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ABSTRACT

We derive relations between the effective radii Reff of galaxies and the virial radii R200c of their dark matter
halos over the redshift range 0 < z < 3. For galaxies, we use the measured sizes from deep images taken
with Hubble Space Telescope for the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey; for
halos, we use the inferred sizes from abundance matching to cosmological dark matter simulations via a stellar
mass–halo mass (SMHM) relation. For this purpose, we derive a new SMHM relation based on the same
selection criteria and other assumptions as for our sample of galaxies with size measurements. As a check on
the robustness of our results, we also derive Reff–R200c relations for three independent SMHM relations from
the literature. We find that galaxy Reff is proportional on average to halo R200c, confirming and extending to
high redshifts the z = 0 results of Kravtsov. Late-type galaxies (with low Sérsic index and high specific star
formation rate [sSFR]) follow a linear Reff–R200c relation, with effective radii at 0.5 < z < 3 close to those
predicted by simple models of disk formation; at z < 0.5, the sizes of late-type galaxies appear to be slightly
below this prediction. Early-type galaxies (with high Sérsic index and low sSFR) follow a roughly parallel
Reff–R200c relation, ∼ 0.2–0.3 dex below the one for late-type galaxies. Our observational results, reinforced
by recent hydrodynamical simulations, indicate that galaxies grow quasi-homologously with their dark matter
halos.
Keywords: galaxies: evolution — galaxies: high-redshift — galaxies: structure — methods: data analysis

1. INTRODUCTION

The size of a galaxy, as measured by its half-mass radius
R, for example, is among the most basic of its properties.
Together with the mass M , the size R determines the bind-
ing energy, −E ≈ GM2/(4R), and hence the energy radi-
ated away during the formation of the galaxy. For galactic
disks, with stars and gas on nearly circular orbits with ro-
tation velocity Vrot, the size R is determined by the angu-
lar momentum J ≈ MRVrot, which in turn determines the
energy E = −1/2MV 2

rot ≈ −G2M5/(8J2). The basic de-
scription of galaxies in general consists ofM ,R, and Vrot, or
equivalently M , E, and J , while for disk-dominated galax-
ies, any two of these quantities suffice.

As a result of the hierarchical growth of galaxies, we ex-
pect their masses and radii to increase with cosmic time and
thus to decrease with redshift. In the simplest models of
galaxy formation, the sizes of the baryonic components of

E-mail: khhuang@ucdavis.edu

galaxies are, on average, proportional to the sizes of their sur-
rounding dark matter halos. For galactic disks, this propor-
tionality in sizes follows directly from the assumed propor-
tionality of the specific angular momentum of baryons and
dark matter resulting from tidal torques in the early stages of
galaxy formation (Fall & Efstathiou 1980; Mo et al. 1998).
This assumption underlies practically all of the semianalyti-
cal models of galaxy formation in current use (e.g., Cole et
al. 2000; Croton et al. 2016). Recent hydrodynamical simu-
lations of galaxy formation confirm the approximate propor-
tionality between the specific angular momentum of galaxies
and their dark matter halos (Genel et al. 2015; Pedrosa &
Tissera 2015; Teklu et al. 2015; Zavala et al. 2016).

There have been numerous searches for the expected de-
crease in galactic sizes with redshift based on measurements
of deep images taken with the Hubble Space Telescope (HST)
over the past dozen years (e.g., Ferguson et al. 2004; Hathi
et al. 2008; Mosleh et al. 2012). These searches all find that
galaxies were smaller in the past, by roughly the predicted
amount, although there are significant differences in the pre-
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cise decline of galactic sizes with redshift among these stud-
ies (compare, e.g. Shibuya et al. 2015 and Curtis-Lake et
al. 2016). Part of the discrepancy among these results stems
from the fact that the apparent evolution in sizes depends on
how galaxies at different redshifts are compared, whether at
fixed stellar mass or luminosity or at variable stellar mass or
luminosity.

Kravtsov (2013) used stellar mass–halo mass (SMHM) re-
lations derived via the technique of abundance matching to
compare the observed sizes of present-day galaxies with the
sizes of their matched dark matter halos in cosmological N -
body simulations. He found that the sizes of galaxies at z = 0

are proportional on average to the sizes of their halos. Fur-
thermore, the coefficient of proportionality is consistent with
a simple model in which galactic disks grow with approxi-
mately the same specific angular momentum as their halos
until z ∼ 2 and then stop growing after that. The question
immediately arises whether the same or a different relation
holds between the sizes of galaxies and their halos at high
redshifts. The purpose of this paper is to answer this ques-
tion.

The advantage of comparing the sizes of galaxies at multi-
ple redshifts with the sizes of their matched halos at the same
redshifts, as we do here, is that the results are then expressed
directly in simple, physically meaningful terms. This frame-
work also helps to clarify the results of previous searches for
the evolution of galactic sizes.

There are already a couple of indications that the sizes of
galaxies and their halos evolve in lockstep. First, semiem-
pirical models of galaxy formation that make this assump-
tion agree better with deep HST images than the same mod-
els with different assumptions about the evolution of galactic
sizes (Taghizadeh-Popp et al. 2015). Second, recent mea-
surements of the sizes and rotation velocities of galactic disks
at 1 < z < 3 and 0.2 < z < 1.4 indicate that they have ap-
proximately the same specific angular momenta as their dark
matter halos (Burkert et al. 2016; Contini et al. 2016). While
these results are suggestive, it is still important to make a
direct, independent comparison of the sizes of high-redshift
galaxies with the sizes of their matched halos, the investiga-
tion we describe here.

The plan for the remainder of this paper is the following.
In Section 2, we describe our sample of galaxies and mea-
surements of their sizes and other properties. In Section 3,
we discuss the abundance-matching method and its imple-
mentation with four different SMHM relations. In Section 4,
we present the results of our comparison of galaxy and halo
sizes, and in Section 5, we discuss the uncertainties in these
results. We discuss some implications of our results in Sec-
tion 6. We show the connection between the galaxy size–halo
size relation and the more familiar galaxy size–stellar mass
relation in an appendix. All magnitudes quoted in this paper
are in the AB system, and we assume the following cosmo-

logical parameters: h = 0.7, Ωm = 0.27, and ΩΛ = 0.73.

