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ABSTRACT

Giant star-forming clumps in distant galaxies are thought to be important to our understanding of galaxy
formation and evolution. At present, however, observes and theorists have not reached a consensus on whether
the observed “clumps” are the same phenomenon that has been seen in simulations. In this paper, as a step
aiming at the consensus, we present a sample of clumps, which, to the best of our knowledge, represents the
terminology of clumps in the literature. The clumps are detected from rest-frame UV images, as described
in our previous paper. The physical properties of the clumps, e.g., rest-frame color, stellar mass (M∗), star
formation rate (SFR), age, and dust extinction, are measured through fitting the spatially resolved spectral
energy distribution (SED) to synthetic stellar population models. We carefully test the procedures of measuring
clump properties, especially the method of subtracting background fluxes from the diffuse component (or
“disk”) of galaxies. We show a few examples of the measured physical properties, which we think may be
of interest to most readers. We find a radial clump U-V color variation: clumps close to galactic centers are
redder than those in outskirts. The slope of the color gradient (clump color as a function of their galactocentric
distance scaled by the semi-major axis of galaxies) changes with redshift and M∗ of the host galaxies: at a fixed
M∗, the slope becomes steeper toward low redshift; and at a fixed redshift, it becomes steeper with M∗. Based
our SED-fitting, this observed color gradient can be explained by a combination of a negative age gradient, a
negative E(B-V) gradient, and a positive specific star formation rate gradient of clumps.

1. INTRODUCTION

To understand how morphology and structure of galaxies
evolve over cosmic time requires knowledge on not only in-
tegrated galaxy properties, but also sub-structures of galax-
ies. Current facilities allow us to resolve distant galaxies
and study their spatially resolved physical properties, includ-
ing (I) sub-structures (e.g., Elmegreen & Elmegreen 2005;
Elmegreen et al. 2007, 2009a,b; Genzel et al. 2008, 2011;
Förster Schreiber et al. 2011; Guo et al. 2012a, 2015; Wuyts
et al. 2012; Tadaki et al. 2014; Shibuya et al. 2016; Soto et al.
2017), (II) color variation (e.g., Menanteau et al. 2004; Mc-
Grath et al. 2008; Tortora et al. 2010; Gargiulo et al. 2011,
2012; Guo et al. 2011; Szomoru et al. 2011; Boada et al. 2015;
Tacchella et al. 2015b; Chan et al. 2016; Liu et al. 2016), (III)
star formation variation (e.g., Wuyts et al. 2013; Hemmati
et al. 2014, 2015; Tacchella et al. 2015a; Barro et al. 2016;
Mieda et al. 2016; Nelson et al. 2016a,b), and (IV) mass dis-
tribution and central concentration (e.g., Saracco et al. 2012;
Szomoru et al. 2013; Lang et al. 2014; van Dokkum et al.
2014; Barro et al. 2015; Mosleh et al. 2017).

A common and important sub-structure of distant star-
forming galaxies is giant star-forming clumps. These clumps
are seen in deep and high-resolution rest-frame UV and
optical images (e.g., Conselice et al. 2004; Elmegreen &
Elmegreen 2005; Elmegreen et al. 2007, 2009a; Förster
Schreiber et al. 2011; Guo et al. 2012a, 2015; Wuyts et al.
2012; Murata et al. 2014; Tadaki et al. 2014; Shibuya et al.
2016; Soto et al. 2017). They are also detected in high-
resolution emission line maps of Hα (e.g., Genzel et al. 2008,
2011; Livermore et al. 2012, 2015; Mieda et al. 2016) and
CO (e.g., Jones et al. 2010; Swinbank et al. 2010; Dessauges-
Zavadsky et al. 2016). The clumps appear to be much larger,
brighter, more massive than local star-forming regions. Their
typical stellar mass (M∗) is 107 − 109M⊙ (e.g., Elmegreen
et al. 2007; Guo et al. 2012a). Their actual sizes are un-
certain, possibly being ∼1 kpc (e.g., Elmegreen et al. 2007;

Förster Schreiber et al. 2011) or a few hundred pc (e.g., Liv-
ermore et al. 2012). The clumps resemble mini-starburst in
their galaxies (e.g., Bournaud et al. 2015; Zanella et al. 2015)
and have specific star formation rates (SSFR) higher than their
surrounding areas by a factor of several, evident by their blue
UV–optical colors or enhanced Hα surface brightness (e.g.,
Guo et al. 2012a; Wuyts et al. 2012, 2013; Hemmati et al.
2014; Mieda et al. 2016).

The formation and evolution of clumps provide important
tests of our knowledge of star formation, feedback, and galac-
tic structure formation. In a widely held view, clumps are
formed through gravitational instability in gas-rich turbulent
disks (e.g., Noguchi 1999; Immeli et al. 2004a,b; Bournaud
et al. 2007, 2009; Elmegreen et al. 2008; Dekel et al. 2009;
Ceverino et al. 2010, 2012; Dekel & Burkert 2014; Inoue
et al. 2016). This view is supported by some observations,
especially for massive clumpy galaxies (e.g., Elmegreen et al.
2007; Bournaud et al. 2008; Genzel et al. 2008, 2011; Guo
et al. 2012a, 2015; Hinojosa-Goñi et al. 2016; Mieda et al.
2016; Fisher et al. 2017a). The kinematic signatures of the
clumpy galaxies, however, can also have an ex-situ origin,
such as gas-rich mergers (e.g., Robertson & Bullock 2008;
Hopkins et al. 2013), which also has some supporting ob-
servations (e.g., Puech et al. 2009; Puech 2010; Wuyts et al.
2014; Guo et al. 2015; Straughn et al. 2015; Ribeiro et al.
2016).

