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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Grey shaded regions correspond to
the 68% confidence contours of Behroozi et al. (2010). The one-sigma posterior distribution for our model is shown by the red error bars.
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z = 1.0
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z = 3.0

FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).
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(a) Stellar mass to halo mass relation
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(b) E↵ects of physics variation

Figure 4. Left panel: The mean relation between stellar mass and halo mass for central galaxies at redshifts 0 6 z 6 4, normalised
so as to show the fraction of baryons that turned into stars as a function of halo mass, the ‘baryon conversion e�ciency’. Two curves
are shown for each redshift, corresponding to the two types of curves in Fig. 3: the solid curves show the full stellar mass inside R200c

excluding satellites, and the dashed curves show the stellar mass within our fiducial galactic radius r? that equals twice the total stellar
half-mass radius (again, excluding satellites). The halo masses we use are the halo masses of individually-matched halos from Illustris-
Dark, in order to make a fair comparison to abundance matching results, which use DM-only simulations for the halo mass (Sawala
et al. 2013; Rodriguez-Gomez et al. 2014). Right panel: The same quantity is shown for several simulations that use a factor of 8 lower
mass resolution: the Illustris volume simulated with 2⇥ 9103 resolution elements instead of 2⇥ 18203 (thick solid curves), the 35.5Mpc
box from Vogelsberger et al. (2013) with the same physical modeling as Illustris except the lack of radio-mode AGN feedback (dashed
curves), and the same 35.5Mpc box with the full physical modeling except the lack of galactic winds (solid thin curves with circles).

4.2 Stellar components in the most massive halos

The exact definition of what constitutes the stellar mass
of a simulated galaxy becomes relevant to the comparison
with observations at low redshift, where the observational
uncertainties are smaller. In Fig. 3 we show the stellar mass
functions for two such definitions. The solid curves are based
on the full stellar mass associated with the SUBFIND halo of
each galaxy, which for central galaxies includes all the bound
mass out to roughly the virial radius of their host halo, ex-
cluding satellite galaxies. The dashed curves are based on
an assignment of the stellar mass for each galaxy as the
stellar mass that is enclosed within twice the stellar half-
mass radius of its SUBFIND halo, which is the radius that
we use as a fiducial ‘galactic radius’ and denote r?. Indeed,
neither of these definitions corresponds exactly to observa-
tional criteria, but they may reasonably capture the typical
variation that is expected due to various radial cuts (for a
recent detailed discussion of the ‘edge’ of simulated galaxies,
see Stevens et al. 2014). In fact, the ‘edge’ of observed galax-
ies is not well-defined either, and in particular for massive
galaxies the radius out to which the mass is integrated can
strongly a↵ect the measured stellar mass (Bernardi et al.
2013). We find that for low-mass galaxies, there is negligi-
ble di↵erence between the mass functions derived with these

two definitions, while for massive galaxies, the resulting mass
function can be shifted by up to ⇡ 0.2 dex in the horizontal
direction, a di↵erence that is sub-dominant compared with
observational uncertainties except at z = 0. The local Uni-
verse, z = 0, is also the only epoch for which a significant
investigation of this kind has been performed observation-
ally. This is demonstrated by the large di↵erences between
the various z = 0 observational points (black symbols), and
in particular in the di↵erence between the Bernardi et al.
(2013) results (black circles) and the other z = 0 data points.
Bernardi et al. (2013) have performed a careful analysis in
which they improved on SDSS background subtraction for
massive galaxies, and also integrated the stellar profiles out
to larger radii. This resulted in estimates for the total stel-
lar mass associated with massive galaxies that revised earlier
estimates significantly upwards. The Illustris z = 0 stellar
mass function for the ‘full’ masses results is in better agree-
ment with the Bernardi et al. (2013) mass function with re-
spect to a comparison between the mass function based on
our ‘fiducial’ masses inside r? and the earlier estimates. This
may be expected, as the latter are not necessarily integrated
out to the same radii between Illustris and observations.

In Fig. 4(a) we show the relation between stellar mass
and halo mass for both mass definitions as in Fig. 3. How-
ever, a direct comparison to observations that do not con-
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Fig. 11.— The stellar mass fraction of the central galaxy in units of the
universal baryon fraction within radius R200 as a function of total halo mass
M200. The stellar masses for clusters analyzed in this study and in G13 are
shown by red crosses, while the other symbols are the same as in Figure 10.
The lines show the relations using abundance matching ansatz in this work
using the Bernardi et al. (2013) stellar mass function and previous results by
Moster et al. (2013) and Behroozi et al. (2013b).

which could be considered to be an equivalent of such com-
ponent, contributes only ⇠ 1�2% of stellar mass (e.g., Purcell
et al. 2007).