2. OBSERVATIONS

For this study, we need a galaxy sample with homogeneous
data quality that enables accurate size measurements. HST
images are required because galaxies at z > 1 are gener-
ally smaller than 1′′. We also need a galaxy sample with
good constraints on redshifts, stellar masses, and star for-
mation rates, so that we can connect galaxies to dark matter
halos and distinguish star forming galaxies from quiescent
galaxies. The Cosmic Assembly Near-infrared Deep Extra-
galactic Legacy Survey (CANDELS) is the best data set cur-
rently available for this study: all five CANDELS fields, cov-
ering ≈ 800 arcmin2 in total, have HST images at optical
and near-IR wavelengths with uniform quality (Grogin et al.
2011; Koekemoer et al. 2011). The high angular resolution
of HST (. 0.′′15 in the near-IR) is able to resolve most galax-
ies at z ≤ 3. In addition, ancillary spectroscopic and imag-
ing data combine with HST data to provide tight constraints
on galaxy redshifts, stellar masses, and star formation rates.
CANDELS has three tiers of depth. The Wide region covers
∼ 675 arcmin2 to a 5σ limiting magnitude H160 ∼ 27.3 mag
in a 0.′′17 aperture. The Deep region covers ∼ 125 arcmin2

to H160 ∼ 28.1 mag. The survey also encompasses the Hub-
ble Ultra-Deep Field (HUDF)—the HUDF09 (Bouwens et
al. 2010) and HUDF12 (Ellis et al. 2013; Koekemoer et al.
2013; see also Illingworth et al. 2013)—covers ∼ 5 arcmin2

to H160 ∼ 29.7 mag.
We take the photometry, spectroscopic and photometric

redshifts, and stellar-mass estimates from the CANDELS-
team catalogs (Guo et al. 2013; Galametz et al. 2013; San-
tini et al. 2015; Nayyeri et al. 2016; G. Barro et al. 2017, in
preparation; M. Stefanon et al. 2017, in preparation). The
size estimates are taken from van der Wel et al. (2012).

We select galaxies in the CANDELS survey at 0 < z < 3

for this study. We cap our galaxy redshifts at z = 3 be-
cause this is the highest redshift that HST still samples red-
ward of rest-frame 4000Å, and because selection biases in-
duced by cosmological surface brightness dimming are ex-
pected to be relatively mild for z ≤ 3 (Taghizadeh-Popp et
al. 2015). Sources are detected using SExtractor (Bertin &
Arnouts 1996) in H160. Roughly 10% of these sources have
high-quality spectroscopic redshifts, which are used in cali-
brating the photometric redshifts for the remaining sources.

Galaxy sizes are measured in H160 and J125 by fitting a
single Sérsic profile to each galaxy using GALFIT (Peng et
al. 2010). We define galaxy sizes as effective radii (Reff )
along the major axis, the radii within which Sérsic profiles
contain half of the total integrated light. We discuss the de-
projection from 2D to 3D later when comparing with theoret-
ical expectations. Our overall sample is dominated by late-
type galaxies at all redshifts, whose disk components have
the same 2D and 3D half-light radii.

Using simulations with artificial galaxies and comparisons
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Table 1. Galaxy Sample Sizes

Redshift Wide Deep HUDF Total zmed M∗,low
a

(M�)

0.0 < z < 0.5 4388 923 50 5361 0.34 1.0× 107

0.5 < z < 1.0 9706 2435 116 12257 0.73 5.0× 107

1.0 < z < 1.5 6666 1395 113 8174 1.23 8.2× 107

1.5 < z < 2.0 5152 1224 90 6466 1.70 1.7× 108

2.0 < z < 2.5 2580 727 47 3354 2.23 2.1× 108

2.5 < z < 3.0 1483 497 54 2034 2.69 3.8× 108

All Redshifts 29975 7201 470 37646 · · · · · ·
aTypical stellar mass of the galaxies from HUDF with 26.6 mag < H160 <
26.8 mag and near the median of each redshift bin. In the lowest redshift
bin, we impose a hard cut in stellar mass at 107 M�.

of measurements in different imaging depths, van der Wel
et al. (2012) concluded that brighter than H160 = 24.5 mag
in the Wide region, the systematic (random) errors of Reff

measurements are below ∼20% (30%). Meanwhile, the sys-
tematic (random) errors of Sérsic index n measurements are
below ∼50% (60%). The quoted errors here are for galaxies
with n > 3, which tend to have larger errors than galax-
ies with n < 3. Therefore, we select all galaxies brighter
than H160 = 24.5 mag in the Wide region, H160 = 25.2

mag in the Deep region, and H160 = 26.7 mag in the HUDF
(SExtractor-measured magnitudes). These magnitude limits
correspond to similar signal-to-noise limits.

In addition to magnitude cuts, we prune the sample as fol-
lows. We reject all sources that have problematic photom-
etry (generally those at the borders of the image or falling
on stellar diffraction spikes). We eliminate sources that are
identified as active galactic nuclei (AGNs) via X-ray or IR
spectral energy distributions (SEDs). We discard as point
sources all objects that have half-light radii (measured by
SExtractor) smaller than 2.6 pixels. We enforce the follow-
ing criteria to eliminate galaxies with poor GALFIT fits: (1)
the GALFIT measurement is flagged as poor in the catalogs
from van der Wel et al. (2012); (2) the error in the mea-
sured Reff exceeds 0.3Reff ; (3) the measured n lies outside
the range 0.1 < n < 8, which usually signals problematic
fits. The GALFIT, AGN, and point-source criteria combined
reject roughly one-fourth of the sources that satisfy the mag-
nitude cuts. The numbers of sources that pass all the cuts
above are listed in Table 1.

The existence of the very deep HUDF data allows us to test
whether selection effects, measurement biases, or the pruning
procedure are biasing our samples near their faint limits. In
the top panels of Figure 1, we compare the size distributions
in the Wide region and the HUDF for the magnitude range
23.5 mag < H160 < 24.5 mag before and after pruning,
finding no significant difference. If the HUDF were picking

up many more low surface brightness objects, we would have
expected to see them show up in the tail of the distribution.
Instead, we see more large-radius objects in the Wide sample,
most of which are pruned away as bad fits, but without having
much impact on the median Reff . A Kolmogorov-Smirnov
test yields p values consistent with the samples being drawn
from the same underlying distribution. The bottom panels
of Figure 1 show the same comparison for the Deep region
in the magnitude range 24.2 mag < H160 < 25.2 mag. We
made a similar comparison for the stellar mass distributions,
also finding no statistically significant difference between the
HUDF and the Deep and Wide samples.

We have also estimated the completeness of our sample
from the detection efficiencies for the CANDELS survey de-
rived by Guo et al. (2013). They inserted artificial galaxies
into images from the Wide, Deep, and HUDF regions and
analyzed them with SExtractor in the same way as the real
survey to determine the detection efficiency as a function of
apparent magnitude H160, effective radius Reff , and Sérsic
index n (see their Fig. 5). From these results, we estimate
that our sample as a whole is more than 85% complete. This
high level of completeness helps to ensure that selection bi-
ases have relatively little impact on our galaxy size–halo size
relations (estimated in Section 5).

