NIR
datasets (grizW 1W?2 and griz[3.6][4.5]). We explicitly express the
stellar mass estimate M, within Rsq of each cluster as follows.

M, =10"% x (M*,BCG + Dadpj fmask 0.(2) M*,Sat) ) )]

where M, s, is the integrated stellar masses of non-BCG cluster
galaxies that lie within the cluster Rsqp; 6«(z) is the linear model
as a function of cluster redshift z taking the photo-z bias into ac-
count (see Section 3.3.1); fiask 1S the masking correction due to
the unobserved area in the footprint; Dgpj = 0.71 is the deprojec-
tion factor ( ) converting the galaxy distribution from
the volume of a cylinder to a sphere by assuming a NFW model
with concentration Cspy = 2; € = —0.031 is the correction for the
systematic between different NIR datasets (see Section 3.3.1); we
apply the correction 107¢ to bring the stellar masses from the ba-
sis of grizW1W2 to griz[3.6][4.5]—therefore—by definition, € = 0
for the case of using Spitzer datasets. Using a higher concentration
Cs00 = 3.2, which would be correct if the galaxy populations in
clusters were completely dominated by passively evolving galaxies
( ), would result in a higher deprojection factor of
Dgpj = 0.76. Therefore, we estimate that there is an associated de-
projection systematic in the stellar mass estimates that is at the level
of ~ 5%. The resulting M, of each cluster is listed in the Table 2.

4 SCALING RELATION FORM AND FITTING METHOD

In this work, we use the following functional form to describe the
scaling relation between the observable 2", the halo mass and the

4 We use half bin width of 0.3 because it is our typical photo-z uncertainty
for individual galaxies.

(© 0000 RAS, MNRAS 000, 000-000
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Figure 5. The single and joint parameter posterior likelihood distributions for the scaling relations stellar mass to halo mass (the upper-left panel), ICM mass
to halo mass (the upper-right panel), baryonic mass to halo mass (the lower-left panel), and cold baryon fraction to halo mass (the lower-right panel). The

normalizations A,, Ajcum, Ap and A are in the units of 10'2M, 103Me, 103M,

(Bocquet & Carter 2016).

redshift:

Tty (MSOO)B% ( fz(Z)))C‘” ©

My fz(zpiv
with log-normal intrinsic scatter in observable at fixed mass D o~ =
Oin 2 |Mspy» Where Ay is the normalization at the pivot mass Mpiy
and redshift zy;y, B9~ and C o~ are the power law indices of the mass
and redshift trends, respectively, and the notation 2" runs over M,
Micm, My and f;. The function f; describes the functional form
of the redshift trend. We use two functional forms for f; in each
scaling relation: the first one is f; = E(z), which is conventionally
used in the community of X-ray cluster cosmology and implies that
the redshift evolution of the observable at fixed mass is cosmology

© 0000 RAS, MNRAS 000, 000-000

and 1072, respectively. These plots are generated using the pygtc package

dependent. The second form is f; = (1 +z), which is a direct ob-
servable and has no cosmological sensitivity. In addition, we adopt
the pivot mass and redshift Mp;, = 4.8 x 10"M,, and Zpiv = 0.6
throughout this work, because they are the median values of mass
and redshift for our cluster sample.

4.1 Fitting procedure

We fit the scaling relations in a Bayesian framework, which ac-
counts for the Eddington bias, Malmquist bias and the selection
function of our cluster sample. The likelihood adopted in this work
has also been used in several previous studies (Liu et al. 2015b;
Chiu et al. 2016¢, Bulbul et. al. in preparation) and has been tested
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using large mocks, demonstrating that this likelihood can recover
unbiased input parameters. We defer the reader to the earlier refer-
ences for more detail, and provide here only a briefly description of
the likelihood.

This likelihood is specifically designed to obtain the targeted
observable 2" to halo mass relation (e.g., equation 6) of a sample of
clusters selected using another observable (e.g., the SZE observable
& used in this work). In this likelihood, we explore the parameter
space of the targeted scaling relation r 4~ while fixing the cosmo-
logical parameters and the scaling relation rgz that is used to infer
cluster halo masses.

We explicitly write down the likelihood as follows. We first
evaluate—for the i-th cluster at redshift z;—the probability .Z;(r ")
of observing the observable .2; given the scaling relations (r - and
rsz) and the selection observable &; that is used for inferred cluster
mass (see equation (1) and equation (2)), i.e.,

Z(K%) = P(%‘éﬁziar(‘l'arsz)
_ JdMsoo P( 25, Eilzira rsz) n(Msoo,zi) — (7)
JdMsoo P(&ilzi, 797, rsz) n(Msgo, z;)

where n(Ms, z;) is the mass function, for which the shape is fixed
because we do not vary the cosmological parameters. The

( ) mass function is used for calculating n(Msq,z;), but
for the mass range in this SPT cluster sample, using the more ac-
curate mass functions extracted from hydrodynamical simulations
would have no observable impact ( ). The best-
fit scaling relation parameters r - are then obtained by maximizing
the sum of the log-likelihoods of the N clusters,

Nai
nZ(ry) =Y InZry). ®)
i=1
We note that our scaling relation analysis does not include corre-
lated scatter between SZE based halo masses and the ICM and stel-
lar mass measurements. In other recent analyses of the SPT cluster
sample, no evidence for correlated scatter has emerged, and there-
fore adding an additional correlation coefficient would not impact
our results. Specifically, in ( ) a correlation co-
efficient pgz y is included in the analysis but not well constrained
by the data and has a value consistent with zero. In Figure 7 of
( ) the correlation coefficients describing the corre-
lated scatter among the SZE, X-ray and weak lensing mass proxies
all have large uncertainties and values that are consistent with zero.
This is not to say that there is no correlated scatter among these ob-
servables, but it is proof that with this sample any correlated scatter
that is present is too weak to be measured or to have an impact on
our fit parameters. Concretely, the extracted ICM mass scatter at
fixed halo mass from the ( ) analysis is measured
tobe 0. 106f8:8‘21(1), fully consistent with the results from our analysis
that we present in Table 3.

We use the python package emcee (

) to explore the parameter space of r4 . The intrinsic scatter
and measurement uncertainties of &; for each cluster are taken into
account while evaluating equation (8). We apply flat priors for r -
during the likelihood maximization. Precisely speaking, we adopt
the flat priors of B o in the range (0.1,3.5), C 9 in (—4,4),and D o
in (1073, 1.5) for all scaling relations (i.e., 2" runs over My, Micm,
My and f) except that we use the flat prior of (—1.5,0.0) for the
mass trend of f. For the normalization A -, we apply a flat prior of
% (101,1013) x M, 2 (10'2,10'*) x My, % (10'2,10'%) x Mg,
and ?/(10_27 10~ l) for the observable 2" as M, Micm, My and f¢,
respectively, where the notation of % denotes a uniform interval.

All measurement uncertainties of My, Micm, My, and f, are taken
to be Gaussian.

4.2 Cluster halo mass M5 systematic uncertainties

The uniformity of our sizable sample of galaxy clusters that have
been selected through their SZE signatures over a wide redshift
range of 0.25 < z < 1.25 represents one of the major strengths of
this work. Moreover, we analyze the multi-wavelength datasets in
the same manner for every system, and in doing so we further avoid
systematic uncertainties that can creep in with different treatments
by a variety of codes and authors. These two elements of our cur-
rent analysis enable a reduction in systematic uncertainties in com-
parison to many previous studies. Nevertheless, halo mass related
systematics remain.

We quantify the impact of systematic uncertainties due to re-
maining uncertainties in the SZE observable to mass scaling rela-
tion (i.e., equation (3). These systematic uncertainties correspond
to the variation of the best-fit SZE observable to mass relation that
are impacted by the number count constraints in the full likelihood
analysis including the variation of the cosmological parameters. As
quantified in ( ), the 10 uncertainties of the pa-
rameters (Asz,Bsz,Csz,Dsz), which are fully marginalized over
other nuisance parameters when performing a full likelihood anal-
ysis, are (0.91,0.08,0.32,0.07).

