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Chapter 2: Comparison of Hydro-ART Simulated Galaxies with Observations 

Figure 2.11: Clumpy Star-Forming GOODS-South Galaxies. 30% of z⇠2 star-forming
galaxies are clumpy. These clumpy systems tend to have larger R

eff

and lower Sérsic
indices.
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Figure 2.12: Clumpy Hydro-ART Simulations. 56% of the full Hydro-ART sample are
clumpy (nearly twice the fraction seen in GOODS-South observations). As was true
for the GOODS-South galaxies, the clumpy simulation galaxies are systems with larger
R

eff

and lower Sérsic indices.
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Figure 4: Ceverino et al. 2017 simulation of a low-mass galaxy (snapshot at z ⇠ 0.5). Top panels show gas velocity (green:
⇠ 200 km/s, purple-pink: ⇠ 1000 km/s) and density in a slice along the x-axis while the bottom panels show young and old
stellar density. The inset plot is the UV-optical SED of young stars (1000Å-5000Å). The box sizes are 40⇥ 40 kpc. The figure
shows that the distributions of velocity, density and the radiation field are complex and are not isotropic or are not simple
functions of radial distance as assumed by earlier wind models. We will use the output from these hydrodynamic simulations
and couple them with our 3D RT wind model (Prochaska et al. 2011). We will also compare the wind properties of simulated
galaxies with HST data.

(1) Zoom-in cosmological simulations : Our collaborators have a suite of 35 high resolution
(17� 35 pc) cosmological simulations using the state-of-the-art hydro+N-body cosmological
code hydroART (Ceverino et al. 2014 and Zolotov et al. 2015). The simulations have been
run with various feedback prescriptions and include relevant physics for galaxy formation
(e.g., gas cooling, star formation and metal enrichment of the ISM). They reproduce key
observed properties of galaxies. We will study winds in several of these simulated galaxies,
but for a detail comparison with HST data (Chisholm et al. 2016, Hayes et al. 2016), we will
focus on a particular galaxy simulation (Figure 4) which has been run to z = 0 (Ceverino
et al. 2017). This low-mass galaxy has stellar mass of about 2 ⇥ 109 M�. In addition to
thermal-energy feedback, the simulation of this galaxy uses radiative feedback and generates
winds in a self-consistent way. Both kinds of feedback are equally important in regulating
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ABSTRACT

We present a simple, efficient and robust approach to improve cosmological redshift mea-
surements. The method is based on the presence of a reference sample for which a precise red-
shift number distribution (dN/dz) can be obtained for different pencil-beam-like sub-volumes
within the original survey. For each sub-volume we then impose: (i) that the redshift number
distribution of the uncertain redshift measurements matches the reference dN/dz corrected by
their selection functions; and (ii) the rank order in redshift of the original ensemble of uncer-
tain measurements is preserved. The latter step is motivated by the fact that random variables
drawn from Gaussian probability density functions (PDFs) of different means and arbitrarily
large standard deviations satisfy stochastic ordering. We then repeat this simple algorithm for
multiple arbitrary pencil-beam-like overlapping sub-volumes; in this manner, each uncertain
measurement has multiple (non-independent) “recovered” redshifts which can be used to esti-
mate a new redshift PDF. We refer to this method as the Stochastic Order Redshift Technique
(SORT). We have used a state-of-the art N -body simulation to test the performance of SORT

under simple assumptions and found that it can improve the quality of cosmological redshifts
in an robust and efficient manner. Particularly, SORT redshifts (zsort) are able to recover the
distinctive features of the so-called ‘cosmic web’ and can provide unbiased measurement of
the two-point correlation function on scales ! 4h−1Mpc. Given its simplicity, we envision
that a method like SORT can be incorporated into more sophisticated algorithms aimed to
exploit the full potential of large extragalactic photometric surveys.