Studying galaxy size evolution demands that we compare
Reff values at a similar rest-frame wavelength across redshift
bins, so that we can eliminate the contributions from dust or
stellar age gradient to the observed size evolution. We fol-
low the procedure in van der Wel et al. (2014) to correct for
galaxy color gradients and place galaxy sizes on the same
rest-frame wavelength. To do this, we use galaxy sizes mea-
sured in H160 for galaxies at z > 1.5 and use the sizes mea-
sured in J125 at z < 1.5. Color gradients that lead to differ-
ent galaxy sizes at different wavelengths are accounted for
by a correction factor that is a function of galaxy redshift,
stellar mass, and galaxy type (late-type or early-type). As
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Figure 1. Histograms of effective radius Reff for galaxies in narrow magnitude ranges in the Wide, Deep, and HUDF regions of our sample.
The top panels compare the distributions of Reff in the Wide and HUDF regions in the magnitude range 23.5 mag < H160 < 24.5 mag, while
the bottom panels compare the distributions of Reff in the Deep and HUDF regions in the magnitude range 24.2 mag < H160 < 25.2 mag. For
reference, the selection limits of our sample in these regions are H160 = 24.5 (Wide), 25.2 (Deep), and 26.7 mag (HUDF). The left and right
panels compare the distributions before and after the sample pruning described in Section 2. The legends in the panels list the median values of
Reff in the four histograms, and the Kolmogorov-Smirnov probabilities that the histograms are drawn from the same underlying distribution.
The consistency of the histograms in regions with different depths, before and after pruning, indicates that the distribution of galactic sizes in
our sample is unbiased even near the selection limits.

the result of this color gradient correction, the measurements
are converted into the Reff near rest-frame 5000Å. The size
correction is typically only a few percent, but it does reach
∼60% in some cases. For more details about the color gra-
dient correction, we refer the readers to van der Wel et al.
(2014), Section 2.2, and their equations (1) and (2).

Stellar masses and star formation rates are estimated by
comparing our photometry with model SEDs, adopting a
Chabrier (2003) initial mass function (IMF). Here the stel-
lar masses of galaxies include all luminous stars and dark
remnants at the time of observation (but not stellar ejecta).
This method of estimating stellar masses has been exten-
sively tested in Mobasher et al. (2015), and they found that
typical stellar mass uncertainties are∼ 0.25 dex for the mag-
nitude limits adopted here. The primary sources of system-
atic uncertainties are IMF and stellar evolution models; for
galaxies with strong nebular emission lines, systematic un-
certainties for stellar mass can be up to ∼ 0.4 dex.

We restrict this study to galaxies with stellar masses M∗ >
107M�. Above this limit, we include all galaxies brighter

than the magnitude limits mentioned above, where we are
confident that our measurements are robust and unaffected by
size-dependent biases. For each redshift interval, we estimate
the typical stellar mass of the faintest galaxiesM∗,low by tak-
ing the median SED-fitted stellar mass estimate of galaxies
within 0.1 mag of the HUDF magnitude limit. The values of
M∗,low are listed in Table 1 and shown as thick tick marks at
the bottoms of Figures 5–9. SED-based star formation rates
can be uncertain by ∼ 0.4 dex (Salmon et al. 2015); there-
fore, the uncertainties in the specific star formation rates (sS-
FRs) are roughly . 0.6 dex for our galaxy sample. In this
paper, we select subsamples in the upper and lower 20% tails
of the sSFR distribution. Because we are making a differ-
ential comparison between the relatively large populations in
these tails, our results are not sensitive to the sSFR uncertain-
ties.

3. ABUNDANCE MATCHING

In this study, we employ the technique of abundance
matching to estimate the mass and hence the size of the dark
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matter halo associated with each galaxy in our sample. In
essence, this technique compares the measured sizes of ob-
served galaxies with the inferred sizes of matched halos in
cosmological dark matter simulations. The basic assumption
is that the rank ordering of galaxy (stellar) massesM∗ reflects
on average the rank ordering of halo (virial) masses M200c,
i.e., that the cumulative number densities of galaxy masses
and halo masses are equal: ng(> M∗) = nh(> M200c). This
ansatz leads directly to a correspondence between M∗ and
M200c known as the stellar mass–halo mass relation. While
the assumption that galaxy masses and halo masses follow
the same rank ordering is a reasonable approximation for sta-
tistical studies based on large samples such as ours, it can-
not be exactly true for individual galaxies, which experience
stochastic events such as mergers and starbursts throughout
their histories.

Given an SMHM relation, we compute the halo mass
M200c of each galaxy in our sample from its stellar massM∗.
We then compute the virial halo radius R200c using the stan-
dard formula

R200c =

[
3M200c

4π · 200ρcrit(z)

]1/3

, (1)

where ρcrit(z) is the critical density of the universe at red-
shift z. In order to assess how sensitive our results are to the
choice of SMHM relation, we perform all of our calculations
with four different SMHM relations. All of these SMHM re-
lations are based on the Chabrier (2003) stellar IMF and the
same halo mass definitionM200c. They are plotted in Figures
2, 3, and 4 and discussed below.

SMHM relation 1. We have derived this new SMHM re-
lation specifically for this study so that it is as consistent as
possible with the CANDELS data set, selection criteria, and
SED fitting procedure for our sample of galaxies with size
measurements. In particular, we combine the stellar mass
function ng(> M∗) from Tomczak et al. (2014) with our de-
termination of the halo mass function nh(> M200c) from the
Millennium-II simulation (Boylan-Kolchin et al. 2009).

Tomczak et al. (2014) derived the stellar mass function of
galaxies at 0.2 < z < 3 in three of the five CANDELS fields,
using selection criteria and procedures for estimating stellar
masses similar to those for our sample, as described in Sec-
tion 2. We have compared our stellar masses with those de-
rived by Tomczak et al. (2014) 1 and find no systematic offset
and only a small scatter (∼ 0.1 dex). Tomczak et al. fitted a
double Schechter function to the observed stellar mass func-
tion in differential form dng(> M∗)/dM∗ in each of eight
redshift bins. We adopt the Tomczak et al. results directly
for the three bins of width ∆z = 0.5 covering the range
1.5 < z < 3.0. However, for simplicity, we combine their

1 These stellar masses are published by the ZFOURGE team (Straatman
et al. 2016) and can be downloaded from http://zfourge.tamu.edu.

results for the four bins of width ∆z = 0.25 covering the
range 0.5 < z < 1.5 into two bins of width ∆z = 0.5.
In this step, we weight the observed comoving densities of
galaxies by the comoving volume in each ∆z = 0.25 bin and
then fit a double Schechter function to the combined comov-
ing densities in each ∆z = 0.5 bin. For our lowest redshift
bin, 0 < z < 0.5, we adopt the Tomczak et al. stellar mass
function in their lowest redshift bin, 0.2 < z < 0.5, be-
cause it agrees well with the one at < z >= 0.1 derived by
Moustakas et al. (2013). Finally, we have derived the halo
mass function nh(> M200c) from the Millennium-II simula-
tion (Boylan-Kolchin et al. 2009) at the snapshot closest to
the middle of each redshift bin and then matched this to the
stellar mass function as described above to obtain the SMHM
relation.