4.1. E↵ects of IMF
Recently, several observational studies have inferred that

stellar IMF of early type galaxies becomes increasingly
“bottom-heavy” with increasing velocity dispersion and stel-
lar mass. These studies used a variety of techniques, from
indirect dynamical constraints on the mass-to-light ratios of
stars (Grillo et al. 2009; Grillo & Gobat 2010; Treu et al. 2010;
Auger et al. 2010; Sonnenfeld et al. 2012; Dutton et al. 2011,
2012, 2013; Cappellari et al. 2013; Conroy et al. 2013) to di-
rect probes of abundance of dwarf stars with m ⇡ 0.1�0.2M

�

relative to abundance of m ⇡ 1M
�

stars using unique spec-
tral features of dwarf stars (van Dokkum & Conroy 2010;
Spiniello et al. 2012; Conroy & van Dokkum 2012). Cur-
rently, observational constraints probe only the inner regions
of galaxies (. Re, where Re is e↵ective radius of galaxy sur-
face brightness profile) and IMF may vary with galaxy radius.
Nevertheless, if we assume that results for the inner regions
are applicable for the entire stellar populations of these galax-
ies, we can obtain an upper limit on the possible e↵ect of IMF
variation on the stellar content of clusters.

To model e↵ect of such variation, we adopt recent calibra-
tion of the trend of the stellar mass-to-light ratio with galaxy
velocity dispersion for a sample of compact early type galax-
ies by Conroy et al. (2013, see their Fig. 3). The trend is
defined with respect to the fiducial Milky Way Chabrier IMF
and parametrized as:

log10

"
(M/L)

⇤

(M/L)Chabrier

#
= a + b log10

✓ �

130 km s�1

◆
, (1)

where � is velocity dispersion within the SDSS fiber and

Fig. 12.— Total stellar fraction (due to the central and all of the satellite
galaxies) within radius R200 in units of the universal baryon fraction. The
crosses show the fractions derived for massive clusters in the cluster sam-
ple analyzed in this paper and by G13. The dashed and dotted lines show
the abundance matching relations for the central galaxies from Figure 11 for
comparison. The solid line shows the expectation fro the total stellar fraction
from abundance matching derived using the halos and subhalos in the Bolshoi
cosmological simulation, as described in the text.

a = 0.13 and b = 0.9 approximate the trend in Figure 10
of Conroy et al. (2013). A similar but somewhat weaker trend
was also derived recently using dynamical modelling by Cap-
pellari et al. (2013). We adopt a stronger trend of Conroy et al.
(2013) here in the spirit of estimating the upper limit on the
e↵ect. We use the relation between the central velocity disper-
sion and stellar mass for early type galaxies given by eq. 5 of
Cappellari et al. (2013) and associated parameters to convert
velocity dispersion to stellar mass and obtain the correspond-
ing variation of the mass-to-light ratio as a function of stellar
mass for early type galaxies.

To evaluate the e↵ect of IMF variation on the stellar mass
function, we use the parametrizations of the SMFs for late
and early type galaxies provided in Table 3 of Bernardi et al.
(2013). Given that systematic trend of IMF is deduced for
early type galaxies, we only correct the combined SMF of
lenticular and elliptical galaxies by the mass-to-light ratio de-
pendence as a function of stellar mass, derived as described
above, while leaving the SMF of late type galaxies intact. We
then construct the combined SMF as a sum of the early type
galaxy SMF corrected for IMF variation and the uncorrected
SMF of late type galaxies. We then re-derive the stellar mass–
halo mass relation using abundance matching with this new
SMF. The results for the fraction of stellar mass in the central
galaxy and for the total stellar mass fraction within R200 are
shown in Figures 13 and 14.

As expected, the increase of stellar mass-to-light ratio
with increasing stellar mass for early type galaxies results in
steeper M

⇤

� Mh relation and, correspondingly, shallower de-
pendence of f

⇤,cen on halo mass. The stellar mass fraction of
the central galaxies increases by a factor of ⇠ 1.5 � 2. In this
case, for M200 ⇡ 1014 M

�

halos stellar fraction of the central
galaxy is only a factor of ⇡ 3�4 smaller than the peak fraction

Kravtsov+14



Galaxy group ecosystem is important at z<1

• Grow into clusters by z~0 
• Pre-processing/environmental quenching, etc. 

!