Key words: methods: data analysis—methods: statistical—cosmology: large-scale structure
of the Universe—techniques: photometric—techniques: spectroscopic

1 INTRODUCTION

Observational constraints of the galaxy distribution are of funda-

mental importance for cosmology and astrophysics. As tracers of

the underlying matter distribution, the actual three-dimensional po-

sitions of galaxies contain relevant information regarding the ini-

tial conditions of the Universe, cosmological parameters, and the

nature of dark matter and dark energy (e.g. Plionis & Basilakos

2002; Cole et al. 2005; Li 2011; Bos et al. 2012; Gillet et al. 2015;

Cai et al. 2015). This so-called ‘cosmic web’ also affects the phys-

ical condition of the bulk of baryonic matter residing in the inter-

galactic medium (e.g. Cen & Ostriker 1999; Davé et al. 2001; Shull

et al. 2012), which in turn could also shape the evolution of galax-

⋆ E-mail: ntejos@gmail.com

ies themselves (e.g. Mo et al. 2005; Peng et al. 2010; Lu et al. 2015;

Peng et al. 2015; Aragon-Calvo et al. 2016).

Of particular interest is to resolve the cosmic web on scales

" 1 − 10h−1Mpc, where the clustering power of matter is larger.

At these scales, galaxies form an intricate network of filaments,

sheets and nodes, while also leaving vast volumes virtually devoid

of luminous matter (i.e. galaxy voids).1 In order to access the rich

information provided by these complex patterns, one must survey

galaxies with redshift precision comparable or smaller than such

scales.

State-of-the-art photometric redshifts can achieve redshift pre-

cisions of σph
z ≈ 0.02 (e.g. for SDSS at z < 0.6, Beck et al.

2016, and references therein), which correspond to scales of ∼

1 But note that such galaxy voids can still contain baryonic matter in the

form of highly ionized hydrogen (e.g. Penton et al. 2002; Tejos et al. 2012).
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SORT allows recovery of the 2-point
correlation function for s > 4 Mpc/h



Galaxy size vs. local density project — Christoph Lee, Graham Vanbenthuysen, Viraj Pandya, Doug Hellinger, 
David Koo

Doug recommended that we use Delaunay tessellation method to estimate density around SDSS galaxies

Voronoi 
tessellation

Delaunay
tessellation

is dual to
Voronoi 

tessellation

The DTFE public software 
-The Delaunay Tessellation Field Estimator code - 

Marius Cautun, Rien van de Weygaert 

We present the DTFE public software, a code for reconstructing fields 
from a discrete set of samples/measurements using the maximum of 
information contained in the point distribution. The code is written in 
C++ using the CGAL1 library and is parallelized using OpenMP. The 
software was designed for the analysis of cosmological data but can be 
used in other fields where one must interpolate quantities given at a 
discrete point set. The software comes with a wide suite of options to 
facilitate the analysis of 2- and 3-dimensional data and of both 
numerical simulations and galaxy redshift surveys. For comparison 
purposes, the code also implements the TSC and SPH grid 
interpolation methods. The code comes with an extensive user guide 
detailing the program options, examples and the inner workings of the 
code. The DTFE public software and further information can be found 
at http://www.astro.rug.nl/~voronoi/DTFE/dtfe.html. 
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Galaxy Reff predicted by (spin parameter)(halo radius) = λRhalo paper led by Rachel Somerville — after 
correcting h-1 error, the offset between R3D/(λRhalo) at z ~ 0 and higher z has disappeared
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Figure 2. Median galaxy radius divided by the median value of the spin parameter times the halo virial radius, in bins of
stellar mass, at z ∼ 0.1. Left panel: New results using B17 SMHM relation. Open circles are based on the GAMA
DR2 catalogs and are for the observed (projected) r-band half-light radius re. The dashed vertical line shows the 97.7%
stellar mass completeness limit for the GAMA sample. Gray star symbols show the same quantity for the estimated 3D
half-stellar mass radius (r∗,3D). Crosses show the observed (projected) SRHRλ where no scatter is included in the SMHM
relation, and diamonds show results with a reduced intrinsic scatter of σint = 0.16 dex instead of the fiducial value of 0.22
dex. Right panel: plot from submitted paper, which used B13 with an intrinsic scatter of 0.15 dex and did

not include scatter from stellar mass errors.