We separately vary the best-fit parameters of Asz, Bsz, Csz
and Dgz by their corresponding +10 and —10 uncertainties, and
then re-run the likelihood fitting code to calculate the resulting dif-
ference in the best-fit parameters quoted in Table 3. Given the lack
of evidence for covariance among the parameters of the SZE-mass
relation, we ignore the correlation among Asz, Bsz, Csz and Dgy.
That is, the resulting difference of Ay, , for instance, is calculated as

0.5 x AM*|(

parameters and observable—mass relations. These differences serve
as the systematic uncertainties that appear in Table 3. The result-
ing systematic uncertainties are smaller than or comparable with
the statistical uncertainties except in the case of the normalization
parameter A 2-. As will be shown, including the systematic uncer-
tainties increases the total error budget of Apy, , Apgey > Apg, and Ay,
by a factor of ~ 2, ~ 5.6, ~ 5.1 and ~ 1.6, respectively. On the
other hand, the systematic uncertainties are subdominant for mass
and redshift trends, and thus do not change the overall interpreta-
tion that significant infall from surrounding environments must be
taking place.

We present the resulting best fit parameters followed by their
statistical uncertainties and estimated systematic uncertainties for
each scaling relations in Table 3. In the discussion of the results
in the text we combine the statistical and systematic uncertainties
in quadrature and present only this combined estimate of the total
uncertainty.

Asz+ong,) —Aum, |(A527°-ASZ) , and this is the same for other

5 RESULTS

In this section, we aim to derive the scaling relations of galaxy
clusters describing the quantitative relationship between the baryon
content in its various forms and the cluster halo mass and redshift.
Specifically, we focus on (1) the stellar mass to halo mass and red-
shift relation M,—M5(y-z, (2) the ICM mass to halo mass and red-
shift relation Mycm—Ms00-2, (3) the baryonic mass to halo mass and
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Table 3. The best-fit parameters of the observable 2" to halo mass and
redshift scaling relations (equation 6). Columns A4, By, Co and Dy
are, respectively, the normalization, the power law index of the mass trends
and redshift trends, and the log-normal intrinsic scatter of the observable
at fixed mass and redshift. 2" is used to represent M, Micm, My, and f.
The units of the normalization A 5 are in lOles, 1013M@, 1013M3 and
102 for 2 of M, Micm, My, and f., respectively. Along with the best-fit
value, we present the statistical and systematic uncertainties in that order.
The systematic uncertainties reflect the underlying uncertainties on the SZE
mass—observable relation as described in detail in Section 4.2. When quot-
ing parameter uncertainties in the text we combine these statistical and sys-
tematic uncertainties in quadrature. The case of f; = (1 +z) is in the first
tier of the table, followed by the case of f; = E(z).

z Ay By Co Dy

f- = (1+z) in equation (6)

M, 4.00£0.13£0.25 0.80+0.1240.03 0.05+£0.2540.11 0.2240.0340.01

Micm 5.6940.1140.61 1.33£0.07+0.05 —0.15£0.14£0.17  0.114+0.02+0.03
M, 6.17+£0.12£0.61 1.29£0.07+0.05 —0.16£0.15£0.17  0.124+0.02+0.03
fe 6.78£0.22+£0.28  —0.51£0.12+0.02 0.08 £0.24+0.05 0.24+0.03£0.01

f: = E(2) in equation (6)

M, 4.00+£0.13+£0.25 0.80+0.1240.03 0.034£0.2640.11 0.2240.0340.01

Micm  5.70£0.11£0.61 1.3240.0740.05 —0.17£0.15£0.17  0.124+0.024+0.03

M, 6.164+0.1240.61 1.284:0.08+0.05 —0.17£0.16£0.17  0.124+0.024+0.03

fe 6.794+0.2240.28  —0.53£0.12+0.02 0.0540.2740.05 0.2440.0340.01

redshift relation M,—Msgp-z, and (4) the fraction of cold collapsed
baryons to halo mass and redshift relation f.—Ms50g-z.

We estimate the halo masses M5 and the ICM masses Micm
of the 91 SPT clusters using their SZE observables and uniform
Chandra X-ray followup imaging, respectively. A subset of 84
clusters out of the full sample is imaged in the optical as part of
DES and in the NIR with Spitzer and WISE, enabling us to obtain
the stellar masses M, of these 84 systems. As a result, the scaling
relations we present contain only 84 SZE-selected clusters except
in the case of the ICM mass to halo mass relation, where we are
able to use the full sample.

In the following subsections, we present our results.

5.1 Stellar mass to halo mass relation

In this work, we obtain the stellar mass to halo mass scaling relation
based on the 84 clusters selected by the SPT at 0.25 < z < 1.25. The
resulting scaling relation is

M, = (4.0040.28) x 10"”M x

MSOO 0.80+0.12 14z 0.05+0.27 (9)
4.8 x 1014M,, 1406

with the log-normal intrinsic scatter of 0.2240.03. Full results with
both forms of the redshift evolution are shown in Table 3. The fully
marginalized posteriors and covariance of these parameters appear
in Fig. 5.

The best-fit scaling relation and the derived M, are shown in
Fig. 6, where we also show the stellar mass fraction defined by

M,
Mspo

* =

In Fig. 6, we present M, and f, as functions of cluster mass Msgg
and redshift z. Because the constraints of two kinds of the scal-
ing relations are very similar, we only show the case for f; = E(z)
in this figure. The mass trends of M, (the lower panel) and fi
(the upper panel) with respect to the pivot z;, are contained in
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the left panel, while their redshift trends at the pivot mass Mpiy
are shown in the right panel. To present the mass trends at the
characteristic redshift Zpiv = 0.6, we normalize M, and f, to the
pivot redshift zyy (i.e., dividing them by the best-fit redshift trend

(E(z)/E (Zpiv))c*). Similarly, we remove the mass trends to high-
light the redshift trends by dividing the M, and f, by an appropriate
factor (i.e. (M500/4,8 X 1014M@)B" for M,).

The derived scaling relation suggests a strong mass trend
B, =0.80£0.12, while the redshift trend is statistically consistent
with zero (C, = 0.05 +0.27) with a large uncertainty. The normal-
ization A, = (4.0040.28) x 10'>M, implies a stellar mass fraction
f of (0.8340.06)% at the pivot mass Mp, = 4.8 x 101*M, and
the pivot redshift z;y = 0.6. Our results, based on an approximately
mass-limited sample of clusters, suggest that the stellar mass con-
tent is well-established and not evolving in massive clusters with
Msp = 4 x 10M*Mg at 0.25 < z < 1.25. Switching from f;, = E(z)
to f; = (1+z) provides a similar scenario.

We compare our SPT results to the previous work, as also
shown in Fig. 6. The comparison samples are (1) ( s
LO03), where they measured the Mjcym and M, of 27 nearby clus-
ters at z < 0.1, (2) ( , Z11), where a sample of
19 clusters selected by their X-ray fluxes was studied, (3)

( , L12), where a census of baryon content using 94 clusters
at 0 < z < 0.6 was conducted, (4) ( , GZZ713),
where they studied baryon fractions of 12 clusters at z =~ 0.1, (5)
( , H13), where the stellar content of a sample
of 14 SZE-selected clusters was measured, (6)
( , vdB14), where they measured the stellar masses of a sample
of 10 low-mass clusters selected in NIR at high redshift (z ~ 1), (7)
the XMM-BCS sample from ( ), where they used
uniform NIR imaging deriving the stellar masses of 46 X-ray se-
lected galaxy groups, and (8) the latest results from XXL.100—the
100 brightest galaxy clusters or groups selected by the XXL survey
( ), for which we only use a subset of 34 clusters
with available measurements of the ICM and stellar masses (see
their Table 1).