As a check on this procedure, we have independently de-
rived our own stellar mass function from scratch by the
1/Vmax method for the galaxies in all five CANDELS fields
in the six ∆z = 0.5 bins (albeit with approximate K-
corrections in our estimates of Vmax). The resulting stellar
mass function is nearly identical to the rebinned one from
Tomczak et al. (2014). This adds to our confidence in the va-
lidity of SMHM relation 1, which we regard as the primary
SMHM relation in this study.

Because our galaxy sample covers a wider range in stellar
mass than the Tomczak et al. sample, we linearly extrapo-
late the SMHM relation in log–log space to both lower and
higher masses. The solid lines in Figure 2 show the SMHM
relation derived directly from the Tomczak et al. data, while
the dashed lines show the extrapolated parts of the SMHM
relation.

SMHM relation 2. Behroozi et al. (2013) derived this
SMHM relation from published stellar mass and halo mass
functions over a wide range of redshifts (0 < z < 8). This is
probably the most prevalent SMHM relation in the literature.
However, since it is based on stellar mass functions that are
quite different from those derived using CANDELS data, it is
not ideal for the present study. We use it mainly to gauge the
sensitivity of our results to different SMHM relations. For
consistency, we convert their halo mass Mvir, defined us-
ing a redshift-dependent overdensity factor ∆vir(z) (Bryan
& Norman 1998), to our halo mass definition M200c. The
conversion assumes an NFW halo mass profile and the halo
mass–concentration model calibrated in Diemer & Kravtsov
(2015). The corrections are very small in general (< 0.1

dex).
SMHM relation 3. This is the same SMHM relation

adopted by Kravtsov (2013). He derived his own SMHM
relation out of concerns that previous relations used stellar
mass functions that are biased at both the high-mass and low-
mass ends. By using the same SMHM relation as Kravtsov
(2013), we can directly compare our galaxy size–halo size
relation with his at z = 0.

SMHM relation 4. There are several SMHM relations sep-

http://zfourge.tamu.edu
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arated by galaxy type at z < 0.5 in the literature, which we
plot in Figure 3. These relations use different approaches to
deriving the ratio between stellar masses and halo masses,
ranging from abundance matching (Rodrı́guez-Puebla et al.
2015) to weak lensing (Hudson et al. 2015; Mandelbaum
et al. 2016) to a mixture of the two methods (Dutton et
al. 2010). We adopt the SMHM relation from Rodrı́guez-
Puebla et al. (2015) because it has the largest dynamic range
in halo mass and is in the middle of the range spanned by
the other type-dependent relations from the literature. We
use the Rodrı́guez-Puebla et al. SMHM relations for blue
and red central galaxies at z = 0 for galaxies in our sam-
ple with Sérsic index n below and above 2.5, respectively.
Since Rodrı́guez-Puebla et al. defined their halo mass using
∆vir(z), we have applied the same conversion to M200c as
we did for SMHM relation 2.

We compare the four SMHM relations in Figure 4. Ev-
idently, there are significant discrepancies among these
SMHM relations, especially the first and second, for which
the differences can be up to ∼ 0.5 dex at z ∼ 3. Our SMHM
relation 1, derived specifically for the CANDELS sample at
0 < z < 3, shows stronger redshift evolution than SMHM
relation 2 from Behroozi et al. (2013). As already noted,
this difference comes mainly from the different stellar mass
functions used as input to these SMHM relations. Fortu-
nately, as we show in Sections 4 and 5, our main scientific
results are relatively insensitive to the adopted SMHM rela-
tion, largely due to the weak dependence of halo size on halo
mass (R200c ∝M1/3

200c).
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Figure 2. Ratio of galaxy stellar mass M∗ to halo virial mass M200c

plotted against M200c for our primary SMHM relation in six red-
shift bins covering the range 0 < z < 3. We derived this SMHM
relation by abundance matching from an evolving stellar mass func-
tion appropriate for the CANDELS sample (Tomczak et al. 2014)
and the evolving halo mass function in the Millennium-II simula-
tion (Boylan-Kolchin et al. 2009) as described in Section 3. Solid
lines are based directly on the stellar mass function from Tomczak
et al. (2014); we linearly extrapolate the SMHM relation in log–log
space to cover the stellar mass range of our sample (dashed lines).

4. RESULTS
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Figure 3. Ratio of galaxy stellar mass M∗ to halo virial mass M200c

plotted against M200c for four low-redshift SMHM relations from
the literature that depend on galaxy color or type. These were de-
rived by abundance matching (Rodrı́guez-Puebla et al. 2015), weak
lensing (Hudson et al. 2015; Mandelbaum et al. 2016), or a combi-
nation of both techniques (Dutton et al. 2010). Three of the SMHM
relations pertain to z = 0 and one to z = 0.5 (Hudson et al. 2015).
Note the large discrepancies among these color- and type-dependent
SMHM relations.
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Figure 4. Ratio of galaxy stellar mass M∗ to halo virial mass M200c

plotted against M200c for the four SMHM relations adopted in this
work. SMHM relation 1: derived as described in Section 3 for all
galaxies at 0 < z < 3 and displayed here at 0 < z < 0.5 and
2.5 < z < 3.0, which bracket the relation at intermediate redshifts.
SMHM relation 2: derived by Behroozi et al. (2013) for all galax-
ies at 0 < z < 8 and displayed here at z = 0.1 and z = 3.0.
SMHM relation 3: derived by Kravtsov (2013) for all galaxies only
at z = 0. SMHM relation 4: derived by Rodrı́guez-Puebla et al.
(2015) separately for blue and red galaxies only at z = 0. Note that
there are significant differences among these SMHM relations, but
because halo size depends weakly on halo mass (R200c ∝ M

1/3
200c),

our main results are not sensitive to these differences.

The main results of this paper are displayed in Figures 5–
9 and described in this section. The uncertainties in these
results, mostly stemming from the SMHM relation and mor-
phological classification, are discussed in Section 5.

Our first main result is that galaxy sizes are proportional to
halo sizes over a wide range of size and mass. Figure 5 shows
galaxy Reff plotted against halo R200c at 0 < z < 0.5 for the
four different SMHM relations. In each panel, the medians of
logReff in bins of width ∆ logR200c = 0.15 dex are plotted
as pentagons, and the 16th–84th percentile ranges as vertical
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bars; only the bins with more than five galaxies are shown.
The halo radius limit corresponding to the reference stellar
mass M∗,low from Table 1 is shown as a thick tick mark at
the bottom of each panel. The coefficient of proportionality
α in the relation Reff = αR200c is nearly the same in all four
cases; the median values of α are 0.021, 0.025, 0.023, and
0.024 for SMHM relations 1–4, respectively. These Reff–
R200c relations are approximately linear, but with some sub-
tle differences depending on the adopted SMHM relation.