Figure 3. Median galaxy radius divided by median spin parameter times halo radius, in bins of stellar mass and redshift,
as in submitted paper. Results now updated to use B17 SMHM relation with scatter.

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 5. Updated to B17 SMHM relation with scatter.
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ABSTRACT

I use the abundance matching ansatz, which has proven to be successful in reproducing galaxy clustering and other
statistics, to derive estimates of the virial radius, R200, for galaxies of different morphological types and a wide
range of stellar masses. I show that over eight orders of magnitude in stellar mass galaxies of all morphological
types follow an approximately linear relation between half-mass radius of their stellar distribution, r1/2, and virial
radius, r1/2 ≈ 0.015 R200, with scatter of ≈0.2 dex. Such scaling is in remarkable agreement with the expectation of
models that assume that galaxy sizes are controlled by halo angular momentum, r1/2 ∝ λR200, where λ is the spin of
galaxy parent halo. The scatter about the relation is comparable with the scatter expected from the distribution of λ.
Moreover, I show that when the stellar and gas surface density profiles of galaxies of different morphological types
are rescaled by the radius rn = 0.015 R200, the rescaled profiles follow approximately universal exponential (for
late types) and de Vaucouleurs (for early types) form with scatter of only ≈30%–50% at R ≈ 1–3rn. Remarkably,
both late- and early-type galaxies have similar mean stellar surface density profiles at R ! 1rn. The main difference
between their stellar distributions is thus at R < rn. The results of this study imply that galaxy sizes and radial
distribution of baryons are shaped primarily by properties of their parent halos and that the sizes of both late-type
disks and early-type spheroids are controlled by halo angular momentum.

Key words: galaxies: formation – galaxies: halos – galaxies: structure

1. INTRODUCTION

In the standard hierarchical structure formation scenario,
galaxies form in minima of potential wells formed by nonlinear
collapse of peaks in the initial density field. Galaxy formation is
expected to be a complex, highly nonlinear process, involving
forces on a wide range of scales. Despite an apparent complexity,
observed galaxies exhibit a number of tight scaling relations
between their structural parameters. As first shown by Fall &
Efstathiou (1980) and elaborated by Mo et al. (1998; see also
Dalcanton et al. 1997; Avila-Reese et al. 1998; Mo & Mao 2000;
Avila-Reese et al. 2008; Dutton et al. 2007; Dutton 2009; Fu
et al. 2010), some of these scaling relations can be reproduced
in a fairly simple framework, in which sizes of galaxies are
determined by halo angular momentum which sets the sizes of
their initial rotationally supported gaseous disks. Such models
predict that galaxy sizes scale approximately linearly with the
virial radius, ∝ λR200, where R200 is defined as the radius
enclosing overdensity of 200 with respect to the critical density
of the universe, ρcr(z), so that M200 = (4π/3)200ρcr(z)R3

200.
Regularity in galaxy properties is also implied by a success

of the abundance matching ansatz, in which relation between
total mass of halos, M, and stellar mass of galaxies they host,
M∗, is derived from a simple assumption that the relation is
approximately monotonic and cumulative abundances of halos
and galaxies match: nh(>M) = ng(>M∗). This model is
remarkably successful in reproducing clustering of galaxies of
different luminosities and at different redshifts (Kravtsov et al.
2004; Tasitsiomi et al. 2004; Conroy et al. 2006; Reddick et al.
2012) and other statistics (Vale & Ostriker 2004, 2006; Behroozi
et al. 2010, 2012; Guo et al. 2010; Moster et al. 2012; Hearin
et al. 2012).