The evolution of clumps is under intense debate. Some
models predict that they would migrate toward the gravita-
tional centers of their host galaxies, due to clump interac-
tions and dynamical friction, and eventually coalesce into a
young bulge as the progenitor of today’s bulges (e.g., Bour-
naud et al. 2007; Elmegreen et al. 2008; Ceverino et al. 2010;
Mandelker et al. 2014; Bournaud et al. 2014). Observational
evidence of this scenario is typically the age (or color) varia-
tion of clumps with galactocentric distance (clump age gradi-
ent). Some studies, e.g., Förster Schreiber et al. (2011), Guo
et al. (2012a), Shibuya et al. (2016), and Soto et al. (2017)
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In the rest of this paper, we briefly summarize the galaxy
sample and clump sample in Section 2. In Section 3, we de-
scribe the measurement of multi-band photometry of individ-
ual clumps and test the accuracy of the measurement. We par-
ticularly test the effects of different methods of subtracting
surrounding background of clumps, because the contamina-
tion by disk stars is a major uncertainty when interpreting the
observed properties. In Section 4, we describe the measure-
ment of stellar population of clumps. We also present a few
sanity checks on the accuracy of the measurement. In Section
5, we show a few examples of the measured physical prop-
erties, which we think may be of interest to most readers. In
Section 6, we briefly introduce the clump catalog and a few
cautions of using it.

Throughout the paper, we adopt a flat ΛCDM cosmology
with Ωm = 0.3, ΩΛ = 0.7 and use the Hubble constant in
terms of h ≡ H0/100km s−1 Mpc−1 = 0.70. All magni-
tudes in the paper are in AB scale (Oke 1974) unless other-
wise noted.

2. DATA AND SAMPLE SELECTION

2.1. Galaxy Sample

The sample of galaxies used in this paper is the
CANDELS/GOODS-S sample of Paper I. We do not include
the CANDELS/UDS sample of Paper I in this paper, because
UDS only has four HST bands, not enough for carrying out
spatially-resolved SED-fitting for individual clumps. While
referring readers to Paper I for details, we briefly summarize
key selection criteria here.

The multi-band photometry catalog of GOODS-S is de-
scribed by Guo et al. (2013). The photometric redshift (photo-
z) was measured by the method of Dahlen et al. (2013). M∗

and SFR are measured through SED-fitting. CANDELS has
generated a unified M∗ catalog (Mobasher et al. 2015; Santini
et al. 2015). In the catalog, for each galaxy, the median M∗ of
12 SED-fitting codes. We also update our SFR measurement
to be the median SFR of the 12 SED-fitting codes.

Star-forming galaxies are selected to have M∗> 109M⊙,
SSFR> 10−1Gyr−1, and 0.5 ≤ z < 3. We also use an ap-
parent magnitude cut of HF160W < 24.5 AB to ensure a reli-
able morphology and size measurements of the galaxies. We
only use galaxies whose semi-major axis (SMA) is larger than
0.′′2, because clumps cannot be resolved in smaller galaxies.
To minimize the effect of dust extinction and clump blending,
we only use galaxies with axial ratio q > 0.5.

After the above selection criteria, and further excluding
galaxies that are not covered by the ACS images, the final
sample consists of 1655 galaxies.

2.2. Clump Sample

Clumps detection is detailed in Paper I. Briefly, clumps are
detected in rest-frame Near-UV (∼ 2800Å), i.e., ACS F435W
at 0.5 ≤ z < 1.0, F606W at 1.0 ≤ z < 2.0, and F775W at
2.0 ≤ z < 3.0. First, the detection image is smoothed. The
smoothed image is then subtracted from the original image to
make a contrast image. After low-S/N pixels are masked out,
“blobs” are detected from the filtered image as regions with at
least five contiguous pixels.

In Paper I, we only call those “blobs” which contribute
at least 8% of the total UV luminosity of their galaxies as
clumps (see Section 1 for the relevant discussion). This ob-
jective and physical definition is necessary when considering
clumps as a distinct feature from normal nearby HII regions

and studying the redshift evolution of clumps and clumpy
galaxies (as in Paper I). It, however, has two shortcomings.
First, this definition only selects very UV-bright star-forming
regions with fLUV ≡ LUV

clump/L
UV
galaxy > 8% and identifies

all fainter star-forming regions as non-clumps. This bisection
of star-forming regions implies an abrupt change of the prop-
erties of star formation regions. Theoretical models, however,
predict a wide-range distribution of clumps properties (e.g.,
Moody et al. 2014; Mandelker et al. 2017). Second, the num-
ber of clumps is predicted to increase toward low luminosity
(Mandelker et al. 2017). Excluding fainter star-forming re-
gions would results in an incomplete and biased clump sam-
ple. In this paper, we tend to be more inclusive to include
blobs down to fLUV = 3%. This inclusion can enlarge our
clump sample, and we leave to readers to decide preferred
fLUV threshold. Overall, the sample has 1545 clumps with
fLUV ≥ 8%, 854 clumps with 5% ≤ fLUV < 8%, and 790
with 3% ≤ fLUV < 5%. These clumps are detected from
1269 galaxies.
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FIG. 1.— Illustration of “disk” light subtraction. A galaxy (Galaxy ID =
25508 in the catalog) is shown in ACS F606W (top left), smoothed ACS
F606W to match the resolution of WFC3 F160W (top right), WFC3 F160W
(bottom left), and a mask image (bottom right). Four clumps are detected
in this galaxy as shown by the green circles with radius of 3 pixels in each
panel. In the mask image (bottom right), the area within 4 pixels of the center
of each clump is masked out (i.e., black pixels in the panel). These pixels are
not used in calculating the “disk” background. The pixels outside the galaxy
are also masked out, because they are out of the SExtractor segmentation
map of the galaxy. For one clump (Clump ID = 4 in the catalog), we show
the annulus used as our fiducial method (aperi v3 in Table 1) to measure the
“disk” surface brightness. The annulus (between two purple circles) has the
inner and outer radii of 4 and 6 pixels. Only the white pixels (i.e., those not
masked out due to clump locations) between the two purple circles are used
to calculate the “disk” surface brightness.