For a fair comparison, we need to account for various sys-
tematic differences among the comparison samples. For example,
a different initial mass function (e.g., the ( ) model)
of stellar population synthesis used in inferring stellar masses re-
sults in a factor ~ 2 higher estimations than the ones derived using
the ( ) mass function, which we use here. Also, it has
been demonstrated and quantified in ( ) that the
cluster masses inferred by X-ray—usually based on the assumption
of hydrostatic equilibrium in the state of ICM—are biased low by
=~ 12% as compared to our SZE derived masses. Additionally, the
cluster masses inferred from cluster velocity dispersions are ~ 4%
higher than the SZE derived masses. Therefore, we apply the cor-
rections to the comparison samples. Specifically, we multiply 0.76
(0.58) to the stellar mass fractions of the samples in L03, L12 and
GZZ13 (Z11 and H13) to bring their stellar masses into the mass
floor determined by the ( ) initial mass function. To
account for the systematic shifts in cluster masses, we also multiply
a factor of 1.12 (0.96) to the M5 estimates in LO3, L12, GZZ13
and the XMM-BCS samples (Z11, H13 and vdB14), resulting in
another correction of a factor 1.04 (0.98) to the M, estimation due
to the changing Rsyo due to the updated Msqg. For the XXL100
sample, we also multiply a factor of 0.96 (0.98) to the Msgy (M)



14  Chiu et al.

0.3} Planck + Muzzin13 + ZI11
+ LO3 +  H13
+ vdBl4 <+ L12
0.1} + Gzz13 % XXL100
XMMBCS -+ SPT (this work)

=~
=
a
S
=
~
3
=

0.1

0.2 1 5
Moo [10M M]

10 25

0.3 23 Planck + Muzzinl3 + Z11
 Lo3 4 HI13
+  vdBl4 ¢ L12
0.1 ¢ Gzz13 % XXL100
XMMBCS ¢ SPT (this work)

M,

)P

G

M, /102
Msoo
My

1.3 1.6
1+2

2022 25

Figure 6. The scaling relations of stellar mass M, (lower half) and stellar mass fraction f, (upper half) based on 84 SPT clusters. The left and right panels show
the mass and redshift trends with respect to the pivot mass My, = 4.8 x 10'“M, and redshift Zpiv = 0.6, respectively. The black points are the measurements
of the SPT clusters, while the comparison samples are color-coded as shown in the legend. The cosmic value of the stellar mass fraction, derived from the
combination of the field stellar mass density (Muzzin et al. 2013; Cole et al. 2001; Bell et al. 2003; Baldry et al. 2012) and the CMB cosmological constraints
(Planck Collaboration et al. 2016), is indicated by the yellow bar. The grey areas indicate the fully marginalized 16 confidence regions of the best-fit scaling

relation extracted from the SPT clusters only.

estimates based on their reported systematics in mass’. We stress
that the best-fit (grey) region is the fit only to the SPT sample and is
extrapolating to the mass and redshift ranges sampled by the com-
parison samples.

As seen in Fig. 6, the SPT clusters are consistent with all the
comparison samples in the context of mass and redshift trends—
showing that (1) higher mass clusters have lower stellar mass frac-
tions, with the stellar mass fraction f, decreasing from ~ 3%
at Msgy =~ 5 x 1083Mg, to ~ 0.5% at Msgy ~ 2 x 105M, as
Mg 0-20£0-12 "and (2) the stellar mass at the typical cluster mass
4.8 x 10"M, does not vary with redshift to within the uncertain-
ties such that the stellar mass fraction f; is ~ 0.8% out to redshift
z ~ 1.3. The mass slope (B, = 0.80£0.12) of the SPT clusters is
statistically consistent with L0O3 (0.74 +0.09), Z11 (0.61 £0.09),
L12 (0.71 £0.04), H13 (1.11 £0.4), GZZ13 (0.52 +0.04) and
the XMM-BCS sample (0.69 4 0.15). It is worth mentioning that
our sample of SPT clusters uniformly samples the high-mass end
in a wide redshift range 0.25 < z < 1.25, providing a direct con-
straint on the redshift trends out to z & 1.25, for which the best-fit
redshift trend (C, = 0.05+0.27) is in good agreement with L12
(—0.06 £0.22) and the XMM-BCS sample (—0.04 £ 0.47) at the
low-mass end. We note that there are residual systematics in the

5 In Eckert et al. (2016), the ratio of the weak lensing mass to the one
inferred by SZE is ~ 0.96 based on their reported values.

normalization of M, on the order of < 40% depending on the com-
parison samples. However, this does not change the qualitative pic-
ture significantly, given the large intrinsic scatter and measurement
uncertainties, which are comparable to the systematic uncertainties
here. Therefore, we conclude that the stellar mass shows a strong
correlation with cluster mass as /&~ Msp-80+0-12 and no statistically
significant redshift trend out to z ~ 1.3.

We compare the stellar mass fraction f; in the environment of
galaxy clusters to the cosmic stellar mass fraction, which is inferred
from the ratio of the stellar mass density in the field to the mean
matter density. Specifically, we use the evolution of the stellar mass
densities (in comoving volume with the unit of Mg,/ Mpc?) mea-
sured from the COSMOS/UltraVISTA survey (Muzzin et al. 2013)
at 0.2 < z < 1.5 together with the ones estimated at z < 0.2 (from
Cole et al. 20013 Bell et al. 2003; Baldry et al. 2012), and convert
them into stellar mass fraction as a function of redshift by divid-
ing by the matter density estimated by the cosmological parameters
determined by Planck (Planck Collaboration et al. 2016). Note that
we linearly interpolate the stellar mass densities between the mea-
surements at the adjacent redshift bins in Cole et al. (2001), Bell
etal. (2003), Baldry et al. (2012) and Muzzin et al. (2013). We show
the cosmic stellar mass fraction with yellow bars in Fig. 6, where
the mass trend of the cosmic stellar mass fraction (in the left panel)
is normalized at redshift zp;, = 0.6 (same as the clusters), and the
redshift trend (in the right panel) shows the evolution of the stellar
mass fraction in the field. As seen in the upper-left panel of Fig. 6,
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the stellar mass per unit halo mass in the cluster environment is sig-
nificantly higher than the cosmic value at the characteristic redshift
Zpiv = 0.6. In the upper-right panel, the stellar mass fraction f in
the environment of galaxy clusters remains approximately constant
with redshift, while the stellar mass per unit total matter in the field
grows significantly by about an order of magnitude since redshift
z =~ 1.5. This clearly suggests that, based on the decreasing mass
trend of the stellar mass fraction to halo mass relation without a
significant redshift trend, massive clusters cannot form by simply
accreting clusters with lower masses. In such a scenario the stellar
mass fraction f; of high mass clusters would be indistinguishable
from low mass clusters. Instead, a significant amount of infall from
the lower density surrounding structures, which have substantially
lower stellar mass fractions, must contribute to the matter assem-
bly of galaxy clusters such that the stellar mass fraction f, remains
roughly constant at fixed mass over cosmic time. That is, the in-
fall from the surrounding environments must be in balance with the
matter accretion from low mass galaxy clusters or groups to main-
tain the approximately constant stellar mass per hosting mass in the
environment of clusters. We return to this discussion in Section 6.1.

5.2 ICM mass to halo mass relation

The ICM mass to halo mass scaling relation is obtained using the
full sample of 91 clusters at redshift 0.25 < z < 1.25. The best-fit
parameters are shown in Table 3, and the parameter covariances can
be seen in Fig. 5. We present the best-fit scaling relations and our
measurements of Mycy in Fig. 7, where we also show the results
for the ICM mass fraction ficym defined by

In Fig. 7, we normalize Mjcy and ficy in the same way as in Sec-
tion 5.1 to allow a clear picture of the mass and redshift trends.
The best-fit scaling relation is

Micm = (5.69£0.62) x 10°°Mg x

MSOO 1.33+0.09 14z —0.15+£0.22 (] O)
4.8 x 1014M,, 1+0.6

with log-normal intrinsic scatter of 0.11 £ 0.04. The resulting
mass and redshift trend parameters are Bycyy = 1.33 +0.09 and
Cicm = —0.15 £0.22, respectively, indicating a highly significant
mass trend but a redshift trend that is statistically consistent with
zero out to redshift z &~ 1.25. The best-fit normalization Aoy is
(5.6940.62) x 1013M, implying that the typical ICM mass frac-
tion ficm is (124 1.3)% at the pivot mass My = 4.8 x 1014M,
and redshift z,;, = 0.6.
Similar to the stellar mass to halo mass scaling relation, we
compare our results to those from previous studies. We include
( , VO6)—where they studied the X-ray scal-
ing relations of 13 relaxed clusters at low redshift z < 0.3—in this
comparison. To remove the known systematics raised from deriv-
ing cluster masses M5 in different ways, we again multiply the
halo masses by a factor of 1.12 (0.96) in the samples of L03, V06,
L12 and GZZ13 (Z11, XXL100), and this correspondingly results
in a factor of 1.04 (0.98) change to the Mjcy estimates due to the
change in Rsgg. It has been demonstrated that the ICM mass de-
termination is more robust as compared to other X-ray observables
(e.g., temperature), and no strong systematics exist between values
obtained using different X-ray telescopes (e.g., ;
)—therefore, we do not apply observa-
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tory based systematic corrections to the ICM mass estimations in
the comparison samples.