In this Letter, I use the abundance matching ansatz to examine
relation between the sizes of stellar systems of galaxies, charac-
terized by the three-dimensional half-mass radius, r1/2, and the

virial radii of their halos, R200, estimated using the abundance
matching ansatz. I show that over the entire observed range
of stellar masses and morphologies, galaxies do indeed exhibit
approximately linear scaling r1/2–R200 relation. Furthermore, I
show that the stellar and gas surface density profiles of galaxies
rescaled with the radius rn = 0.015 R200 follow universal pro-
files with a scatter as low as ≈30%–50% at intermediate radii
within the optical extent of galaxies.

Throughout this Letter I assume a flat ΛCDM model with
parameters Ωm = 1 − ΩΛ = 0.27, Ωb = 0.0469, h =
H0/(100 km s−1 Mpc−1) = 0.7, σ8 = 0.82, and ns = 0.95
compatible with combined constraints from the Wilkinson
Microwave Anisotropy Probe, Baryonic Acoustic Oscillations
(BAO), supernovae, and cluster abundance (Komatsu et al.
2011).

2. ABUNDANCE MATCHING

To estimate the virial masses and radii of halos hosting
galaxies, I use the abundance matching ansatz: nh(>M) =
ng(>M∗).

A number of estimates of the M∗–M relation using this
technique have been presented in the recent literature (e.g.,
Moster et al. 2012; Behroozi et al. 2012). However, the relations
derived in these studies are based on stellar mass functions
(SMFs) known to underestimate abundance of massive galaxies
(Bernardi et al. 2010) and the double power-law fit to the M∗–M
relation of Moster et al. (2012) does not capture the upturn in the
relation at M∗ " 109 M⊙ originating from the steepening of the
SMF at these masses (Baldry et al. 2008, 2012; Papastergis et al.
2012). Therefore, in this study I re-derive the M∗–M relation to
fix these problems.

I use the Tinker et al. (2008) calibration of halo mass function
for M200, which was calibrated using host halos only. To account
for subhalos, I correct the host mass function by the subhalo
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fraction, fsub(>M) = [ntot(>M) − nhost(>M)]/nhost(>M).
ntot(>M) was calculated using current M200 masses for hosts
and corresponding masses at the accretion epoch for subhalos
using z = 0 halo catalog of Behroozi et al. (2013) derived
from the Bolshoi simulation (Klypin et al. 2011). The subhalo
fraction in the Bolshoi simulation is parameterized as fsub =
min[0.35, 0.085(15 − log10 M200)].

I combine two recent SMF calibrations by Papastergis et al.
(2012) and Bernardi et al. (2010) to accurately characterize SMF
behavior at both small and large M∗, respectively: n(M∗) =
max[nP12, nB10]. For nP12 I adopt the double Schechter form
given by Equation (6) of Baldry et al. (2012) with the following
parameters: log10 M∗ = 10.66, φ∗

1 = 3.96 × 10−3 Mpc−3,
α1 = −0.35, φ∗

2 = 6.9 × 10−4 Mpc−3, α2 = −1.57. These
parameters are in general agreement with the best-fit parameters
derived for the local SMF by Baldry et al. (2012). Note that
SMF measurements at M∗ ! 108 M⊙ are quite uncertain due
to incompleteness of low surface brightness galaxies in this
regime (Baldry et al. 2012); the current SMF measurements
at these stellar masses should be considered as lower limits
and the actual SMF may be somewhat steeper still. For nB10 I
use the parameter values given in the bottom row of Table 4
in Bernardi et al. (2010, unbracketed values) and the Schechter
parameterization of the SMF given by Equation (9) in that paper.
I refer readers to the original papers for further details on how
the SMFs were estimated.