3. MULTI-BAND CLUMP PHOTOMETRY

For each clump, we measure its multi-band photometry
from HST images: F435W, F606W, F775W, F814W, F850LP,
F105W, F125W, F140W1, and F160W. Only HST images
have the capability to resolve into kpc scale at 0.5 ≤ z < 3.0.
The images in all bands are PSF-matched to the resolution
of F160W (FWHM=0.′′17) by using the IRAF/PSFMATCH
package. Details of the PSF-matching method is described

1 This band is taken by 3D-HST (Brammer et al. 2012).
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FIG. 1.— Illustration of “disk” light subtraction. A galaxy (Galaxy ID =
25508 in the catalog) is shown in ACS F606W (top left), smoothed ACS
F606W to match the resolution of WFC3 F160W (top right), WFC3 F160W
(bottom left), and a mask image (bottom right). Four clumps are detected
in this galaxy as shown by the green circles with radius of 3 pixels in each
panel. In the mask image (bottom right), the area within 4 pixels of the center
of each clump is masked out (i.e., black pixels in the panel). These pixels are
not used in calculating the “disk” background. The pixels outside the galaxy
are also masked out, because they are out of the SExtractor segmentation
map of the galaxy. For one clump (Clump ID = 4 in the catalog), we show
the annulus used as our fiducial method (aperi v3 in Table 1) to measure the
“disk” surface brightness. The annulus (between two purple circles) has the
inner and outer radii of 4 and 6 pixels. Only the white pixels (i.e., those not
masked out due to clump locations) between the two purple circles are used
to calculate the “disk” surface brightness.
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For each clump, we measure its multi-band photometry
from HST images: F435W, F606W, F775W, F814W, F850LP,
F105W, F125W, F140W1, and F160W. Only HST images
have the capability to resolve into kpc scale at 0.5 ≤ z < 3.0.
The images in all bands are PSF-matched to the resolution
of F160W (FWHM=0.′′17) by using the IRAF/PSFMATCH
package. Details of the PSF-matching method is described
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FIG. 7.— Variation of the rest-frame U-V color of clumps as a function of clumps’ galactocentric distance. The galactocentric distance of clumps (dclump) is
scaled by the semi-major axis (SMA) of their galaxies. Blue, cyan, and red points and black circles with errorbars are the same as in Figure 3, 4, and 6. In each
panel, the black solid line and dotted curves show the best linear fit ((U − V ) = α + βlog(dclump/SMA)) and its confidence level to the color points. The
intersection (α) and slope (β) of each linear fit are shown in the lower left corner of each panel. The values within the brackets are errors. Solid and dashed light
brown curves in each panel show the median and deviation of the radial gradient of the U-V color of intra-clump regions (or “disks”). The α and β of the best
linear fit to the “disk” gradient is shown in the lower right corner.

purpose, we measure the multi-band photometry of the host
galaxies in circular annuli after masking the clump regions.
We then use the same method in Section 4 to derive the phys-
ical properties of “disks”. We emphasis again that we call
the intra-clump regions “disks” just for simplicity, without
any physical implications. Figure 7 shows that, overall, (1)
“disks” (brown lines in the figure) are redder than clumps and
(2) the color gradient of “disks” are flatter than that of clumps.
In the lowest-M∗ bin (109−109.8M⊙), the “disk” color gradi-

ent is almost flat in all redshift bins. We also found marginal
evidence (through a linear fit) that the slope of “disk” color
gradient becomes steeper with galaxy M∗ at z ≥ 1. This re-
sult is consistent with recent studies of the color gradient of
integrated galaxies, e.g., Liu et al. (2016), Wang et al. (in
preparation), Tacchella et al. (in preparation).

The color gradient in Figure 7 is measured when the (pro-
jected) galactocentric distance is normalized by the semi-
major axis of the galaxies. We also use the physical projected
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FIG. 8.— Similar to Figure 7, but for the radial gradient of age of clumps.

galactocentric distance (in unit of kpc) to measure the color
gradient. Qualitatively, all above results are not changed. The
slopes of clump color gradient using the physical distance are
actually steeper than those using the normalized distance, ex-
cept in lowest-mass bin at the highest redshift. We keep us-
ing the normalized galactocentric distance for other gradients
later.

5.3. Age Gradient

Age gradient is an important test of clump evolution.
The inward migration scenario (e.g., Bournaud et al. 2007;
Elmegreen et al. 2008; Ceverino et al. 2010; Mandelker et al.
2014; Bournaud et al. 2014) predicts a negative age gradient:

central clumps are older, while outskirts clumps are younger.
In these models, clumps spend a few hundred Myr to mi-
grate from galaxy outskirts to galactic centers. Therefore, the
age difference between central and outskirts clumps would be
about the same order of magnitude. Some studies found such
a negative age gradient, (e.g., Förster Schreiber et al. 2011;
Guo et al. 2012a; Soto et al. 2017), consistent with the inward
migration scenario. Some simulations, e.g., FIRE (Oklopčić
et al. 2017) and NIHAO (Buck et al. 2016), however, argued
that the age gradient may be a result of clumps being contam-
inated by old disk stars that are happen to be in clump loca-
tions. Although these simulations are able to reproduce the
trend of the observed clump age gradient, clump migration is

GALFIT and clump analysis of VELA simulations and comparison with observations — VivianTang, Yicheng 
Guo, David Koo — new paper by Yicheng Guo on clump properties with disk subtraction

Yicheng’s next clump paper will analyze the mock galaxy images from the VELA gen3 simulations

An important observation is that the clump gradients are steeper than those of the underlying 
“disk” at z < 2, so the clump gradients cannot be attributed to the “disk”



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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Deep Learning for Galaxies project: Analysis of VELA Gen3 simulations is ongoing by Christoph Lee and Sean 
Larkin, along with Avishai’s student Tomer Nussbaum: finding all satellites.  Christoph is also using the DL code 
that classified CANDELS images to classify VELA mock galaxy images. Fernando Caro is analyzing Horizon 
simulations.  Elliot Eckholm will help visualize the VELA simulations with yt in 3DVizlab.