• Hierarchical growth at z<1 leads to a dramatic 
increase in their number density



Rise of groups at z<1 in the 
Carnegie-Spitzer-IMACS (CSI) survey
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Figure 1. Left panel: example of a group at z = 0.935 with confirmed members circled in white, shown in a 3′ × 3′ (1.4 Mpc on a side) region. Background
and foreground galaxies in our spectroscopic sample are circled in brown; the large green circle is π/2 times the group’s estimated mean harmonic radius. Right
panels: spectral energy distributions of the four confirmed group members. The cyan histogram shows the prism data, red boxes denote broadband photometry and
uncertainties, and the black line is the best-fit model for each galaxy. All of these objects show strong 4000 Å breaks, indicating their stellar populations are largely
evolved, though one exhibits current star formation.
(A color version of this figure is available in the online journal.)

log(M⋆/M⊙) = 11.7, there are 686 groups. We subdivided the
sample into redshift bins z = 0.35–0.55, 0.55–0.9, and 0.9–1.2.
Our cumulative GrSMFs are binned such that the first (highest-
mass) bin contains three groups, and the number of groups in
each successively lower-mass bin is incremented by either one or
a multiplicative factor of 1.1, whichever is greater; this provides
a roughly constant binning in log N at low masses. Finally,
to correct for projection effects the GrSMF of the previously
described “randomized” (i.e., spurious) groups was calculated
the same way and subtracted.

To check the concordance of these GrSMFs with those found
in other studies at lower redshifts and higher masses, we adopted
two complementary samples from the literature: the SDSS group
catalog by Yang et al. (2007), and massive X-ray-selected
clusters at z ∼ 0 and z > 0.35 from the ROSAT All-Sky
and 400 Degree (400d) surveys (Burenin et al. 2007; Vikhlinin
et al. 2009). 400d includes 36 clusters at z > 0.35 and 49 at
z ! 0.2 detected in 400 deg2 of ROSAT PSPC observations and
followed up with Chandra to obtain total virial masses. To create
a z ∼ 0 sample comparable to CSI, we chose a highly restricted
subset of groups from the Yang et al. (2007) “Sample II”
catalog with at least two galaxies of log(M⋆/M⊙) > 10.5
between 0.025 < z < 0.075 (the upper bound being the redshift
where SDSS is complete at these masses), and calculated the
cumulative group mass function. In contrast, the 400d survey
provides an X-ray-selected cluster sample given in virial, not
stellar, masses. We therefore recomputed their mass functions
in terms of M500 using the volumes in Figure 11 of Vikhlinin
et al. (2009) and transformed their virial masses to stellar masses
with the Giodini et al. (2009) relations.

If the group masses have substantial uncertainties, the ob-
served mass function will be biased toward larger masses

Figure 2. Evolution of the cumulative GrSMF from z = 0–1. Data from CSI at
low, medium, and high redshifts are shown as red, blue, and green circles (with
Poisson error bars), respectively. The black histogram shows the z ∼ 0 mass
function derived from the Yang et al. (2007) SDSS group catalog, while the
black circles are X-ray-selected z ∼ 0 clusters from HIFLUGCS (Reiprich &
Böhringer 2002). Crosses show mass functions from the Vikhlinin et al. (2009)
400d survey converted from virial to stellar masses, with colors corresponding
to the same redshift bins as the CSI and SDSS samples. All z ∼ 0 estimates of
the mass function match up well despite the different selection techniques, and
strong evolution in both group and cluster number densities is evident across
the plotted redshift range.
(A color version of this figure is available in the online journal.)

(due to the steepness of the GrSMF). This effect is small for
SDSS and 400d, but significant for CSI, which has relatively
large-mass errors. To correct for this, we convolved the SDSS
mass function with CSI’s expected stellar mass error distribu-
tion, and thereby estimated the shift in the CSI GrSMF as a
function of group stellar mass. All CSI GrSMFs were corrected
accordingly, with a mass shift of ∼0.5 dex.

Figure 2 shows the CSI, SDSS, and Vikhlinin et al. (2009)
mass functions overplotted, all in terms of log M⋆/M⊙. As an

3
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additional check, we include the HIFLUGCS X-ray-selected
cluster mass function from Reiprich & Böhringer (2002),
transforming their M200 values to M⋆ with relations given by
Laganá et al. (2011; which were specifically computed from
HIFLUGCS). Poisson errors are shown on the CSI data points;
cosmic variance is not included, but using the Trenti & Stiavelli
(2008) Cosmic Variance Calculator we estimate it will add an
additional 10%–20% (greatest in the 0.35 < z < 0.55 bin
and at the highest masses) to the number density uncertainty;
however, for the most part the Poisson uncertainties dominate.
Despite the major selection differences, the SMFs of the z ∼ 0
optical and X-ray samples are in good agreement, suggesting
that the adopted transformations from virial to stellar masses
are reasonably robust.