3. GALAXY SAMPLES

To estimate the size–virial radius relation, I have selected
several publicly available data sets chosen to span the entire
range of galaxy stellar masses4 and morphologies. First, I
use a compilation of stellar masses and effective radii for
the spheroidal, early-type galaxies from Misgeld & Hilker
(2011). These include 95 ellipticals (Es) and dwarf elliptical
(dE) galaxies in the Virgo cluster with the Hubble Space
Telescope (Ferrarese et al. 2006), the Very Large Telescope/
FORS1 observations of 194 dEs in the Hydra I and Centaurus
clusters (Misgeld et al. 2008, 2009), and 23 dwarf spheroidal
(dSph) galaxies in the Local Group. The sample of late-type
galaxies includes 25 of the THINGS/HERACLES galaxies of
Leroy et al. (2008) and the LITTLE THINGS sample of 34
dwarf irregular galaxies from Zhang et al. (2012). I also include
the stellar mass profile of the Milky Way using a combination
of the thin and thick stellar disks with parameters given in
Table 2 of McMillan (2011). For the late-type samples, I used
the deprojected stellar surface density profiles presented in these
studies to estimate the half-mass radius, R1/2, directly from the
profiles. R1/2 was determined as the radius that contains half of
the stellar mass of galaxies using the cumulative mass profile of
each disk: M∗(<R) = 2π

∫ R

0 Σ(R′)R′dR′.
In addition, I use the average relations between half-light

radius and stellar mass, ⟨R1/2|M∗⟩, derived for early- and late-
type galaxies in the Sloan Digital Sky Survey (SDSS) from the
recent study by Bernardi et al. (2012; SerExp values in their
Table 4). I also use the intrinsic scatter about the mean relation
calculated for both early- and late-type galaxies (M. Bernardi
2012, private communication). Finally, I use the half-mass radii
and stellar masses for a sample of 220 massive SDSS galaxies
at z < 0.1 presented in Szomoru et al. (2013, see their Table 1).

4 Stellar masses in all of the samples were estimated assuming the Chabrier
(2003) initial mass function.

Figure 1. Relation between the half-mass radius of stellar distribution in galaxies
of different stellar masses (spanning more than eight orders of magnitude in
stellar mass) and morphological types and inferred virial radius of their parent
halos, R200, defined as the radius enclosing overdensity of 200ρcr, and estimated
as described in Section 2. The red and orange symbols and lines show early-
type galaxies, while blue and cyan symbols and line show late-type galaxies,
as indicated in the figure legend (see Sections 3 and 4.1 for details). The gray
dashed line shows linear relation r1/2 = 0.015 R200 and dotted lines are linear
relations offset by 0.5 dex, which approximately corresponds to the 2σ scatter
2σln λ ≈ 1.1 expected for dark matter halos.

4. RESULTS

4.1. The Size–Virial Radius Relation

To derive the size–virial radius relation, I first assign M200
to galaxies using their stellar mass and the M∗–M200 rela-
tion derived using abundance matching. I then estimate the
three-dimensional half-mass radius from the projected two-
dimensional half-mass radii reported for observed galaxies. I
assume that in late-type galaxies stars are in a disk and hence the
two-dimensional R1/2 radius is equal to the three-dimensional
r1/2 radius. For the early-type galaxies I assume that stars have
spheroidal distribution and convert projected Re to r1/2 using
r1/2 = 1.34Re. This expression is accurate for spheroidal sys-
tems described by the Sérsic profile with a wide range of the
Sérsic index values (see Equation (21) in Lima Neto et al. 1999).

Figure 1 shows the derived r1/2–R200 relation for all of the
observational samples described above. Remarkably, r1/2 scales
approximately linearly over two orders of magnitude in radius
and over eight orders of magnitude in stellar mass from the dSph
galaxies to the most massive ellipticals. The linear relation,
r1/2 = 0.015 R200, is shown by the gray dashed line. The
normalization of this relation is chosen so that the distribution
of points is approximately symmetric around the line. The
formal power-law fit to the r1/2–R200 relation of the individual
galaxy points shown in the figure gives slope of 0.95 ± 0.065,
normalization of 0.015±0.0007, and scatter of 0.20±0.016 dex
(all errors indicating 95% confidence interval).