Kravtsov (2013) also found a linear relation, using com-
pletely independent samples of galaxies at z = 0 and de-
projected 3D half-mass radii R1/2 rather than the projected
2D half-light radii Reff . The solid line in Figure 5 shows his
derived relation R1/2 = α′R200c with α′ = 0.015, assuming
Reff = R1/2 for pure-disk galaxies. The bulk of our sam-
ple by number lies above this relation by∼ 0.2 dex, agreeing
better at the high- and low-mass ends. There are a number
of possible explanations for this offset, one of them being
the difference between 2D half-light (effective) and 2D half-
mass radii. Szomoru et al. (2013) noted that for the galaxies
more massive than 5×1010 M� at 0 < z < 2.5, rest-frame g-
band 2D half-light radii are on average ∼25% larger than 2D
half-mass radii (presumably due to the influence of bulges),
which could account for ∼ 0.1 dex of the offset. We will ad-
dress other explanations below in connection with morpho-
logical types, deprojection effects, and the redshift evolution.

Our second main result is that the Reff–R200c relations
are offset for late-type and early-type galaxies. To sepa-
rate morphological types, we split our sample in two dif-
ferent ways: (1) high-n (early-type) and low-n (late-type)
subsamples, and (2) low-sSFR (early-type) and high-sSFR
(late-type) subsamples. We only include the highest and low-
est 20% of the sample in either n or sSFR in the hope that
this procedure will isolate disk-dominated from spheroid-
dominated galaxies. The resulting Reff–R200c relations for
late- and early-type galaxies using all four SMHM relations
are shown in Figures 6 and 7.

We see in both Figures 6 and 7 that galaxies of different
types follow sequences roughly parallel to the Reff ∝ R200c

line with an offset of ∼ 0.2 dex at 0 < z < 0.5. This result
is relatively robust against SMHM relation and morphologi-
cal classification method: early-type (high-n or low-sSFR)
galaxies have smaller Reff than late-type (low-n or high-
sSFR) galaxies at the same halo masses. The effect persists
even if we compare 3D half-light radii rather than 2D half-
light radii Reff , although with a smaller separation between
the sequences. The parallel sequences of early- and late-type
galaxies in the Reff–R200c diagram are reminiscent of the
parallel sequences of spheroid- and disk-dominated galaxies
in the J/M vs. M diagram (Fall 1983; Romanowsky & Fall
2012; Fall & Romanowsky 2013). The latter is due to a com-
bination of different sizes (by a factor of ∼2) and different
rotation velocities (also by a factor of ∼2–3) of spheroid-
and disk-dominated galaxies of the same stellar mass.

This helps explain why our overall relation in Figure 5 is
higher than Kravtsov’s at intermediate masses. Our sample
is dominated by late-type galaxies (∼90% have n < 2.5),
while Kravtsov’s sample is dominated by early-type galaxies
(∼ 80% by number). He noted that late-type galaxies are
systematically larger in R1/2 than early-type galaxies at in-
termediate stellar masses, which is where we see the largest
offset between these sequences in Figure 5. The changing
morphological mix as a function of mass also helps explain
the apparent curvature of the overall relation in Figure 5, be-
cause early-type galaxies dominate the high- and low-mass
ends of the relation.

Our third main result is that the Reff–R200c relation for
late-type galaxies is close to the predictions of the simple an-
alytic model of disk formation. The scale radius and effective
radius of an exponential disk embedded in a dark matter halo
with a virial (outer) radius R200c and a spin parameter λ are
given by

Rd =
λ√
2
R200c (2)

and
Reff = 1.68 Rd, (3)

when the disk and halo have the same specific angular mo-
mentum (J/M ). Equation (2) is exact for isothermal halos
(Fall & Efstathiou 1980; see their Figure 3 and equation 42;
Fall 1983, see his equation 4) and is approximate for NFW
halos with typical concentrations (Mo et al. 1998; Burkert et
al. 2016). This prediction is shown as the dashed lines in
Figures 6 to 9 for λ = 0.035, the peak of the universal spin
parameter distribution (Bullock et al. 2001; Bett et al. 2007).
We find that late-type galaxies at 0 < z < 0.5 lie ∼ 0.2

dex below the J/M equality line; in other words, our late-
type galaxies have slightly less specific angular momentum
than their dark matter halos. This offset is consistent with di-
rect measurements of specific angular momentum at z = 0,
which indicate J/M retention factors ηj ∼ 80% ± 20% for
galactic disks (Fall & Romanowsky 2013).

Our fourth main result is that there is remarkably little evo-
lution in the Reff–R200c relation from z = 3 to z = 0.
This is shown in Figures 8 and 9. As in the previous dia-
grams, we select the highest and lowest 20% tails of the n
and sSFR distributions. We only show results for SMHM re-
lation 1, but we have checked that they are similar for the
other SMHM relations. Figures 8 and 9 show again that in
all redshift bins, late-type galaxies follow a nearly linear re-
lation: Reff = αR200c. At 0.5 < z < 3, late-type galaxies
have α ≈ 0.034 in Figure 8 (α ≈ 0.029 in Figure 9) and lie
close to the J/M equality line (within . 0.1–0.2 dex) with
no discernible evolution. (There is a slight offset to smaller
sizes in the late-type sample when selected by sSFR rather
than Sérsic index.) This result agrees with recent direct mea-
surements of specific angular momentum at 0.2 < z < 1.4

(Contini et al. 2016) and at 1 < z < 3 (Burkert et al. 2016),
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four panels show results for SMHM relations 1, 2, 3, and 4 as indicated. The faint gray dots represent individual galaxies, while the filled pentagons and vertical
bars indicate the median values and 16th–84th percentile ranges of Reff in bins of width 0.15 in logR200c. The diagonal lines show the R1/2–R200c relation
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stellar mass M∗,low listed in Table 1. Note that the Reff–R200c relations are similar for the four different SMHM relations and are roughly consistent with
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Figure 6. Galaxy effective radius Reff plotted against halo virial radius R200c in the lowest redshift interval (0 < z < 0.5) for subsamples of galaxies with the
lowest and highest 20% of the measured Sérsic index n as proxies for late- and early-type galaxies, respectively. The four panels show results for SMHM relations
1, 2, 3, and 4 as indicated. The faint blue and red dots represent individual low-n and high-n galaxies, respectively, while the filled blue squares, open red circles,
and vertical bars indicate the corresponding median values and 16th–84th percentile ranges of Reff in bins of width 0.15 in logR200c. The diagonal solid lines
show the R1/2–R200c relation at z = 0 from Kravtsov (2013) assuming Reff = R1/2, while the diagonal dashed lines show the prediction for galactic disks
with the same J/M as their surrounding halos. The thick tick mark at the bottom of each panel indicates the halo size corresponding to the reference stellar mass
M∗,low listed in Table 1. Note that the Reff–R200c relation for low-n galaxies is systematically above, and roughly parallel to, the relation for high-n galaxies.
The Reff–R200c relations for both subsamples of galaxies are more linear than the relations for the full sample. Compare with Figures 5 and 7.

which show that J/M in galactic disks is nearly the same as
in their dark matter halos.