We show the comparison samples in Fig. 7. The mass trend
parameter (Bjcy = 1.32+0.07) for the SPT clusters is statistically
consistent with most comparison samples—Z711 (1.38£0.36), L12
(1.13£0.03), GZZ13 (1.26 £ 0.03), and XXL100 (1.21701}) but
is in some tension with another sample WtG16 (1.04 £ 0.05)
( ). As clearly seen in the left panel, the ICM
mass Mjcy is a strong function of cluster mass Msg, increas-
ing as o< Mo 33099 which implies that the ficym increases
as s M5000'33i0'07 from ~ 7% at M500 ~ ]014M@ to ~ 15%
at Mspy ~ 101°Mg,. The departure of the mass trend parameter
for our SPT cluster sample from 1 (i.e. no mass trend, the self-
similar expectation) is statistically significant at the > 4.50 level.
This mass-dependent ICM mass fraction ficy was first noted in
a homogeneous analysis of a large, local cluster sample by

( ), and was also observed later in various sizable sam-
ples (e.g., , ). Under the assumption
that the temperature to mass relation is approximately self-similar

(Tx =~ Msoo%), the constraints on the mass trend parameter of the
ficm to mass relation would be ficm & Misg0-32E0-08

Y and ficm & Mg 191002 ). Both of
these studies show inconsistency with the self-similar expectation
(i.e. constant gas fraction) at 2> 40 significance. A mass depen-
dent ficm has long been suggested as the underlying cause of the
non-self similar slopes of the luminosity—temperature (

; ) and the X-ray isophotal size—
temperature relations ( ).

Interestingly, as can be seen in the right panel, the ICM mass
at the typical mass My, = 4.8 x 104M, is ~ (5.69 & 0.62) x
103M, and it shows no statistically significant redshift trend
(o< (1 + 7)"0-15%022) oyt to z ~ 1.3. Our results obtained from
the SPT clusters together with the comparison samples suggest
that (1) the ICM mass inside the massive clusters shows strong
mass-dependent behavior with the ICM mass fraction ficy increas-
ing with cluster mass (trend significant at 2 4.50 level in cur-
rent analysis), and (2) the ICM content of galaxy clusters (with
Msoo 2 10'“M;) has not changed significantly within Rsqg since
redshift z ~ 1.25.

Similarly to Section 5.1, we also compare the ICM mass frac-
tion ficm of galaxy clusters to the cosmic value. To derive the cos-
mic value, we calculate the total baryon fraction (the baryonic mass
per total mass) from the cosmological parameters determined by
Planck ( ), and then subtract the
cosmic stellar mass fraction (see Section 5.1). We show the cosmic
value by the yellow bars in Fig. 7 in the same manner as in Fig. 6.
As seen in Fig. 7, the ICM mass per total mass in galaxy clusters is
a strong function of halo mass and is all significantly lower than the
cosmic value (= 0.15) for all but the most massive clusters over the
full redshift range probed. To have ficy remain roughly constant
with redshift, the balance between the infall from the surround-
ing environments and accretion of cluster and group scale subhalos
must exist during cluster formation, which is qualitatively consis-
tent with the picture implied by the stellar mass fraction (see Sec-
tion 5.1). We will discuss this scenario in detail in Section 6.1.

6 Note that we re-fit the data using the functional form of ficm ~ Msgo?
instead of quoting the original value obtained with the functional form of
Jficm = Blog(Msg) used in ( ). In addition, we confirm
that we can recover their mass slope using their functional form.



16  Chiu et al.

0.5} 4 Planck + Muzzinl3 + ZI11
+ LO3 <+ L12
<+ Gzz13 #* XXL100
v V06 <4 SPT (this work)
0.3}
IS
5
<k
=
=)
—
~
z
<
=

0.5 1 5 10 25
Moo [10M M]

0.5} EZ3  Planck + Muzzinl3 + 711
+Lo3 ¢ L12
¢ Gzz13 *  XXL100
0.3 vy V06 ¢ SPT (this work)

fICM

Micn /10" M,

1.0 1.3 1.6
1+2

2022 25

Figure 7. The scaling relations of the ICM mass Mjcm (below) and ICM mass fraction ficm (above) to halo mass are based on 91 SPT clusters. The SPT
clusters and the comparison samples are plotted in the same manner as in Fig. 6, while the cosmic value, derived from the combination of the field stellar mass
density (Muzzin et al. 2013; Cole et al. 2001; Bell et al. 2003; Baldry et al. 2012) and the CMB cosmological constraints (Planck Collaboration et al. 2016), is
indicated by the yellow bar. Note that the yellow bars represent the cosmic mean gas fraction rather than the ICM fraction we expect within clusters. The grey
areas indicate the fully marginalized 16 confidence regions of the best-fit scaling relation extracted from the SPT clusters only.

5.3 Baryonic mass to halo mass relation

The total baryonic mass M, is estimated as the sum of the ICM
and stellar masses (M}, = Micm + M,.). The baryonic mass to halo
mass scaling relation is obtained using the subsample of 84 clus-
ters with M, measurements at redshift 0.25 < z < 1.25. The best-fit
parameters and their joint confidence constraints are in Table 3 and
Fig. 5, respectively. We present the best-fit scaling relation and our
measurements of baryonic mass M}, and baryon fraction f,

_ My
b=73, >
M50
in Fig. 8, where we normalize Mjcyp and ficy in the same way as

in Section 5.1 to disentangle the mass and redshift trends.
The best-fit scaling relation is

6.174+0.62) x 1013M,, x
©

MSO() 1.2940.09 142 —0.1640.23 (] ])
4.8 x 10M,, 1+0.6

with log-normal intrinsic scatter of 0.12 + 0.04. The resulting
mass and redshift trend parameters are B, = 1.29 £ 0.09 and
Cp = —0.16 £0.23, respectively. The best-fit normalization Ay is
(6.17 £ 0.62) x 1013M,,, suggesting that the typical total bary-
onic mass fraction f;, is about (12.8 £1.29)% at the pivot mass
My = 4.8 ¥ 1014M@ and redshift zp;, = 0.6. The general picture
is the same as for the ICM mass to halo mass relation (see Sec-
tion 5.2): adding the stellar mass to the ICM mass flattens the mass

M, =

trend by ~ 0.50 (from Bycp ~ 1.32 to By ~ 1.29) and results in an
increase in the normalization of ~ 9% (from Ay ~ 5.7 x 1013 Mg
to Ap ~ 6.2 x 1013My).

After applying the corrections to remove the known system-
atics (see Section 5.1 and Section 5.2), we also compare our re-
sults to previous work (L03, Z11, L12, GZZ13). The mass slope
By, of the SPT clusters is 1.29 £0.09, which is statistically con-
sistent with LO3 (1.148 £0.04), Z11 (1.22 £0.57) and GZZ13
(1.16 £0.04). Again, no significant redshift trend is observed (Cy, =
—0.16 £0.23, see the right panel in Fig. 8). We stress that our SPT
sample provides unique access to the baryon content of galaxy clus-
ters out to redshift z ~ 1.25 and therefore constrains the redshift
trends directly for the first time based on a uniformly selected, ap-
proximately mass-limited sample with homogeneously estimated
masses.