Hi Joel,                                                                                                                           Tomer Nussbaum      March 28, 2017
Due to severe problems in our cluster, The detailed catalog, did not yet finish it's run.
So meanwhile I'm sending you our basic catalogs, that can be found here.
The folder includes:
- sim_table.pkl                                  - Simulation details
- cen_gal_cat.pkl                              - Central galaxies details and quantities
- sat_gal_table.pkl                            - Satellite galaxies details and quantities
- tgal_tmp_thick_table.pkl                 - Thick galaxies follow up through time
- cat_use_examples-Primack.ipynb  - usage explanations and examples for the right usage

I'm also adding part of detailed satellite catalog (which is still running) so you could see what we are aiming to.
gal_R_attribute_cat.pkl - corrected radiuses for the satellites (instead of the ZAnaPack radii) with many quantities.

https://drive.google.com/drive/folders/0B_hm4xnI_rqTaWtrQjNyc0ZHUFU?usp=sharing

ZAnaPack by Dylan Tweed 
This is an analysis pipeline for Zoom-in cosmological simulations, run with ART-I (Hydro ART, or HART. It is based of the 
detection of the main galaxy (the target of the zoom-in simulation), and the tracing of all its progenitors at all snapshot. This 
pipeline is especially useful to find and trace the main galaxy across snapshot in a large cosmological volume. The detection 
of the galaxy is done through a group-finder AdaptaHOP in HaloMaker [Aubert et al., 2004], [Tweed et al., 2009]. The 
tracing is done using the stellar particle, by using a tree-builder algorithm TreeMaker. 

We need to track and characterize the entire satellite population in the VELA gen3 simulations.  We want 
to find all mergers and also pass-by events.  Separately, we also need to find counter-rotating gas inflows.

https://drive.google.com/drive/folders/0B_hm4xnI_rqTaWtrQjNyc0ZHUFU?usp=sharing
https://drive.google.com/drive/folders/0B_hm4xnI_rqTaWtrQjNyc0ZHUFU?usp=sharing


Deep Learning for Redshifts project: James Kakos and Dominic Pasquale plan to use DL for a project to 
improve z and local environment estimates for galaxies with only photometric redshifts

MNRAS 467, 3576–3589 (2017)   RECENT RELEVANT PAPER

THE-WIZZ: clustering redshift estimation for everyone 

C. B. Morrison,1,2‹ H. Hildebrandt,1 S. J. Schmidt,3 I. K. Baldry,4 M. Bilicki,5 

We present THE-WIZZ, an open source and user-friendly software for estimating the redshift distributions of photometric galaxies with unknown 
redshifts by spatially cross-correlating them against a reference sample with known redshifts. The main benefit of THE-WIZZ is in separating the 
angular pair finding and correlation estimation from the computation of the output clustering redshifts allowing anyone to create a clustering 
redshift for their sample without the intervention of an ‘expert’. It allows the end user of a given survey to select any subsample of photometric 
galaxies with unknown redshifts, match this sample’s catalogue indices into a value-added data file and produce a clustering redshift estimation 
for this sample in a fraction of the time it would take to run all the angular correlations needed to produce a clustering redshift. We show results 
with this software using photometric data from the Kilo-Degree Survey (KiDS) and spectroscopic redshifts from the Galaxy and Mass 
Assembly survey and the Sloan Digital Sky Survey. The results we present for KiDS are consistent with the redshift distributions used in a 
recent cosmic shear analysis from the survey. We also present results using a hybrid machine learning–clustering redshift analysis that enables 
the estimation of clustering redshifts for individual galaxies. THE-WIZZ can be downloaded at http://github.com/morriscb/The-wiZZ/. 
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SORT allows recovery of the 2-point
correlation function for s > 4 Mpc/h
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SORT allows recovery of the 2-point
correlation function for s > 4 Mpc/h

Example of improving photo-z’s using spec-z’s from Tejos, Rodriguez-Puebla, Primack preprint

But this and other methods are certainly not optimal.  Can Deep Learning do better?



How to measure r_*,3D for disks and spheroids
The galaxy data used in the new Somerville+2017 paper to measure r_*,3D came from GAMA Data Release 2, which gave 13,771 galaxies 
after cuts eliminating Sersic indexes n < 0.3 and n > 10 and eliminating galaxies with sizes r_e < 0.7 arc seconds, according to Section 3.1. 
 Section 3.3 says that the conversion to r_*,3D from r_e,obs = the observed projected effective radius of the light in the same rest-frame 
waveband is given by

r_e,obs = f_p f_k r_*,3D

where f_p corrects for projection and and f_k is the structural k-correction.  The paper quotes f_p = 1 for an edge-on disk, f_p = 0.68 for n = 
4, and f_p = 0.61 for n = 1.  It summarizes the literature as saying f_k ~ 1.12 to 1.5.  The paper says it adopts (f_pf_k)_disk = (1x1.2) = 1.2 
and (f_pf_k)_spheroid = (0.68 x 1.15) = 0.78 for spheroids.  
Thus 

r_*,3D = 0.83 r_e,obs   for disks
           = 1.3 r_e,obs     for spheroids 

Galaxy Reff predicted by (spin parameter)(halo radius) = λRhalo paper led by Rachel Somerville — after correcting h-1 
error, the offset between SRHRλ ≣ R3D/(λRhalo) at z ~ 0 and higher z has disappeared 