It is noteworthy that the half-mass radii of dIrr galaxies are
similar to those of dEs of the same stellar mass and follow
approximately the same r1/2–R200 relation. Massive late-type
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Figure 2. Normalized surface density profiles of stars, Σ∗(R)/Σn,∗ and neutral gas, Σgas(R)/Σn,g (H i + H2) for late-type galaxies. The Σ∗(R) panel includes galaxies
from the sample of Leroy et al. (2008) and the LITTLE THINGS sample of Zhang et al. (2012), while the Σgas(R) panel only includes the surface density profiles
of gas from Leroy et al. (2008). Profiles of individual galaxies are shown by the thin lines colored according to their log10 M∗, as indicated in the legend. Each
individual profile is normalized by the radius rn = 0.015 R200, where R200 is obtained using the abundance matching ansatz from galaxy’s M∗. The thick lines with
error bars show the sample average and the rms dispersion around the mean. The average profiles of both stars and gas are well described by the exponential profile,
but Rd,gas ≈ 2.6Rd,∗.

galaxies are also close to the global linear relation, although
the figure indicates that late-type galaxies of the intermediate
stellar masses have systematically larger half-mass radii than
the early-type galaxies of the same stellar mass (e.g., Bernardi
et al. 2012).

The purple-shaded band around the dot-dashed line in
Figure 1 shows 2σ ≈ 0.3–0.5 dex intrinsic scatter estimated
for all galaxies in the sample of Bernardi et al. (2012; the scatter
shown is for all galaxies in the sample; M. Bernardi, private
communication). The orange error bars show scatter estimated
for the mass-limited sample of massive SDSS galaxies presented
in Szomoru et al. (2013). The scatter estimated for this sample is
in good agreement with the scatter of the Bernardi et al. (2012)
sample. Remarkably, the scatter is also approximately consistent
with the scatter expected from the distribution of halo spins, λ,
in models in which galaxy size is ∝ λR200, shown by the dotted
lines in the figure.

4.2. Stellar and Gas Surface Density Profiles of Galaxies

In this section I show that in addition to r1/2–R200 cor-
relation the surface density profiles of stars and neutral
gas approximately follow universal profiles when scaled by
rn = 0.015 R200, i.e., the mean normalization of the r1/2–R200
correlation.

Two panels in Figure 2 show the surface density profiles
of stars and neutral gas (H i + H2, where H i is corrected for
helium) for late-type galaxies. The radius of each individual
profile was rescaled by rn = 0.015 R200 and surface densities
were scaled by Σn = 0.448 M/r2

n , where M is the total stellar
or gas mass of each galaxy and factor 0.448 = 1.6782/(2π )
assumes exponential profile (r1/2 = 1.678 Rd ). The figure
shows that both the mean stellar and gas profiles are on
average well described by the exponential profile, Σ(R) =
Σ0 exp(−R/Rd ) with Σ0,∗ ≈ 1256 M∗/R

2
200 and the scale length

Rd,∗ ≈ 0.011R200 for stars and Σ0,gas ≈ 199 Mgas/R
2
200 and

Rd,gas ≈ 0.029 R200 for neutral gas. The gas distribution is thus
on average a factor of ≈2.6 more extended than the stellar
distribution. Scatter around the mean profiles is rather small and
is only ≈30%–50% at R ∼ 1–3rn, even though M∗ of galaxies

shown in the Σ∗(R) figure (top panel) spans over six orders of
magnitude.

The approximate universality of the gas surface density
profiles was recently pointed out by Bigiel & Blitz (2012). These
authors rescaled gas profiles of the THINGS/HERACLES
galaxies using the optical Holmberg radius, R25, and the gas
surface density Σtrans at the radius where ΣH2 = ΣH i. Such
rescaling results in the average exponential profile described
by Σgas = 2.1Σtrans exp(−1.65R/R25) with comparable scatter
around the mean profile to the rescaling described above.
Comparison gives Σtrans = 95 Mgas/R

2
200 and R25 = 0.048 R200.