We compare the baryon fractions of galaxy clusters to the cos-
mic baryon fraction,

Q
2 ~0.157£0.004, 12)
QM

determined by the cosmological parameters estimated by Planck
(Planck Collaboration et al. 2016) in Fig. 8. The baryon fraction
provides a cleaner measure in the context of matter accretion than
stellar or ICM mass fractions, because the total mass of baryons
per unit mass is expected to be invariant over cosmic time and is
less subject to ICM cooling and star formation, which result in
the interchange between cold and hot baryonic components. We
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Figure 8. The scaling relations of the baryonic mass My (below) and baryonic mass fraction f;, (above) to halo mass are based on 84 SPT clusters. The
SPT clusters and the comparison samples are plotted in the same manner as in Fig. 6, while the cosmic value of the baryon fraction, derived from the CMB
cosmological constraints (Planck Collaboration et al. 2016), is indicated by the yellow bar. The grey areas indicate the fully marginalized 1o confidence

regions of the best-fit scaling relation extracted from the SPT clusters only.

show the cosmic baryon fraction with the yellow bars in Fig. 8 in
the same manner as in previous subsections. At the typical mass
scale of My, = 4.8 X 10'M, (see the upper-right panel of Fig. 8),
the baryon fraction of clusters is constantly lower than the cosmic
baryon fraction since the highest redshifts probed here z ~ 1.25. On
this mass scale, the baryon depletion factor is

Jo

P=1———
Qp/Qm

=0.18£0.02. (13)
over the full redshift range we probe. We return to a discussion of
the depletion factor in Section 4.2.

A clear mass trend of total baryon fraction in galaxy clusters
that is significantly lower than the cosmic fraction since redshift z ~
1.25 again reinforces the picture that the infall from lower density
regions outside collapsed halos must be in rough balance with the
infall from material within the virial regions of lower mass galaxy
clusters and groups. We will return to this discussion in Section 6.1.

5.4 Cold collapsed baryonic fraction to halo mass relation

The cold collapsed baryonic fraction (or cold fraction),
_ M, M,

T My, Miem M,

is a particularly interesting measurement because it involves only
the ICM and stellar mass estimations, and is expected to be less
subject to any systematics that impact the cluster halo mass Msy.
Moreover, the cold fraction is defined as the fraction of baryonic

Jfe
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mass in stars, which could also serve as a constraint on the inte-
grated star formation rate inside galaxy clusters. The cold baryonic
fraction to halo mass scaling relation is obtained based on the sub-
sample of 84 clusters at redshift 0.25 < z < 1.25 with M, measure-
ments. The best-fit parameters, the joint parameter constraints and
the measurements are presented in Table 3, Fig. 5 and Fig. 9, re-
spectively. Again, we normalize f; in Fig. 9 in the same way as in
Section 5.1 to present the mass and redshift trends independently.
The resulting scaling relation is

—0.514+0.12
M
fex100 = (6.784+0.36)% ( ——0
4.8 x 10*M,,
1 0.08+0.26
+z (14)
1+0.6

with the log-normal intrinsic scatter 0.24 +0.03. The best-fit mass
and redshift trend parameters areB, = —0.51 0.12 and C. =
0.08 & 0.26, respectively. The normalization A, indicates that the
fraction of baryonic mass in stars is (6.78 +0.36)% at the pivot
mass 4.8 x 101*M, and redshift z,;, = 0.6. The cold fraction is a
strong function of mass, falling with ~ 4.5¢ statistical significance
such that at the pivot redshift zp;, = 0.6, f decreases from ~ 10%
to < 3% as the cluster halo mass increases by a factor of ~ 10
from Mspg = 2 x 101*Mg to Mspg > 2 x 10°Mg. The cold frac-
tion shows no statistically significant evidence of a redshift trend.
We compare our results to previous work in Fig. 9. The re-
sults of the SPT clusters are in good agreement with previous
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Figure 9. The scaling relation of the cold baryonic fraction f; to halo mass
is based on 84 SPT clusters. The SPT clusters and the comparison sam-
ples are plotted in the same manner as in Fig. 6, while the cosmic value of
the cold baryon fraction, derived from the combination of the field stellar
mass density (Muzzin et al. 2013; Cole et al. 2001; Bell et al. 2003; Baldry
et al. 2012) and the CMB cosmological constraints (Planck Collaboration
et al. 2010), is indicated by the yellow bar. The grey areas indicate the fully
marginalized 16 confidence regions of the best-fit scaling relation extracted
from the SPT clusters only.

work’: the mass slope (B, = —0.51 £ 0.12) is statistically consis-
tent with L03 and L12 (—0.41 £0.10), Z11 (—0.61 +0.58) and
GZZ13 (—0.64 £ 0.06). As seen in Fig. 9, f. for the SPT clusters
behaves in a manner that is consistent with the comparison samples
that extend to lower mass. That is, the cold fraction decreases from
~ 20% at Msgy ~ 10MM, to < 3% at Msgg > 2 x 105M,. In ad-
dition, this cold fraction has little dependence on cluster redshift.

7 We derive the mass slopes of the comparison samples based on their re-
ported mass slopes of By, and B, (i.e., B ~ B, — By,)
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Figure 10. The relation between the stellar mass M, and the ICM mass
Micm among the 84 clusters. This relation is approximated as M, = 4 x
Micm

1012M,, % (m
and Micm-to-Msoo relations. Each cluster is color-coded by the redshift,
while the confidence levels (grey area) of the M, -to-Mjcym relation are fully
marginalized and extracted from the MCMC chains of the M,-to-Msqyy and
Micm-to-Msg relations. The dashed line indicates the cold baryon fraction
of 6% at the pivot mass and redshift.

0.60
) by assuming no redshift trends for M, -to-Msgg

This suggests that cold fractions of galaxy clusters have been well-
established since redshift z ~ 1.25 and are determined primarily by
the host halo mass. In addition, the integrated star formation rates
for the components that make up massive galaxy clusters are sig-
nificantly suppressed relative to those for the components of lower
mass galaxy clusters.

This picture is further illustrated in Fig. 10, where we show
the stellar mass as a function of ICM mass. In addition, we also
show the constant cold baryon fraction at 6% as the dashed line in
Fig 10. We derive the stellar mass to ICM mass relation directly
from equations (9) and (10), assuming that the there is no redshift
trend. This relation can be approximated as

Micm
5.7 % 103M,,

We also further extract the fully marginalized 10 confidence region
for equation (15) directly from the MCMC chains from fitting the
stellar mass to halo mass (equation (9)) and ICM mass to halo mass
(equation (10)) relations; this is indicated as the grey area in Fig. 10.
The tilt of the stellar mass to ICM mass relation from a constant
cold baryon fraction reflects the presence of the mass-dependent
integrated star formation rate. It is worth mentioning that this result
may be an indication that stellar mass growth is strongly affected
by merger-triggered star formation in clusters of galaxies, resulting
in an inverse halo mass dependence (e.g., Brodwin et al. 2013).
We also compare the cold fraction of galaxy clusters to the
cosmic value inferred from the stellar mass and the total baryon
fraction of the field. We obtain the cosmic cold fraction by dividing
the stellar mass fraction obtained from the field luminosity function
by the total baryon fraction for the Universe. This is shown with the
yellow bars in Fig. 9. In the upper panel, the cosmic cold fraction
is at & 3.8 £0.7% at the characteristic redshift z,;;, = 0.6, which is
significantly lower than the cold fraction of galaxy clusters across

0.600.10
) 15)

M, =4x10""Mg x (
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Figure 11. The average cold baryon fraction f;(< r) within a radius r. Indi-
vidual systems are shown with dashed-lines that are color-coded by the red-
shift according to the color bar on the right, while the mean of these clusters
is shown in black. The average cold baryon fraction f.(< r) falls with in-
creasing radius, but shows no redshift dependence. The mean Rsgg (with the
RMS of the sample) is plotted as the green area, centered at ~ 0.9 Mpc. The
grey, horizontal bar indicates the cosmic value of the cold baryon fraction
at the pivot redshift zp;, = 0.6.

the mass range (Msgp < 101°My). In the lower panel, the cosmic
cold fraction grows significantly from < 1% at z 2 0.7 to = 5.5%
at z ~ 0, which follows from the significant growth of the cosmic
stellar mass fraction seen as the yellow bar in the upper-right panel
of Fig. 6. Therefore, the same scenario where there is significant
infall from the field for massive clusters is also supported by the
results from the cold baryon fraction analysis.