Kravtsov (2013) speculated that the sizes of galaxies grew
in proportion to the sizes of their halos until z ∼ 2 and then
stopped, while their halos continued to grow in mass and size.
We find instead that the Reff–R200c relations at z < 2 are
very similar to those at z > 2. Our Reff–R200c relations
for the late-type galaxies at z < 0.5 have smaller amplitudes
than those at z > 0.5, indicating a possible slowdown in the
growth of disks, but this deviation is mild (∼0.2 dex) and not
established beyond all doubt (see below).

The Reff–R200c relation for early-type galaxies is also
nearly constant. We see in Figures 8 and 9 that the trend
for early-type galaxies at all redshifts roughly parallels that
for late-type galaxies, but shifted down by ∼ 0.2 dex at
0 < z < 0.5 and by ∼ 0.2–0.3 dex at 0.5 < z < 3. There
is a slight hint of a “turnover” at the most massive end at
0 < z < 0.5 (see Figures 8 and 9). This turnover, if real,

could be due to either size-measurement biases (due to dif-
fuse outer halos surrounding central galaxies in groups and
clusters) or the breakdown of abundance matching for the
group- or cluster-mass halos.

5. UNCERTAINTIES

How robust are these results? The uncertainties in this
study potentially include measurement and statistical errors
internal to the CANDELS data set, as well as external sys-
tematic errors from the adopted SMHM relations and stellar
population models. Here we provide a brief assessment of
these uncertainties.

As noted in Section 2, errors in the measurements of ef-
fective radii Reff (from fits to Sérsic profiles) are relatively
small: < 20% (systematic) to 30% (random). Even if these
errors were at the upper end of this range for all galaxies and
varied systematically with galactic masses and sizes, they
would have a negligible influence on the coefficient and ex-
ponent of the galaxy size–halo size relation: Reff = αRβ200c
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Figure 7. Galaxy effective radius Reff plotted against halo virial radius R200c in the lowest redshift interval (0 < z < 0.5) for subsamples of galaxies with the
highest and lowest 20% of the measured sSFR as proxies for late- and early-type galaxies, respectively. The four panels show results for SMHM relations 1, 2, 3,
and 4 as indicated. The faint blue and red dots represent individual high-sSFR and low-sSFR galaxies, respectively, while the filled blue squares, open red circles,
and vertical bars indicate the corresponding median values and 16th–84th percentile ranges of Reff in bins of width 0.15 in logR200c. The diagonal solid lines
show the R1/2–R200c relation at z = 0 from Kravtsov (2013) assuming Reff = R1/2, while the diagonal dashed lines show the prediction for galactic disks
with the same J/M as their surrounding halos. The thick tick mark at the bottom of each panel indicates the halo size corresponding to the reference stellar mass
M∗,low listed in Table 1. Note that the Reff–R200c relation for high-sSFR galaxies is systematically above, and roughly parallel to, the relation for low-sSFR
galaxies. The Reff–R200c relations for both subsamples of galaxies are more linear than the relations for the full sample. Compare with Figures 5 and 6.

with |∆α/α| . 0.02 and |∆β| . 0.08 (assuming a ∼ 20%

or smaller systematic deviation in Reff for a factor of 10 or
more variation in R200c). Because the sample size in this
study is so large (N ∼ 38000), the effects of random errors
in the size measurements on the mean Reff–R200c relations
are even smaller. In a situation like this, with negligible inter-
nal errors, formal tests of goodness of fit are not informative,
and we do not attempt them.

The dominant uncertainties in our galaxy size–halo size re-
lations are most likely caused by possible systematic errors in
our adopted SMHM relations. We can judge the magnitude
of these errors by comparing the Reff–R200c relations plot-
ted in Figures 5 to 7 for the four different SMHM relations.
This comparison indicates that the SMHM relation may be
responsible for systematic errors at the level of ∼ 0.1–0.2

dex, perhaps a little less for the combined sample of galaxies,
perhaps a little more for the subsamples split by morpholog-
ical type. Quantitative measures of the deviations among the
Reff–R200c relations at 0 < z < 0.5 confirm these impres-
sions.

The contributions to the error budget from the adopted stel-
lar population models, which determine the stellar masses
and specific star formation rates, are smaller than those from
the adopted SMHM relations. Systematic errors in stellar
masses could affect the Reff–R200c relations at about the
same level as systematic errors in Reff . The classification of
the 3D shapes of galaxies (i.e., flat disks vs. round spheroids)
by Sérsic index is another source of uncertainty, because it is
based only on the radial decline of the projected 2D surface
brightness profiles. Fitting a single Sérsic profile instead of a
detailed disk/bulge decomposition possibly adds further un-
certainty. Nevertheless, the Reff–R200c relations we obtain
from subsamples split by Sérsic index agree at the . 0.1 dex
level with those from subsamples split by specific star forma-
tion rate.

We estimate the impact of selection biases on our galaxy

size–halo size relations from the detection efficiencies for
the CANDELS survey derived by Guo et al. (2013) as fol-
lows. They divide the Reff–H160 plane into regions that are
0–50%, 50–90%, and 90–100% complete. Most of our sam-
ple (88%) lies in the region of 90–100% completeness, while
the remainder (12%) lies in the region of 50–90% complete-
ness. To place an upper limit on the impact of selection bi-
ases, we adopt the lower limits of 90% and 50% on the com-
pleteness in these two regions of the Reff–H160 plane, assign
weights 2.0 (i.e., 1/0.5) and 1.1 (i.e., 1/0.9) to the galax-
ies in our sample in these regions, and then recompute the
Reff–R200c relations. For R200c & 100 kpc, we find negligi-
ble corrections to the median Reff–R200c relations, while for
R200c . 100 kpc, we find corrections below 0.1 dex for all
galaxy types and redshifts 0 < z < 3. We conclude from
this exercise that selection biases are likely to be subdomi-
nant sources of uncertainty in our Reff–R200c relations.