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

2

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

4

Figure 5. Updated to B17 SMHM relation with scatter.

c⃝ 0000 RAS, MNRAS 000, 000–000

R3D ≈ 0.5 λRhalo at all redshifts 
0 < z < 3, where λBullock ≈ 0.035

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

filled symbols - ratio of medians

empty symbols - ratio of means
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Corrected Plot (on left) for z~0.1 from Rachel Somerville for paper on galaxy size-mass 

Relating Galaxy Size to Halo Size 9

Figure 5. Median radius divided by the median value of the spin
parameter times the halo virial radius, in bins of stellar mass, at
z ∼ 0.1. 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 com-
pleteness limit for the GAMA sample. Gray star symbols
show the same quantity for the estimated 3D half-stellar mass ra-
dius (r∗,3D). It is striking that the ratio between galaxy size and
halo size remains so nearly constant over a wide range in stellar
mass.

5 DISCUSSION

In this section we discuss the main caveats and uncertain-
ties in our analysis, possible physical interpretations of our
results, and compare our results and conclusions with those
of previous studies.

5.1 Main Caveats and Uncertainties

Our analysis makes use of, on the one hand, observational
estimates of galaxy stellar mass, redshift, and radial size
(and, secondarily, morphological type), and on the other,
predictions of the mass, radius, and spin parameters of dark
matter halos from a cosmological simulation.

5.1.1 Halo properties and SMHM relation

There are several important caveats to note regarding the
halo properties and SMHM relation. First, the halo masses,
virial radii, and spin parameters are taken from dissipation-
less N-body simulations, which do not include the effect of
baryons on halo properties. Studies that do include baryons
and the associated feedback effects have shown that bary-
onic processes can modify the virial mass and spin parame-
ter of dark matter halos by up to 30% (Munshi et al. 2013;
Teklu et al. 2015) and the magnitude of these effects may
depend on halo mass. Therefore the actual ratio of galaxy
size to halo size and spin parameter may differ from the
values quoted here.

Second, specific properties of dark matter halos such as
mass, radius, and spin parameter depend on the definition
used. It has become customary to define dark matter halos
as spherical overdensities within which the average overden-
sity exceeds a threshold value. However, different values of
this overdensity parameter are used in the literature. The
most common conventions are to assume a fixed overdensity
of 200 or to assume a redshift dependent overdensity ∆vir

as given in Bryan & Norman (1998). To make matters even
more confusing, some studies apply the overdensity thresh-
old relative to the critical density of the Universe while oth-
ers use the background density. This results in different val-
ues of Rh for a given Mh, different values of halo number
density (or abundance) at a given Mh, and different redshift
evolution for all quantities. It also results in different values
for the total angular momentum of the halo, Jh, and
spin parameter λ.

In Fig. 10, we show the virial radius as a function of
redshift for a halo with a mass of 1012M⊙. We also show
the virial radius as a function of redshift at fixed mass, nor-
malized to the value at z = 0. One can see from this figure
that the halo radius at a given mass differs at z = 0 by
as much as a factor of two in different definitions, while all
definitions produce nearly the same value above z ∼ 3. As a
result, conclusions about the evolution of halo radius across
cosmic time can also differ by a similar factor. The “200
crit” definition produces the least evolution, while the “vir
background” definition produces the most.

How would our results change had we adopted a dif-
ferent halo definition? The halo definition impacts sev-
eral aspects of our calculation. Halos with a fixed value of
M200,crit are less abundant (have a lower volume density)
than halos with the same numerical value of Mvir,crit. Sim-
ilarly, halos with a fixed value of Mvir,crit are less abun-
dant than halos with the same numerical value of M200,b.
This means that galaxies with a given stellar mass (and ob-
served number density) will be assigned larger and larger
halo masses depending on the halo definition used, from
M200,crit → Mvir,crit → M200,b → Mvir,b. Moreover, the
virial radius for a given halo mass increases as we go from
M200,crit → Mvir,crit → M200,b → Mvir,b. Since re for a
given m∗ is fixed by the observed relation, all of this implies
that re/Rh would be largest for the M200,crit definition and
smallest for the Mvir,b definition. Our favored definition is
in the middle. Furthermore, we expect λ to increase slightly
as we go from M200,crit → Mvir,crit → M200,b → Mvir,b. This
means the difference in re/(λRh) will be even a bit larger
from one halo definition to another. To accurately fully es-
timate the effects of changing the halo definition, we would
need to redo the abundance matching and remeasure λ con-
sistently for each definition, which is beyond the scope of
this paper. However, a crucial point is that we have been
very careful to use a consistent halo mass definition in all

aspects of our study.
The choice of halo definition is in some sense arbitrary.

Yet, one can ask which definition is the most physically
relevant for tracking quantities that are relevant to galaxy
formation, such as the accretion rate of gas into the halo.
Some recent works that examined structure formation in
dark-matter only simulations have pointed out that defining
the halo relative to an evolving background density leads
to apparent growth of the halo mass even as the physi-

c⃝ 0000 RAS, MNRAS 000, 000–000

The right figure was
Fig 5 in the submitted
version — here’s the
caption



Galaxy size vs. local density project — Christoph Lee, Graham Vanbenthuysen, Viraj Pandya, Doug Hellinger, 
Aldo Rodriguez-Puebla, David Koo — Huertas-Company+13 found no difference vs. density, and Cebrian & 
Trujillo2017 find, if anything, galaxies in low-density regions are larger. We are measuring λ vs. density by various 
methods in Aldo’s mock catalogs from Bolshoi-Planck and MultiDark-Planck.
The effect of the environment on the stellar mass–size relationship for present-day galaxies 
Marıa Cebrian and Ignacio Trujillo    MNRAS 2014  

For every galaxy in our sample, we explore the surrounding density within 2 Mpc using two distinct estimators of the environment. We find that 
galaxies are slightly larger in the field than in high-density regions. This effect is more pronounced for late-type morphologies (∼7.5 per cent 
larger) and especially at low masses (M∗ < 2 × 1010 M⊙), although it is also measurable in early-type galaxies (∼3.5 per cent larger). 