Another interesting measurement is the cold fraction as a func-
tion of radius within the cluster, because it is less subject to the
systematics associated with the overall halo mass scale. To make
this measurement, we repeat the analysis in Sections 3.2 and 3.3,
i.e. the determination of ICM and stellar masses, for radii between
0.2 Mpc and 2 Mpc with a step of 50 kpc. The enclosed cold frac-
tion fo(< r) as a function radius appears in Fig. 11. In Fig. 11,
individual cluster profiles are color-coded according to their red-
shift, and we only use measurements with the masking correction
Smask < 1.2. The stacked f.(< r) profile of all clusters is shown as
the black line, while the typical R5yo with its standard deviation is
independently plotted as the green region. We can see that the f,
is clearly a function of radius that monotonically decreases from
~ 20% in the central regions (r < 0.2 Mpc) to the < 6% beyond
=2 1 Mpc, which is typically the scale of Rsgg for the SPT clusters.

6 DISCUSSION

In this section we discuss a toy model that provides a scenario by
which the behavior we have presented could emerge from hierar-
chical structure formation. Thereafter, we explore the impact of
adopting a Planck CMB anisotropy based cosmology prior.

6.1 Sources of Accretion onto Halos
In Section 5, we have presented the baryon content of galaxy

clusters from a large, approximately mass-limited cluster sample
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(Mspo > 4 x 10"M,) and the variations of these baryonic quan-
tities with halo mass and redshift. Extrapolations of the halo mass
trends from our sample to lower masses appear to be in good agree-
ment with results from previous studies that have focused on clus-
ters and groups at lower mass scales (Msgy = 5 X 1013Mg). The
emerging trends are that all baryonic components of clusters show
strong, non-self similar dependences on cluster halo mass but that
there is no statistically significant evidence of redshift trends. The
models we fit to the current dataset assume redshift and mass trends
are separable, and indeed our data provide no evidence of tension
with this model.

This result is quite remarkable. Within the radius Rs the ob-
servations we present suggest that the stellar and ICM mass com-
ponents of galaxy clusters scale as a simple power law with the halo
mass Msq, and this scaling has not changed significantly since red-
shift z &~ 1.25. Given that our halo, ICM and stellar masses are mea-
sured homogeneously over the full redshift range, this result cannot
easily be attributed to systematic differences in the measurements
at low and high redshift. We caution that we can only constrain
the redshift trends to within the stated measurement uncertainties,
which are still considerable; with large, future samples the redshift
and mass trends can be constrained more precisely, and presum-
ably we will be able to resolve any underlying redshift trends in
these baryonic quantities.

As is clear in Fig. 7, the universal ICM mass fraction is higher
than that of all but the most massive clusters. That implies an in-
creasing ICM mass fraction as one moves outside the virial regions
of these systems and into their infall regions. The rough constancy
of ICM mass fraction at fixed mass with cosmic time (as seen in
the upper-right panel of Fig. 7) can then be used to provide a con-
straint on the combination of (1) entropy injection from AGN, star
formation and other sources together with (2) the mix of material
falling in from subclusters and that falling in from the low density
regions surrounding the parent halo

The same picture of mass trends and weak redshift trends is
also suggested by the stellar mass fraction f;, although in this case
the trends with mass are in the opposite sense: the stellar mass frac-
tion falls with halo mass on cluster scales. One cannot construct
massive clusters through the accretion of lower mass subclusters in
this case, because as the main cluster grows in mass the stellar mass
fraction must fall, and it is not possible to effect this change with
lower mass subclusters that have larger stellar mass fractions. In
the case of the stellar mass fraction, entropy injection doesn’t im-
pact the mass or redshift trend. Thus, we can conclude that material
accreted from the lower density infall regions surrounding the par-
ent cluster is having a balancing effect that keeps the stellar mass
fraction roughly constant over cosmic time.

Similar arguments can be made for the baryon fraction f;, and
the cold baryon fraction f;, although in both those cases the ICM
plays a major role, and so entropy injection and infall from sur-
rounding regions can both contribute to the observed mass and red-
shift trends.

We have discussed the impact of infall from the low density
regions or “field” for structure formation on cluster scales already
in ( ) in a study of 14 SPT clusters in combination
with a heterogeneous set of results from the literature, and a similar
picture emerged in ( ) where we studied the stel-
lar mass fractions of a larger sample of 46 low mass galaxy groups
uniformly selected in the XMM-BCS X-ray survey (

; ) at redshifts 0.1 < z < 1. The significant
improvements of our current analysis are that—for the first time—
(1) we conduct a study of an approximately “mass-limited” sample
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Figure 12. Estimates of the fraction I'gq of the cluster halo mass con-
tributed by material outside the radius Rsgp or in halos of mass Msgy <
10'3M,, as a function of the cluster mass. Results are shown for redshifts
z=0,0.3,0.6,1.2, which are color-coded as shown in the lower-right cor-
ner. The associated 1o lower and upper bounds are presented by the dashed
lines. These field infall fractions are estimated from the mass and redshift
trends of the stellar mass to halo mass scaling relation together with a sim-
ple infall model discussed in Section 6.1 and Appendix A.

with a much larger size (91 clusters) that has been uniformly se-
lected by the SZE signatures of the clusters over a wide redshift
range 0.25 < z < 1.25, (2) for each cluster, we study the full bary-
onic mass (the ICM and stellar content) and the halo mass M5 us-
ing consistent methods on uniform multi-wavelength datasets (op-
tical, NIR, X-ray and mm-wavelength), which dramatically reduces
the systematic uncertainties that were present in the previous work,
and (3) we derive the scaling relations in a Bayesian framework that
fully accounts for various selection biases, especially those associ-
ated with the intrinsic scatter of the SZE ¢ to mass relation that we
use to infer cluster mass Msqo. With increased statistical power and
reduced systematic uncertainties, we are in a position to more quan-
titatively constrain the contributions to cluster growth from lower
density regions that lie outside the virial region, a region that is
often referred to as the field.

‘We construct a toy model to help us explore the infall of a va-
riety of components with different properties in the Appendix A.
In short, assuming that the stellar mass to halo mass and redshift
relation provides a good description for the stellar mass inside the
dense virial regions of halos (within Rsqg), the mass trend param-
eter B, of the stellar mass to halo mass relation provides a con-
straint on the fractional contributions of infalling galaxies from dif-
ferent sources. As an example, if we adopt a model where there is
infall from only two sources—the low density surrounding infall
region of the parent halo and the high density virial regions of in-
falling subhalos of mass Mgy, denoted by subscripts fld and sub,
respectively—we have

B, = Fﬁdfﬁdi(z) +(1 _Fﬂd) M

S«(Ms00,2) f(Msp9,2)

where I'yg = g (M500,2) i the fraction of the total infall from the
low density region with the stellar mass fraction fj4, the subhalos

(16)

make up the rest of the infall with stellar mass fraction fy,, and the
cluster being accreted upon has the stellar mass fraction f,(Msog,z)
which we have measured as a function of mass and redshift.