Based on this assessment of uncertainties, most of the re-
sults of this paper appear to be robust. In particular, there is
a strong, approximately linear correlation between the sizes
of galaxies and their dark matter halos over the full range
of redshifts examined here, 0 < z < 3. The coefficient of
proportionality is larger for late-type galaxies than for early-
type galaxies, which follow roughly parallel sequences, ex-
cept possibly at the highest redshifts. For late-type galaxies,
the observed Reff–R200c relation is generally consistent with
simple models in which galactic disks grow with the same
specific angular momentum as their dark matter halos. There
is some evidence for a slowdown in disk growth at z < 0.5,
but the apparent deviation from the J/M equality line is only
∼ 0.2 dex.
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Figure 8. Galaxy effective radius Reff plotted against halo virial radius R200c at different redshifts for subsamples of galaxies with the lowest and highest
20% of the measured Sérsic index n as proxies for late- and early-type galaxies, respectively. The six panels show results computed from SMHM relation 1 in
redshift intervals of ∆z = 0.5 covering the range 0 < z < 3. The faint blue and red dots represent individual low-n and high-n galaxies, respectively, while
the filled blue squares, open red circles, and vertical bars indicate the corresponding median values and 16th–84th percentile ranges of Reff in bins of width 0.15
in logR200c. The diagonal solid lines show the R1/2–R200c relation at z = 0 from Kravtsov (2013) assuming Reff = R1/2, while the diagonal dashed lines
show the prediction for galactic disks with the same J/M as their surrounding halos. The thick tick mark at the bottom of each panel indicates the halo size
corresponding to the reference stellar mass M∗,low listed in Table 1. Note that the Reff–R200c relations for both low-n and high-n galaxies are nearly constant
with redshift, and that the one for low-n galaxies is close to the predicted relation for equality of J/M in disks and halos. Compare with Figure 9.

Table 2. Verification of Main Results

SMHM 1 SMHM 2 SMHM 3 SMHM 4

1. The Reff–R200c relations are roughly linear in all redshift bins. T T T T

2. The Reff–R200c relations are offset for early- and late-type galaxies. T T T T

3. The Reff–R200c relation for late-type galaxies are close to the J/M equality line. T T T T

4. The Reff–R200c relation shows little evolution between z = 0 and z = 3. T T T T

We have plotted and examined the Reff–R200c relations at
all redshifts (0 < z < 3) for all four SMHM relations to
determine whether or not they support the four main results
discussed in Section 4. The outcome of this test is recorded
in Table 2 by a T (for true) or F (for false) for each combi-
nation of SMHM relation and result. All of the entries are
Ts. Table 2 therefore reinforces our conclusion that the main

scientific results of this study are robust relative to discrep-
ancies among the SMHM relations (because of the weak de-
pendence of R200c on M200c).

6. DISCUSSION

We have found that the sizes of galaxies are proportional
on average to the sizes of their dark matter halos over a
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Figure 9. Galaxy effective radius Reff plotted against halo virial radius R200c at different redshifts for subsamples of galaxies with the highest and lowest
20% of the measured sSFR as proxies for late- and early-type galaxies, respectively. The six panels show results computed from SMHM relation 1 in redshift
intervals of ∆z = 0.5 covering the range 0 < z < 3. The faint blue and red dots represent individual high-sSFR and low-sSFR galaxies, respectively, while
the filled blue squares, open red circles, and vertical bars indicate the corresponding median values and 16th–84th percentile ranges of Reff in bins of width 0.15
in logR200c. The diagonal solid lines show the R1/2–R200c relation at z = 0 from Kravtsov (2013) assuming Reff = R1/2, while the diagonal dashed lines
show the prediction for galactic disks with the same J/M as their surrounding halos. The thick tick mark at the bottom of each panel indicates the halo size
corresponding to the reference stellar mass M∗,low listed in Table 1. Note that the Reff–R200c relations for both high-sSFR and low-sSFR galaxies are nearly
constant with redshift, and that the one for high-sSFR galaxies is close to the predicted relation for equality of J/M in disks and halos. Compare with Figure 8.

wide range of galaxy and halo masses and over the entire
redshift range 0 < z < 3 studied here: Reff = αR200c

with α ≈ 0.03. In particular, we confirm the basic rela-
tion found by Kravtsov (2013) at z = 0 with only minor
adjustment, some of which is related to the difference be-
tween 2D half-light radii and 3D half-mass radii. There is
some curvature at the upper end of our overall Reff–R200c

relation, which is due to the larger abundance and smaller
average size of early-type galaxies compared with late-type
galaxies of the same stellar mass. Indeed, we find that early-
and late-type galaxies follow distinct, roughly parallel Reff–
R200c relations offset by a factor of ∼ 2 for the upper and
lower 20th percentiles of Sérsic index and specific star forma-
tion rate, which are meant to be proxies for disk-dominated
and spheroid-dominated galaxies.

Given the proportionality between galaxy and halo sizes,
it is now straightforward to predict how galaxy sizes evolve
with redshift, from the following alternative forms of equa-

tion (1):

Reff = αR200c = α

[
GM200c

100H2(z)

]1/3

= α
V200c

10H(z)
. (4)

Here H(z) is the Hubble parameter at redshift z, and V200c

is the circular velocity of the halo in question (see Mo et al.
1998). Thus, we expectReff ∝ H−2/3(z) orReff ∝ H−1(z)

depending on whether galaxies at different z are compared
at the same M200c or V200c. As a result of gravitational
clustering, the characteristic halo mass evolves with redshift
roughly as σ(M∗200c, z) ∝ δc(z)/D(z), where σ(M∗200c, z)

is the RMS deviation of the linear density field smoothed
over the scale R(M∗200c), δc(z) is the critical linear over-
density for collapse (Kitayama & Suto 1996), and D(z)

is the linear growth factor (Carroll et al. 1992). The cor-
responding galactic size R∗eff(z) at the knee of the galaxy
mass function should evolve according to equation (4) with
M200c → M∗200c(z). This expression for R∗eff(z) relates the
typical sizes of progenitor–descendant pairs of galaxies at
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different redshifts, although there will be a large dispersion
about it as a result of stochasticity in the hierarchical growth
of galaxies.

OurReff–R200c relations for late-type galaxies (defined by
low n, high sSFR) at 0.5 < z < 3 are within . 0.1–0.2 dex
of the predictions of simple models in which galactic disks
acquire and retain the same specific angular momentum as
induced by tidal torques in their surrounding dark matter ha-
los. At z < 0.5, late-type galaxies are ∼ 0.2 dex below this
prediction. However, given possible systematic errors in the
measurements of galactic sizes (. 20% for low-n galaxies),
our results are consistent with a range ηj ∼ 80% ± 20% for
the retained fraction of specific angular momentum. Our re-
sults therefore agree nicely with recent, direct measurements
of the specific angular momentum of galactic disks at z = 0

(Fall & Romanowsky 2013), at 0.2 < z < 1.4 (Contini et al.
2016), and at 1 < z < 3 (Burkert et al. 2016), all of which
indicate retention factors ηj near unity or slightly below.

The notion of angular momentum conservation was intro-
duced as a simplifying approximation in the era of analyt-
ical models of galaxy formation (Fall & Efstathiou 1980).
Since then, hydrodynamical models have revealed a much
more complex situation. In particular, it is now clear that
several physical processes may change the specific angular
momentum of galaxies or parts of galaxies during their for-
mation and evolution, including merging, feedback, inflows,
outflows, and gravitational interactions between baryons and
dark matter. Some of these processes cause gains in spe-
cific angular momentum, while others cause losses (see Ro-
manowsky & Fall 2012 and Genel et al. 2015 for summaries
and references to earlier work).