Mass-size relation and the environment 685

Figure 4. The redshift–mass plane of the stellar mass-complete galaxies in
the NYU-VAGC. The solid orange line shows the mass-completeness line
of the sample. The vertical and horizontal blue lines indicate the redshift
and the mass limit used to explore the density of various environments. In
order to lighten the plot, the density of objects is represented as a shaded
surface instead of using individual points.

were determined using a Sérsic (1968) fit to the radial intensity
profile obtained using circular apertures (Blanton et al. 2005a):

I (r) = I (0)exp[−bn(R/Re)1/n], (2)

where I(0) is the central intensity, n is the Sérsic index and bn is a
function of n such that Re is the effective radius. The Sérsic index
correlates with the morphology of the galaxy (Andredakis, Peletier
& Balcells 1995): objects with n < 2.5 are mostly discy, while
those with n > 2.5 are bulge-dominated or spheroids (Ravindranath
et al. 2004). We take advantage of this phenomenon to separate
our sample into galaxies with different morphologies (n > 2.5 and
n < 2.5) and probe the effect of the environment for each subgroup.
In this work, we use the circularized effective radius Re as a measure
of the size of the galaxy.

3 C H A R AC T E R I Z I N G TH E E N V I RO N M E N T O F
T H E G A L A X I E S

In this paper we study the stellar mass–size relationship in different
large-scale (∼2 Mpc) environments. We use two approaches to
define whether the galaxies reside in a high-density or a low-density
region. Our first estimation of the environment is computed using the
stellar mass surrounding each object within a physical radius. For
our second estimator of the environment, we use several catalogues
of galaxy clusters. Galaxies in these clusters are compared with
galaxies in the field. In this section, we detail how these different
density indicators are obtained.

3.1 First environment characterization: galaxy number
density

Various methods for measuring the environment of galaxies are
used in the literature. These methods can be divided into two main
groups: estimators based on the number of neighbours within an
aperture of fixed radius; and estimators based on the distance to
the nth nearest neighbour. Cooper et al. (2005) investigated the
effects of survey edges, redshift-space distortions (the ‘finger of
God’ effect) and other effects on mock catalogues for different
environmental estimators, finding that fixed-aperture methods are
more robust to the previously mentioned effects, while providing a

direct density measure. Despite its advantages, this method entails
two drawbacks that have to be taken into account: the sensitivity in
low-density environments, and the fact that this definition provides
a quantized measurement of the density. Other studies such as those
of Haas, Schaye & Jeeson-Daniel (2012) and Muldrew et al. (2012)
also support fixed-aperture methods as a useful tool to define the
surrounding density of a galaxy. In particular, Haas et al. (2012)
found that the optimal radius for this kind of method is ∼2 Mpc.

With these studies in mind, we use a fixed-aperture method to
make our first measurement of the environmental density. The char-
acterization of the environmental density is carried out as follows.
For each galaxy in our stellar mass-complete sample, we explore
the number and total mass of the surrounding galaxies in a sphere of
2 Mpc radius, centred on our target galaxy. Note, however, that not
all the surrounding galaxies can be used to make an estimation of
the environmental density around our galaxies. In fact, to conduct
a homogeneous description of the environment along our whole
sample, only galaxies with M∗ > 4 × 1010 M⊙ are considered to
estimate the density (see Fig. 4). This mass limit corresponds to the
mass limit of our sample at z = 0.12.

In order to define the sphere and the position of each object in
the survey, we use Cartesian coordinates defined by the set of equa-
tions (3), where α is the right ascension of the galaxy, δ its declina-
tion and z its redshift. D(z) is the comoving radial distance:

X = D(z) cos δ cos α,

Y = D(z) cos δ sin α,

Z = D(z) sin δ.

(3)

Our density ρ for each galaxy is hence defined as

ρi = 1
4
3 πR3

N∑

k

Mi,k, (4)

where Mi, k is the stellar mass of the kth neighbour with
M∗ > 4 × 1010 M⊙ located at a radial distance of less than 2 Mpc
to the ith galaxy in our sample. In the above equation, R = 2 Mpc.

Fig. 5 represents the distribution of the environmental density for
the galaxies in our sample. The gap between the bin at ρ = 0 and
the first at ρ ∼ 0.12 reflects the discretization of our estimator, as
previously mentioned: the minimum non-zero value that ρ can take
is that corresponding to one companion with a mass of 4 × 1010 M⊙.

Figure 5. Distribution of the environmental density of our galaxies us-
ing our criteria defined in Section 3.1. In order to clarify our results, the
coloured regions indicate the typical density values of galaxies located in
Abell clusters of different richnesses.

MNRAS 444, 682–699 (2014)
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Figure 6. The stellar mass–size relationships and their differences for different environments and morphologies. Upper panels show the overall distributions
for discy and spheroid-like objects as a shaded surface. Over-plotted on these distributions are the mean size of the galaxies in the 10 per cent lowest-density
(blue filled circles) and the 10 per cent highest-density (red filled triangles) regions. Lower panels show the ratio between the mean sizes in the most underdense
and overdense samples (error bars represent 1σ errors). The green dashed line is a fit to all the distribution of points and indicates the robust mean,1 with the
1σ error represented as the green shaded area.