4. DISCUSSION

4.1. Concordance with Massive X-ray-selected Clusters

The effective upper mass limit of our GrSMFs where we
“run out” of volume are, in the realm of galaxy clusters, not
particularly massive: at M⋆ ∼ 1012.5 M⊙ (above which we only
have 12 groups in our sample), in the literature they would
typically be called “rich groups” or “poor clusters.” The lack of
rich CSI clusters is simply a result of the limited area covered
by CSI: while 5.3 deg2 (and the ultimate goal of 15 deg2) is
very large for a z ∼ 1 galaxy survey, the richest, most massive
clusters are rare enough that much larger areas are needed to find
significant numbers of them at low to intermediate redshifts. As
noted in the previous section, such samples are provided by
large X-ray surveys covering hundreds of square degrees; here
we have adopted the 400d survey (Vikhlinin et al. 2009) as a
principal comparison sample.

Figure 2 shows that the cluster mass functions of Vikhlinin
et al. (2009; transformed to stellar masses by the Giodini et al.
2009 conversion factors, though see Leauthaud et al. 2012) not
only pick up more or less where CSI leaves off, but also represent
a smooth continuation of the CSI GrSMFs to a factor ∼2 higher
mass. This is the first demonstration of the connection between
group and cluster SMFs at these high redshifts. While not a
particularly surprising result, it provides further evidence that
our observing strategy and group selection methods are robust,
and that the groups found by CSI bridge a key gap between
individual galaxies and massive clusters in the distribution of
dark matter halos. Although deep X-ray and IR observations
provide compelling evidence of massive clusters at z > 1
(McCarthy et al. 2007; Papovich et al. 2010; Rosati et al.
2009), no homogeneously selected sample currently exists at
these redshifts; indeed, the rapid decline in cluster abundances
at high stellar masses seen in Figure 2 (if it is similarly steep at
z = 0.9–1.2) suggests that such objects are extremely rare. The
most common progenitors of low-z clusters must therefore lie
at group masses at z > 1.

4.2. Hierarchical Growth Over the Past 8 Gyr

The combined CSI and 400d mass functions show strong
evolution over the redshift range z = 0.35–1.2, with much
of the evolution occurring between the z ∼ 1 and z ∼ 0.6
redshift bins. Similarly, there is another significant increase in
number density between the lowest-redshift bin of CSI and the
z = 0 groups and clusters. In the two lowest-redshift CSI bins
there appears to be only marginal evolution between the mass
functions; this may be a result of cosmic variance or residual
mass uncertainties. Overall, however, the observed evolution

Figure 3. Number density of groups in three stellar mass bins. For the two
lower mass bins, data at z ∼ 0 and z > 0.25 are taken from SDSS and CSI,
respectively, while the most massive clusters are from the low- and high-z
samples of Vikhlinin et al. (2009), converted to stellar masses. Lines are power-
law fits of the form n ∼ (1 + z)α , with α = −1.6 ± 0.2, −4.2 ± 0.7, and
−5.6 ± 1.4 in order of increasing mass; due to potential systematic offsets
between the optically and X-ray-selected samples, the latter is less reliable and
we show it as a dotted line. The hierarchical buildup of groups, where those
with higher masses grow more rapidly, is evident in this figure.
(A color version of this figure is available in the online journal.)

appears to qualitatively reflect hierarchical structure formation:
the ranks of massive groups and clusters (log M⋆/M⊙ ! 12.2)
grow strongly over this redshift interval, while the number
density of lower-mass groups is more constant (presumably
because new groups are formed from below our mass limit as
others merge into the more massive clusters). Although these
hierarchical trends can be seen in the 400d cluster data alone,
CSI and SDSS demonstrate that this growth continues to masses
∼0.5 dex lower.