The galactic disks that form in recent hydrodynamical
simulations have nearly the same specific angular momen-
tum on average as their dark matter halos, in good agreement
with observations (Genel et al. 2015; Pedrosa & Tissera
2015; Teklu et al. 2015; Zavala et al. 2016). Evidently, the
processes responsible for gains and losses are either weak
or in rough balance, leading to an apparent (if not strict)
conservation of angular momentum during the formation of
galactic disks. Simulations and now observations indicate
that galaxies of all types grow in a quasi-homologous (or
self-similar) relationship with their dark matter halos. The
details of how this happens are a topic of ongoing research.
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APPENDIX

TRANSFORMATION BETWEEN THE Reff–M∗ AND
Reff–R200c RELATIONS

The halo virial radius R200c of each galaxy in our sam-
ple was computed by the abundance-matching technique, i.e.,
from its stellar mass M∗, the SMHM relation, and Equation
(1). Thus, the positions of galaxies in the Reff–R200c plane
represent a nonlinear transformation of their positions in the
Reff–M∗ plane. While the former is more fundamental from
a theoretical perspective and is the main focus of this pa-
per, the latter is one step closer to the observations, since it
requires only the conversion of luminosities and colors into
stellar masses. It is therefore of interest to examine the Reff–
M∗ diagrams for our sample and how they map into theReff–
R200c diagrams presented in Section 4. This is the purpose
of this appendix.

Figure 10 shows the Reff–M∗ diagram for galaxies in our
sample in six redshift intervals covering the range 0 < z < 3

when divided, as before, into subsamples with the lowest and
highest quintiles of Sérsic index n. We also plot in this dia-
gram the median values ofReff in bins of width 0.5 in logM∗
for these two subsamples. Evidently, the median Reff–M∗
relation for low-n galaxies is close to a single power law (a
straight line in a plot of logReff against logM∗), whereas
the relation for high-n galaxies is more complicated: it is
flatter than the low-n relation at low masses and steeper at
high masses, with a bend at M∗ ∼ few × 1010 M�. It is
also clear from Figure 10 that the median Reff–M∗ relations
for both low-n and high-n galaxies evolve very slowly. For
subsamples with the highest and lowest quintiles of specific
star formation rate, we find similar behaviors in the median
Reff–M∗ relations, as functions of both M∗ and z, especially
for z < 1.5 (not shown here).

Figure 11 shows the result of transforming the Reff–M∗
diagram into the Reff–R200c diagram with SMHM relation
1. This is exactly the same as Figure 8 except that we have
omitted the vertical bars for clarity. We have already dis-
cussed this diagram at length in Section 4. Here we note only
that the median Reff–R200c relations for low-n and high-
n galaxies in Figure 11 appear more parallel than the cor-
responding Reff–M∗ relations in Figure 10, particularly at
z < 1.5, where they are best defined. This is a consequence
of the nonlinearity of the SMHM relation, especially near
M200c ∼ 1012 M�, corresponding toM∗ ∼ few×1010 M�,
and hence near the bend in the Reff–M∗ relation for high-n
galaxies.

van der Wel et al. (2014) also derived Reff–M∗ relations in
the redshift range 0 < z < 3 for galaxies in the CANDELS
sample. The main difference between their work and ours
is that they adopted the same selection limits in all CAN-
DELS regions, whereas we adopted fainter selection limits
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in the Deep and HUDF regions. As a result, our Reff–M∗ re-
lations extend to much lower M∗ than theirs. Otherwise, the
selection of galaxies and measurement of their properties are
nearly identical in the two studies. van der Wel et al. (2014)
divided their sample into blue and red galaxies on the basis
of rest-frame UV J colors rather than by Sérsic index or spe-
cific star formation rate, as we have done. Naturally, there
is a general, but not a perfect, correspondence between these
three different proxies for late- and early-type galaxies.

van der Wel et al. (2014) fitted power laws to the Reff–
M∗ relations for blue and red galaxies; these are shown in
Figure 10 as the blue solid and red dashed line segments,
respectively. For red galaxies, they truncated the fits at
M∗ = 2 × 1010 M� because they also noticed a bend in
the Reff–M∗ relation near this mass and a flattening below it.

We obtain nearly identical results when we divide our sample
into blue and red galaxies using the same cuts in rest-frame
UV J colors as van der Wel et al. (2014). The blue solid and
red dashed curves in Figure 11 show how the van der Wel
et al. (2014) power laws in the Reff–M∗ diagram transform
into the Reff–R200c diagram. As expected, this mapping in-
troduces curvature and makes the Reff–R200c relations for
blue and red galaxies somewhat more parallel. However,
the transformed relations cover only a narrow range of halo
sizes, roughly 100 kpc . R200c . 300 kpc, except in the
lowest redshift interval. We have been able to extend the
Reff–R200c relations to a wider range of halo sizes, roughly
50 kpc . R200c . 300 kpc, with our fainter selection limits
in the CANDELS Deep and HUDF regions.
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Figure 10. Galaxy effective radius Reff plotted against stellar mass M∗ at different redshifts for subsamples of galaxies with the lowest and highest 20% of
the measured Sérsic index n as proxies for late- and early-type galaxies, respectively. The six panels show results computed from SMHM relation 1 in redshift
intervals of ∆z = 0.5 covering the range 0 < z < 3. The faint blue and red dots represent individual low-n and high-n galaxies, respectively, while the filled
blue squares and open red circles indicate the corresponding median values of Reff in bins of width 0.5 in logM∗. The blue solid and red dashed lines show
the power-law fits to the Reff–M∗ relations for blue and red galaxies (defined in terms of rest-frame UV J colors) from van der Wel et al. (2014). Note that our
sample extends to fainter and therefore less massive galaxies than the van der Wel et al. (2014) sample. Compare with Figure 11.
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Figure 11. Galaxy effective radius Reff plotted against halo virial radius R200c at different redshifts for subsamples of galaxies with the lowest and highest
20% of the measured Sérsic index n as proxies for late- and early-type galaxies, respectively. The six panels show results computed from SMHM relation 1 in
redshift intervals of ∆z = 0.5 covering the range 0 < z < 3. The faint blue and red dots represent individual low-n and high-n galaxies, respectively, while
the filled blue squares and open red circles indicate the corresponding median values of Reff in bins of width 0.15 in logR200c. The diagonal solid lines show
the R1/2–R200c relation at z = 0 from Kravtsov (2013) assuming Reff = R1/2, while the diagonal dashed lines show the prediction for galactic disks with
the same J/M as their surrounding halos. The thick tick mark at the bottom of each panel indicates the halo mass corresponding to the reference stellar mass
M∗,low listed in Table 1. The blue solid and red dashed curves are the power-law fits for blue and red galaxies in the Reff–M∗ plane after transformation into
the Reff–R200c plane. Compare with Figure 10.