Thus, the results of Bigiel & Blitz (2012) can be understood if
Σtrans scales with the characteristic surface density Σ0,gas. The
scaling of R25 is implied by the scaling Rd,∗ ∝ R200 because for
exponential disks R25 ≈ 4.5 Rd,∗. Thus, the gas surface density
profiles can be scaled by the surface density ∝ Mgas/R

2
25 instead

of Σtrans. In summary, the results presented here indicate that
the reason scaling employed by Bigiel & Blitz (2012) works
is that surface densities of gas and stars are both exponential
and their scale lengths are correlated: Rd,gas ∝ Rd,∗. The origin
of the universality of Σgas profiles lies in the scaling of half-
mass radius of both gas and stars with the virial radius of
parent halo.

Figure 3 shows stellar surface density profiles of massive
SDSS (z < 0.1) galaxies in the sample presented by Szomoru
et al. (2013) rescaled using rn as above. Note that I plot not the
actual measured profiles but the Sérsic profiles with parameters
derived from the M∗ and Re values in Table 1 of that paper.
The mean profile of late-type galaxies from the top panel of
Figure 2 is shown for comparison. The figure shows that stellar
distribution of early-type galaxies also follows an approximately
universal profile. The mean profile is very close to the de
Vaucouleurs profile with Re = 0.015 R200/1.34, where factor
of 1.34 converts the three-dimensional half-mass radius to the
two-dimensional Re. Remarkably, the mean profiles of late-type
and early-type galaxies are quite similar at R ! rn and are
only significantly different at R " rn. This implies that similar
processes shape stellar distribution at large radii in both late-
and early-type galaxies.
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Figure 3. Normalized surface density profiles of stars for massive early-type
SDSS galaxies (nSer > 2.5) from Szomoru et al. (2013). Profiles of individual
galaxies are shown by the thin lines colored according to their log10 M∗, as
indicated in the legend. Each individual profile is normalized by the radius
rn = 0.015 R200, where R200 is obtained using the abundance matching ansatz
from galaxy’s M∗. The thick lines with error bars show the sample average and
the rms dispersion around the mean. The thick dashed line shows the average
profile of late-type galaxies from the top panel of Figure 2 for comparison.

5. DISCUSSION AND CONCLUSIONS

Figures 1–3 demonstrate that the characteristic size of stellar
and gas distributions in galaxies spanning more than eight
orders of magnitude in stellar mass scales approximately linearly
with the virial radius R200 derived using abundance matching
approach. Note that the R1/2–M∗ and M∗–M200 relations used
to derive the r1/2–R200 relation are very nonlinear. The fact that
nearly linear relation emerges from a combination of nonlinear
relations indicates that the derived relation is not a trivial
restatement of the well-known R1/2–M∗ relation.

It is the linearity of r1/2–R200 relation that is most interesting
from the theoretical standpoint, as such relation is in good
agreement with expectations of the model of Mo et al. (1998),
in which galaxy sizes are set by specific angular momentum
acquired via tidal torques during cosmological collapse by both
baryons and dark matter. The agreement is not only qualitative,
but also quantitative. Scatter in size at fixed R200 in such model
is mostly due to the scatter in λ—the spin of parent halo. The
dotted lines in Figure 1 show the 2σ scatter 2σln λ ≈ 1.1 which
in log10 corresponds to ≈0.5 dex; here σln λ ≈ 0.55 is the rms
width of the lognormal spin probability density function (e.g.,
Vitvitska et al. 2002). Mo & Mao (2000) previously showed
that size distribution of late-type galaxies is consistent with that
predicted by the Mo et al. (1998) framework. The figure shows
that there is also a good general agreement between the scatter
due to the spin distribution and observed scatter of r1/2 estimated
for massive galaxies in the samples of Szomoru et al. (2013) and
Bernardi et al. (2012). The agreement is noteworthy, although
more detailed comparison taking into account measurement
errors of Re and scatter of R200 due to intrinsic scatter in the
M∗–M200 relation and measurement errors of M∗ is needed.