Due to the small number of high-mass clusters, the mass
functions in Figure 2 are shown as cumulative number densities.
To better illustrate the observed hierarchical growth, another
projection of the GrSMF evolution is shown in Figure 3. Here,
the number densities of galaxies in three mass bins (two from
CSI/SDSS and one from 400d) are shown as a function of
redshift. The difference between low- and high-mass groups is
striking: at log(M⋆/M⊙) = 12–12.4 the abundance of groups
is relatively flat, but at masses ∼0.4 dex higher the number
density declines far more rapidly with increasing redshift.
More quantiatively, we fit a power-law n ∼ (1 + z)α and find
α = −1.6 ± 0.2 for groups with 12.0 < log M < 12.4 and
α = −4.2 ± 0.7 at 12.4 < log M < 12.8; the difference in
slopes is therefore significant at the 3.5σ level. X-ray clusters
may exhibit marginally faster growth (α = −5.6 ± 1.4), but
due to the large uncertainties and potential systematics in their
estimated stellar masses we cannot determine whether this
steepening trend continues to log M⋆ > 12.8.

5. SUMMARY AND FUTURE WORK

By employing low-resolution prism spectroscopy to obtain
accurate redshifts for a mass-complete galaxy sample over
5.3 deg2, we have assembled the most comprehensive catalog
of 686 galaxy groups down to a stellar mass limit of 1011.7 M⊙
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• Grow into clusters by z~0 
• Pre-processing/environmental quenching, etc. 

!

• Hierarchical growth at z<1 leads to a dramatic 
increase in their number density 
!

• What is the efficiency of forming/assembling 
stars in such halos at these redshifts?!
• Current measurements are sparse in this mass/redshift 

regime

Galaxy group ecosystem is important at z<1



Sample selection
• Groups!

• 20 X-ray groups at 0.5<z<1 from Chandra Deep Field South (CDFS) catalog of 
Finoguenov et al. 2014 
• Deepest X-ray dataset to date (Chandra + XMM-Newton) 
• X-ray view is important as it allows reliable detection of groups at high redshift 

!
• Galaxies!

• Carnegie-Spitzer-IMACS (CSI) survey (Kelson et al. 2014) 
• Low resolution spectroscopic survey covering ~15 sq. deg: σz/(1+z)~0.008 for 

sample used here 
• IRAC 3.6-μm selected: low stellar mass limit 
• Uniform survey, completeness well understood and mapped in magnitude, color, 

and spatial position



Mass measurements
• Total halo mass, M200!

• From Finoguenov+2014: weak lensing LX-M200 calibration of 
Leauthaud+2010 in COSMOS at similar redshifts 

!

• Total group stellar mass, M★!

• Mass within R<R200 at Δz/(1+z)<0.02 (e.g., similar to Giodini+09) 
• Subtract off average background contribution measured from 

apertures across the field 
• Corrections for spectroscopic completeness, stellar mass limit of 

survey, etc. 
• Error analysis takes all of this into account



Example groups in CDFS



M★-M200 relation at 0.5<z<1
Samples:!
CDFS(20) - this work!
COSMOS(69) - George+11!
GCLASS(4) -van der Burg+14

CDFS sample extends 
relation to low group 
masses: M★/M200~3%



M★-M200 relation at 0.5<z<1: slope

CDFS+COSMOS!
slope: 0.84±0.10!

!
CDFS+COSMOS+GCLASS!

slope: 0.74±0.07

Samples:!
CDFS(20) - this work!
COSMOS(69) - George+11!
GCLASS(4) -van der Burg+14

Slope less than unity:!
M★/M200 decreases in more 
massive halos



M★-M200 relation at 0.5<z<1: scatter
Samples:!
CDFS(20) - this work!
COSMOS(69) - George+11!
GCLASS(4) -van der Burg+14

CDFS+COSMOS!
slope: 0.84±0.10!

!
CDFS+COSMOS+GCLASS!

slope: 0.74±0.07

Observed scatter: σ=0.25 dex!
➔ Use M★ as a proxy for M200



No strong evolution in M★/M200 in the group regime

Arrows: 
z~0 from Kravtsov+14  
(abundance matching)

redshift

M
★

/M
20

0



Summary
• Group ecosystem plays an important role in galaxy evolution at 

z<1!
• Significant growth in number density of groups at z<1 (Williams+12b) 
• CSI galaxies + X-ray detected groups in CDFS probe efficiency of forming/

assembling stars in such halos 

• Stellar-to-halo mass in low mass X-ray groups at 0.5<z<1:!
• At M200~2x1013 M⊙(i.e., previously unexplored territory): M★/M200~3% 

• Small scatter (~0.25 dex): stellar mass a good proxy for halo mass ➔ calibration for 
CSI survey group catalog 

• Decreasing trend with higher mass when including samples over a larger mass range 

• No strong evolution in the stellar-to-halo mass ratio in the group 
regime since z~1!
!

• Paper on the arXiv soon!