For a given redshift z, we can approximate the characteris-
tic stellar mass fraction (fsu, (< Ms00,z)) of the subhalos that fall
into a cluster of mass M5 by integrating the stellar mass fraction
to mass relation over the mass function of halos n(Mgy,,z) with
masses less than the mass of the target halo:

_ J dMgup fr (Mo, 2)Msuon(Mgup, 2)

b (< Ms00,2 .
oo ) ]dMsuszubn(Msub7Z)

a7

In equation (17), we integrate My, from 10'3M, to half the mass
of the parent halo Ms/2 and use our measured stellar mass to halo
mass relation over this whole range. This gives mean stellar mass
fractions of (foub(< Ms00,2)) = 1.4% for a cluster with M5y =
6 x 10%M,, over the redshift range of interest. With f;4(z) and
(fsub (< Ms00,2)), we can constrain the fraction of the material ['gg
in a halo of mass M5 that originated outside the virial regions of
halos with masses 10'3M, and greater:

_ fx(M500,2) By — (foun (< M500,2))
Fra(Ms00,2) = fra(2) = (faun (< Ms00,2))

This toy model ignores the timescale over which a cluster forms,
using the measured stellar mass fractions for the subhalos and the
field at redshift z to estimate I'gq. In Fig. 12 we plot the behavior
of the low density infall fraction as a function of mass for clus-
ters at four different redshifts. The character of the solution is as
expected—that the fraction of mass contributed from the low den-
sity regions surrounding a cluster grows with cluster mass. Atz =0
the low density infall fraction I'gq reaches 100%. At this mass and
redshift, the cluster stellar mass fraction falls below the field stel-
lar mass fraction, and within the toy model it is no longer possible
to form clusters of such low stellar mass fraction. Accounting for
the timescale over which clusters form, including an estimate of
the intracluster light fraction (ICL) that could vary with mass and
allowing for uncertainties both in our cluster stellar mass fractions
and the field stellar mass fractions would all provide flexibility to
explain the low stellar mass fractions of the highest mass clusters at
redshift z = 0. It is also worth mentioning that we assume no in-situ
star formation in clusters in this simple toy model. A more accurate
exploration of this scenario would require hydrodynamical simula-
tions that include star formation and AGN feedback at resolutions
adequate to form and maintain galaxy populations.

It is interesting to mention the recent result from
( ), where they studied the growth of stellar mass in galaxy
clusters by pairing the progenitors and descendants from z ~ 1 to
z =~ 0.3. They found a redshift-independent correlation of M, o
M?o% that is in good agreement with our results, suggesting that the
scaling derived in this work is also a good description for the evo-
lution of baryon content from progenitors to descendants of galaxy
clusters.

To conclude, our measured mass trend parameter in the stellar
mass to halo mass relation together with a lack of strong redshift
evolution implies a cluster mass and redshift dependent infall from
the regions outside the Rs regions of massive halos during cluster
formation. This trend is qualitatively similar to that noted in simu-
lations by ( ). Moreover, if we use the ICM mass
or baryon mass to halo mass and redshift relations within this sim-
ple model we infer a much steeper mass dependence in the infall
fraction I'gq than in the case of the stellar mass. This is as expected,
because a strong trend of increasing ICM mass fraction (or baryon
fraction) with mass could also be impacted by entropy injection

(18)
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by AGN, star formation or other sources. Therefore, the departures
from self-similarity in the ICM mass (and baryon mass) to halo
mass relation is presumably due to a combination of entropy in-
jection and the mass dependent infall fraction from the lower den-
sity areas surrounding the clusters. Thus, the measured mass trends
without strong redshift scaling in, for example, the baryon fraction,
stellar mass fraction or ICM mass fraction provides evidence for the
presence of the so-called “missing” baryonic mass in the Universe.

6.2 Impact of Adopting a Planck CMB Cosmology Prior

As described in Section 3.1, we estimate the cluster mass M5 us-
ing the SZE observable £ and redshift together with the best fit SZE
observable to mass scaling relation from a previous analysis (

) that used the SPT cluster counts together with Yx
measurements and an externally calibrated Yx to mass scaling rela-
tion. As noted in ( ), the SZE observable to mass
scaling relation parameters can shift when including the cosmology
priors from the Planck CMB anisotropy dataset. As quantified in

( ), analysis of the Planck CMB measurements and
the SPT cluster dataset within a flat ACDM cosmology gives SZE
observable to mass scaling relation parameters:

rsz = (3.53,1.66,0.73,0.20) .

These parameters imply cluster masses Msq that are typically 22%
larger in comparison to the default masses used in this work.

To quantify the impact from the Planck CMB priors on our
cluster halo mass calibration, we redo the analysis with these
new halo masses, because M5y determines Rsog (22% in mass
corresponds to 7% in radius), which is the radius within which
we must extract the ICM and stellar masses. The resulting scal-
ing relations with new masses suggest that the normalizations at
Msgo = 4.8 x 101*M, of A,, Ajcm and Ay, decrease by ~ 12%,
~ 23% and ~ 23%, respectively—therefore—resulting in an in-
crease of A¢ by ~ 12%. Apart from the normalization, the mass
trend, redshift trend and intrinsic scatter are all consistent with the
previous results within the quoted uncertainties and are therefore
not sensitive to the 22% shift in halo mass.

Interestingly, the baryon fraction of galaxy clusters with the
new Msq estimates at the median mass and redshift becomes fi, ~
(10.8 £0.2) %. That is, after including the Planck CMB constraints
in the cluster mass calibration, the depletion factor of our sample
(at their median mass Mp;y) is shifted from 0.18 +0.02 to

2 =0.30+0.03.

This shift is statistically significant and is strongly driven by the
change of the absolute mass scale of Msgy due to the inclusion of
the Planck CMB constraints. Various simulation based studies in-
dicate that the depletion factor within Rsgy ranges from ~ 10% to
~ 20% (e.g., ; ;
), which is in good agreement with our baseline result
2 =0.18£0.02, but is strongly inconsistent with our result when
including the Planck CMB based cosmology prior. This result im-
plies that the cosmological framework anchored by the Planck
CMB constraints predicts cluster masses that are too high to be
consistent with simulations. As already mentioned, we disfavor the
adoption of the Planck cosmology prior, because directly measured
weak gravitational lensing ( ; ;
; ) and dynamical mass mea-
surements ( R ) are in better
agreement with the masses emerging from the standard SPT cluster
analysis results from ( ) employed in this paper.
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7 CONCLUSIONS

We estimate the halo mass M5y and the ICM mass Mcyp using the
SZE observable and X-ray observations, respectively, of 91 SZE
selected galaxy clusters from the SPT-SZ survey. In addition, we
derive the stellar mass M, of 84 of those clusters using SED fit-
ting of the galaxies with griz optical imaging from DES combined
with NIR photometry either from WISE (W1W2) or from Spitzer
([3.6][4.5]). This sample spans a mass range from = 2.5 x 10*M,
to ~~ 1.3 x 1013M, (with median of 4.8 x 10!*M,) and a redshift
range from z = 0.278 to z = 1.22 (median z = 0.58). The well un-
derstood selection, the sample size and uniform analysis applied
over a wide redshift range combine to allow us to study the baryon
content of galaxy clusters and trends with mass and redshift with
lower systematic uncertainties than previous work. All measure-
ments are extracted at a consistent radius Rsq, allowing us to self-
consistently compare the baryon components within the same por-
tion of the virial region, regardless of cluster mass or redshift.

We use these measurements to study four different
observable—halo mass—redshift scaling relations, where the four ob-
servables are the stellar mass, the ICM mass, the baryonic mass and
the cold baryon fraction. Our fits are carried out using a Bayesian
framework that includes selection effects and accounts for both
measurement uncertainties and intrinsic scatter. Fitting for these
scaling relations allows us to constrain the variation of the stellar
mass fraction, ICM mass fraction and baryonic fraction as a func-
tion of halo mass and redshift.

Our results indicate that the baryon content within Rsq
strongly depends on the cluster halo mass such that the stellar mass,
ICM mass, baryonic mass and the cold fraction scale with Msg,
as Msgp0-80F0-12 101335009 70 1.290.09  pgs—0-5150-12)
respectively. On the other hand, we do not observe significant red-
shift trends in any of these scaling relations, where if the observ-
able at a fixed mass scales as (1+z)? we measure y = 0.05+0.27,
—0.15£0.22, —0.16 £0.23 and 0.08 +0.26 for stars, ICM, baryons
and cold fractions, respectively.