Fig. 7. The most remarkable finding is that for early-type galaxies
the scatter in the distribution of sizes is 4 ± 1 per cent larger in the
underdense regions than in overdense zones. For late-type galaxies
there is no mean difference among the environments (i.e. a mean
difference of 1 ± 2 per cent when the full population is considered).
However, it seems that there is a trend towards a larger scatter of
the sizes in the low-mass (M∗ < 1010 M⊙) regime of galaxies in
underdense regions, and the opposite behaviour at larger masses
(M∗ > 1010 M⊙). These differences could be as high as 20 per cent,
depending on the exact bin mass.

We summarize our results of this section in Tables A1 and A2 in
Appendix A. As previously explained, the 1σ errors were obtained
as the contour in the parameter space that contains 68.2 per cent of
the normalized likelihood.

4.3 Mean size and dispersion for field and cluster galaxies

We repeated the previous analysis, but for cluster and field galax-
ies. Cluster and field galaxies are segregated according to their
morphology given by the Sérsic index (as explained in Section 2.2).

1 The robust mean provides a measure of the mean after trimming away
outliers in the distributions. In this work, the IDL routine RESISTANT_MEAN.PRO

is used for this purpose, trimming points that lie outside the 2σ confidence
interval.

For each morphology, the main sample is further divided into differ-
ent mass bins, each of them containing the same number of galaxies,
as in the previous subsection. We compute the best estimates for
R(M) and σ ln (R)(M) using the maximum-likelihood method, ex-
plained in Section 4.1, for each mass bin.

The stellar mass–size relationship for galaxies in the field and in
clusters can be seen in Fig. 8. This figure shows how the effects of
the environment are different depending on the morphology: late-
type galaxies are on average 7.8 ± 0.6 per cent larger in the field
than in clusters, while early-type galaxies present a similar trend but
with smaller significance, being objects inhabiting clusters slightly
smallar (4.0 ± 0.8 per cent) than their counterparts in the field.

The dispersion of the stellar mass–size distribution is shown in
Fig. 9. For late-type galaxies the mean of the ratio of scatters among
the environments is small: 0.2 ± 0.8 per cent. Despite this, and in
agreement with our first environment characterization, low-mass
objects (M∗ < 1010 M⊙) residing in the field show a stellar mass–
size distribution with larger scatter than their counterparts residing
in clusters, but there seems to be no trend for the high-mass end
(M∗ > 1010 M⊙).

Early-type galaxies show a trend of being more scattered in
the field than in clusters, by an average of 3.0 ± 0.9 per cent.
Again, this trend is more pronounced for the lowest-mass bins
(M∗ < 2 × 1010 M⊙).

Numerical values for the parameters obtained and their errors are
shown in Tables A3 and A4, with the corresponding 1σ errors.

MNRAS 444, 682–699 (2014)
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(M∗ > 1010 M⊙). These differences could be as high as 20 per cent,
depending on the exact bin mass.

We summarize our results of this section in Tables A1 and A2 in
Appendix A. As previously explained, the 1σ errors were obtained
as the contour in the parameter space that contains 68.2 per cent of
the normalized likelihood.

4.3 Mean size and dispersion for field and cluster galaxies

We repeated the previous analysis, but for cluster and field galax-
ies. Cluster and field galaxies are segregated according to their
morphology given by the Sérsic index (as explained in Section 2.2).

1 The robust mean provides a measure of the mean after trimming away
outliers in the distributions. In this work, the IDL routine RESISTANT_MEAN.PRO

is used for this purpose, trimming points that lie outside the 2σ confidence
interval.

For each morphology, the main sample is further divided into differ-
ent mass bins, each of them containing the same number of galaxies,
as in the previous subsection. We compute the best estimates for
R(M) and σ ln (R)(M) using the maximum-likelihood method, ex-
plained in Section 4.1, for each mass bin.

The stellar mass–size relationship for galaxies in the field and in
clusters can be seen in Fig. 8. This figure shows how the effects of
the environment are different depending on the morphology: late-
type galaxies are on average 7.8 ± 0.6 per cent larger in the field
than in clusters, while early-type galaxies present a similar trend but
with smaller significance, being objects inhabiting clusters slightly
smallar (4.0 ± 0.8 per cent) than their counterparts in the field.

The dispersion of the stellar mass–size distribution is shown in
Fig. 9. For late-type galaxies the mean of the ratio of scatters among
the environments is small: 0.2 ± 0.8 per cent. Despite this, and in
agreement with our first environment characterization, low-mass
objects (M∗ < 1010 M⊙) residing in the field show a stellar mass–
size distribution with larger scatter than their counterparts residing
in clusters, but there seems to be no trend for the high-mass end
(M∗ > 1010 M⊙).

Early-type galaxies show a trend of being more scattered in
the field than in clusters, by an average of 3.0 ± 0.9 per cent.
Again, this trend is more pronounced for the lowest-mass bins
(M∗ < 2 × 1010 M⊙).

Numerical values for the parameters obtained and their errors are
shown in Tables A3 and A4, with the corresponding 1σ errors.
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Galaxy size vs. local density project — Christoph Lee, Graham Vanbenthuysen, Viraj Pandya, Doug Hellinger, 
Aldo Rodriguez-Puebla, David Koo — Huertas-Company+13 found no difference vs. density, and Cebrian & 
Trujillo2017 find, if anything, galaxies in low-density regions are larger. We are measuring λ vs. density by various 
methods in Aldo’s mock catalogs from Bolshoi-Planck and MultiDark-Planck.