Mo et al. (1998) model predicts r1/2 = 1.678 Rd =
1.187(jd/md )f −1/2

c fRλR200, where jd and md are fractions of
baryon angular momentum and mass budget within halo in the
central disk, fc is a function of halo concentration, and fR is a

function that takes into account baryonic contraction of halo in
response to halo formation (see their Section 2.3). Assuming
jd/md = 1, md = 0.05, and typical spin λ̄ = 0.045 and halo
concentration of c200 = 10 gives r1/2 = 0.032 R200, i.e., normal-
ization about a factor of two higher than inferred in this study.
This, of course, could simply be due to jd/md < 1. However, as
noted by Mo et al. (1998), the predicted relation is applicable at
the epoch of disk formation. Indeed, after the galaxy size is set,
R200 may increase significantly simply due to pseudo-evolution
of halo mass defined with respect to the evolving reference den-
sity (Diemer et al. 2012). If I assume that galaxy size was set
at a characteristic epoch of z ≈ 2 and that halo mass of most
galaxies increases by a factor of 2.5 due primarily to pseudo-
evolution between z = 2 and z = 0, as suggested by analysis of
cosmological simulations (Diemer et al. 2012), the halo radius
that set the galaxy size is R200(z = 2) ≈ 0.37R200(z = 0). Using
again λ̄ = 0.045 and c200 = 4 typical for z = 2 halos, the pre-
diction is r1/2 ≈ 0.016(jd/md )R200(z = 0), in agreement with
the relation derived for observed galaxies. This conjecture can,
in principle, be tested via analysis similar to the one presented
in this Letter but done at z = 1–2.

These estimates demonstrate that empirically derived
r1/2–R200 relation is in very good quantitative agreement with
predictions of the Mo et al. (1998) disk formation model. Re-
markably, the prediction works not only for late-type disks, but
also for early-type galaxies. This means that angular momen-
tum plays a critical role in setting the sizes of galaxies of all
morphological types. This fact reveals yet another remarkable
regularity in properties of observed galaxies and provides a criti-
cal test for models of galaxy formation. Although predictions of
galaxy formation simulations are much more uncertain, recent
simulations with efficient feedback indicate that specific angular
momentum of the baryonic components of galaxies does indeed
correlate with that of their host dark matter halo (e.g., Zavala
et al. 2008; Scannapieco et al. 2008; Sales et al. 2010; Kimm
et al. 2011). Moreover, the results of Sales et al. (2010) hint at
the possible explanation for the similarity of relations for early-
and late-type galaxies. Morphology may be determined by how
well aligned the angular momentum of matter accreted at dif-
ferent epoch was, rather than by the frequency of mergers. The
total angular momentum of accreted matter is set by the overall
torque and may be comparable in objects, even though large
differences in angular momentum alignment may exist.

The derived r1/2–R200 relation may provide a useful way to
estimate galaxy sizes in simulations when only halo information
is available. Conversely, it can be used to derive halo extent and
mass using the observed Re. As shown recently by Szomoru
et al. (2013), half-light radius of galaxies is offset only by
≈25% from the half-mass radius r1/2 regardless of galaxy stellar
mass, morphology, and redshift. The relation derived in this
study can thus be used to estimate R200 of galaxy halos with
≈50% accuracy and virial mass M200 to within a factor of about
four from the measurement of half-light radius alone without
resorting to estimate of stellar mass. For these reasons it would
be interesting to calibrate the relation and its scatter using larger,
well-defined samples at a variety of redshifts.
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The thick dashed line shows the 
average profile of late-type 
galaxies from the top panel of 
Figure 2 for comparison. 
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