Our observations imply that at the typical mass Mp;, = 4.8 x
10M, and redshift Zpiv = 0.6 of our sample, the stellar mass
fraction, ICM mass fraction, baryonic mass fraction and the cold
baryon fraction are f,=(0.83 +0.06)%, ficm = (12.0 £1.3)%,
Jfo=(12.84+1.29)% and f, = (6.78 +0.36)%. The logarithmic in-
trinsic scatters in these observables at fixed mass are found to be
0.22+£0.03,0.1140.04, 0.12£0.04 and 0.24 £ 0.03, respectively.
We carefully quantify the systematic uncertainties associated with
the determination of the halo masses and find that these are too
small to affect our mass or redshift trends in an important way.

Our measurements are in good agreement with previous work
in the mass and redshift ranges where they overlap. The extrapo-
lation of our measured scaling relations to lower mass is broadly
consistent with measurements available in the literature. Our re-
sults demonstrate that the baryon content of galaxy clusters is de-
termined by the halo mass and has not changed much in the past
9 Gyr of cosmic evolution.

We also compare our results to the cosmic values estimated
from the cosmological parameters (

) and the analysis of the stellar mass function in the field from
the COSMOS/UltraVISTA survey ( ). We find
that the baryon content of clusters deviates significantly from these
cosmic values, with stellar mass fractions (ICM mass fractions) be-
ing larger than (smaller than) the cosmic values for all but the most
massive galaxy clusters (> 8 x 10MMg).

The strong mass trends and weak redshift trends of these bary-
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onic fractions of the clusters provide an indication that galaxy clus-
ters cannot grow solely in a self-similar fashion. Specifically, while
ICM mass fractions that increase with halo mass can also be intro-
duced through entropy injection from AGN feedback, star forma-
tion or other sources (e.g. ), this entropy injec-
tion would not impact the stellar mass fraction decrease with halo
mass that we observe. Thus, our measurements suggest that higher
mass cluster halos contain a larger fraction of material that has been
accreted from regions outside the high density, virial regions of
clusters and groups. In these surrounding low density regions the
characteristic stellar mass fractions (or baryon fractions) lie below
(above) the mass dependent fractions we measure in the virial re-
gions (r < Rsqg in our analysis). Furthermore, the infall from the
surrounding low density regions must be in balance with the infall
from the lower mass halos such that the baryon content of galaxy
clusters remains approximately the same at a fixed mass scale since
redshift z =~ 1.25 ( ). Our results provide a direct
indication of the presence and the impact of the so-called “missing
baryons” in our Universe. If the baryons were not present at the
expected densities outside collapsed halos, then there would be no
way of explaining in a hierarchical structure formation model how
baryonic scaling relations vary steeply with mass and still remain
roughly constant in time.

To explore this ansatz, we construct a toy model that we use
to estimate the fraction of material that has been accreted from
the field (i.e. outside the virial regions or in halos with masses
Msgo < 1013M,,) based on the derived scaling relations together
with the cosmic values in the field. Results from our toy model
suggest that the fraction of infalling material from low density re-
gions increases with cluster halo mass, varying from ~ 60% at
Msgo = 10M*Mg, to > 75% at Msgy = 8 x 10'*M, at intermediate
redshift. Interestingly, recent structure formation simulations that
include AGN feedback produce high mass halo populations that
exhibit strong mass scaling and weak redshift evolution in ICM
mass and stellar mass scaling relations ( ;

; R ) that are qual-
itatively consistent with the behavior we find in the SPT selected
sample. With further hydrodynamical simulations of the high mass
cluster population, we expect to be able to carry out a detailed anal-
ysis of the physical implications of observed and predicted scaling
relations and their redshift trends since z ~ 1.

We emphasize that, as stated explicitly above, the uncertain-
ties on the redshift and mass trends of the baryonic scaling rela-
tions are still considerable even with our large sample; therefore,
even larger samples (e.g., including the galaxy clusters identified in
DES, SPT-3G and eROSITA surveys at the low mass end) will be
needed in future studies to resolve the precise scale of the variations
in baryonic content of galaxy clusters over cosmic time.
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APPENDIX A: TOY MODEL FOR ACCRETION

We provide the derivation of equation (16) for the toy model that
describes the connection of the mass slope of the scaling relation to
the materials that fall into the main halo. For simplicity, we consider
the stellar mass M, to halo mass scaling relation here.

For a halo of mass M), and stellar mass M, at redshift z, the
process of accretion or infall onto the halo will increase the halo
and stellar masses by dMy, and dM,, respectively, over a period dz
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in the formation history. Then, the stellar mass fraction f, after the
accretion of matter could be written as follows.

M, +dM,
(M +dMy,z+dz) = —————. Al
Ji(My h,2+dz) My, M, (A1)
In the limit of small changes in mass, equation (A1) could be ap-
proximated as

M, _ %> . (A2)

f*(Mh +th7Z+dZ) ANuf*(Mh,Z) <1 + M, M,

This accretion of surrounding material could consist of other halos
of a given mass and even the material outside the virial regions
of these halos. We can express dM, by summing the stellar mass
infall from each of these components i with the stellar fraction of
f.i» where each component contributes a fraction I'; (M, z) of the
infalling halo mass dMj,:

dM, =dMy, Y Ti(Mp,2)fei(2), (A3)

icinfall
where the fractions sum to unity
Y Ti(Mp,z)=1. (A4)
icinfall

Substituting equation (A3) and f,(My,z) = %h in equation (A2),
we have

fo (M +dMy,z+dz) |4 M0 Vi M) fs2) by
Sfe(Mh,2) My f.(Mn,2) My
_ dm, Yicinfa ri(thz>f*.,i( _
= 14 4 (BamBORIRE ) (as)

This expression can be further rewritten as

ﬂ(f*(Mh-i-th,z-i-dz)—f*(Mh,z))+1
th f*(Mh7Z)
= Z i (My Z)f*,i(z) (A6)
icinfall " fo (M, 2)

The first term on the left side of equation (A6) is simply the loga-
rithmic derivative, and so we can write

din f (My,2)

fuila)
dln M, = ) Ti(Mp,z2) (A7)

i€infall fe (Mh’ )

Note that the left hand side of equation (A7) is just the power law
index B, of the mass trend in the stellar mass to halo mass relation.
That is,

fi(2)
Ti(My,z) A8
zegf'an me f*(th ) (A9

Thus, the slope parameter B, of the mass trend of the stellar mass
to halo mass relation reflects the stellar mass fractions of the com-
ponents that are accreted onto the halo. If one can quantify (1) the
mass trend parameter B, of the stellar mass to halo mass relation,
and (2) the stellar mass fractions f, ;(z) of the infalling components
i and of the main halo f, (M, z), then—based on Equation A8—the
fraction I';(My,z) of the infalling mass from the various compo-
nents i could be determined.

Consider a particularly simple case where there are only two
components that fall into clusters—material within the virial re-
gions of subhalos and material outside the virial regions of halos,
which we refer to as the field. Denoting these using sub and fld,
respectively, we can write equation (A8) as

faa(2)
f*(Mh,Z)

fsub( )

B, =Tpq(Mp,2) fe(Mp,2) "

+ (1 =Tha(My,2)) == - (A9)
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In the extreme case that stellar mass fraction is constant in halos
regardless of hosting mass (i.e., B, = 1 and fyp(z) = fi(Mp,2)),
then equation (A8) becomes

Taa(Mn,2) (%Z)) - 1) =0,

f*(Mh7Z

which must imply no infall from the field (i.e., [gq(Mp,z) = 0) if
the field stellar mass fraction is different from the halo stellar mass
fraction fq(z) # fx(Mh,z). Because we have measured the stel-
lar mass fractions as a function of mass and redshift on the cluster
mass scale out to z &~ 1.25, we can estimate the contribution from
infalling subhalos at any redshift by adopting the halo mass func-
tion at that redshlft 457 (My,z). This together with the field stellar
mass fraction, Wthh can serve as a reference for the mean stellar
fraction outside halo virial regions, then allows us to estimate the
fraction of accreted mass coming from virial regions of subhalos
and the fraction coming from the lower density regions that lie out-
side virial regions—a region that is often referred to as the field.
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