From: Joel Primack joel@ucsc.edu
Subject: measuring halo environmental density for galaxy size test

Date: April 19, 2017 at 4:21 PM
To: Aldo Rodriguez rodriguez.puebla@gmail.com
Cc: Christoph Lee christoph28@gmail.com, Graham Vanbenthuysen gvanbent@ucsc.edu, Douglas Hellinger

hellinger.doug@gmail.com

Dear Aldo,

As I summarized in pp. 6-7 of my slides for the DEEP-Theory meeting on April 14 (attached), Kravtsov 2013 showed that galaxy 3D 
half-light radii R are consistent with R = C λ R_halo, where λ is the median spin parameter and C ≈ 0.45, and the (revised) Somerville 
et al. CANDELS paper shows that this remains true (with C ≈ 0.50) out to z ~ 3.  The dispersion in galaxy sizes is also consistent with 
the dispersion in λ.  But we don’t actually know whether galaxy size is actually related to λ, since all the data actually shows is that 
galaxy size R scales as a constant times R_halo.  But Christoph’s paper’s result that λ is smaller for halos in low-density environments 
gives a way to see whether R scales with λ (or at least a halo property that also is smaller in low-density environments like the NFW 
scale radius R_s).

There are several methods for measuring the density around galaxies that we plan to use especially in low-density environments:

a) counting galaxies above a certain stellar mass or luminosity out to a given radius (in redshift space)
b) measuring the distance to the n-th nearest galaxy (Michael Cooper has given us his table of the distance to the 7th nearest SDSS 
galaxy)
c) using VIDE (P. Sutter et al. 2015) to find the volume of the Voronoi tessellation around each galaxy
d) using the DTFE method (Cautun & van de Weygaert 2011) 
e) using the radial profile of each void in the Sutter et al. SDSS void catalog

Doug Hellinger suggests that we start with c).

For each of these methods, we will need to calibrate the measurement by doing the same measurement on a mock galaxy catalog 
constructed from Bolshoi-Planck or Small MultiDark-Planck simulations.  For the galaxy size test we are interested in measuring the 
value of the Bullock (and maybe also Peebles) spin parameter as a function of each density measure around halos.  We also need 
such catalogs for Radu’s project to measure the density dependence of abundance matching for luminosity and stellar mass.  So 
could you please construct such catalogs in redshift space (choosing one or a few locations for the origin) and make them available on 
the Hyades system?  

Christoph’s paper measured spin and other parameters only for distinct halos (i.e., not subhalos), so the prediction that median spin λ 
is smaller for halos in low density environments implies that central galaxies will be smaller if size scales as λ R_halo, but not satellite 
galaxies.  So for SDSS I guess we should use the Yang catalog to tell whether a galaxy is a central or satellite, and in using your filled-
halo catalog we will need to keep track of whether a galaxy is a central or satellite.

Peter Behroozi suggested that we confine our analyses of SDSS volume-limited to z < 0.06, which should be complete for M* > 
10^{10} Msun (most of which will be centrals, especially in low-density regions).  We will no doubt also want to study volume-limited 
SDSS catalogs at smaller redshifts, e.g. z < 0.04, so that we will have more low-mass galaxies (there will be more of these in low-
density regions).  Once we start to see the size of the signal, we can decide how much effort to put into this.

I would like to schedule a Skype with you on this early next week, if possible.  Could you say when would be some convenient times?

Thanks,
Joel

Note: slides for DEEP-Theory meetings are at http://physics.ucsc.edu/~joel/

DEEP-Theory 
14April2017.pdf



From: Aldo Rodriguez rodriguez.puebla@gmail.com
Subject: galaxy mocks

Date: April 27, 2017 at 9:55 AM
To: Joel Primack joel@ucsc.edu, Christoph Lee christoph28@gmail.com, Graham Vanbenthuysen gvanbent@ucsc.edu,

Doug Hellinger hellinger.doug@gmail.com, Viraj Pandya viraj.pandya@ucsc.edu

Dear All,

Here are the mocks that you requested. I did two observers with different positions for the BolshoiP and for the SMDPL. Therefore you
have 4 galaxy surveys to have fun! Only halos with ~100 particles have stellar masses, note that stellar masses are diferente in every
catalog as well based on our stellar-to-halo mass relations. As for the stellar masses I used Mvir for distinct halos and Mpeak for
subhalos. For the BP I used the 1.00231 snapshot and for the SMDPL the 1.0000 snapshot. The columns are

(1): ID of halo
(2): Stellar mass in units of h^{-2} Msun (for consistency with the units of simulations)
(3): redshift
(4): stellar mass completeness. See my discussion below

The attached figure illustrates how the apparent magnitude limit of the SDSS results in a stellar mass limit that depends on both
redshift and color. I did various color selection so you appreciate the main effect. Also, I plotted the stellar mass limits for the red
sequence and for the blue cloud, so now you can appreciate depending on the color of you galaxies the completeness limits are
different.  For the project the red line results in volumes that are complete in stellar mass and unbiased in color properties and
therefore SFRs and sizes. In column 4 all galaxies above the red line have a value of 1 else 0. 

The last step would be to construct volume-complete samples. That is easy, for a given stellar mass calculate the maximum redshift
for galaxies that complete in mass and all galaxies above that mass and below that redshift will result in a volume-complete sample
that is complete in stellar mass. I'm attaching a table so you could do check that easily. In that table:

Col1: Stellar mass in units of h^{-2} Msun 
Col2: z_max red galaxies
Col3: z_max blue galaxies. 

Let me know if you have more comments or you find something odd about the mock surveys. 

Cheers!
Aldo

https://dl.dropboxusercontent.com/u/12411579/mocks/z_0.0_BPL_center.tar.gz

https://dl.dropboxusercontent.com/u/12411579/mocks/z_0.0_BPL_origin.tar.gz

https://dl.dropboxusercontent.com/u/12411579/mocks/z_0.0_SMDPL_center.tar.gz

https://dl.dropboxusercontent.com/u/12411579/mocks/z_0.0_SMDPL_origin.tar.gz

mass_lim.ps gr_color_limit.da
t



Halo properties like concentration, accretion history, and spin are mainly determined by environmental 
density rather than by location within the cosmic web — Tze Goh, Christoph Lee, Peter Behroozi, Doug 
Hellinger, Miguel Aragon Calvo, Elliot Eckholm




