
DEEP-Theory Meeting     22 May 2017
GALFIT and clump analysis of VELA simulations and comparison with observations — VivianTang, Yicheng 
Guo, David Koo, Liz McGrath — new paper by Yicheng Guo on clump properties with disk subtraction

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.  Alex Bogert will be visiting 
UCSC Tuesday 2:30-5 pm and possibly also Thursday to help us with such yt visualizations. 

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.  

Deep Learning visit to Google on Tuesday May 30.  

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 & 
Trujillo 2017 find, if anything, galaxies in low-density regions are larger.  Yan, Fan, & White 2013 used SDSS DR7 
and measured density using distance to 3rd nearest galaxy, and found that galaxies are smaller at low densities. 
we are measuring λ vs. density by various methods in Aldo’s mock catalogs from Bolshoi-Planck and MultiDark-
Planck.

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

DM halo mass loss and halo radial profile papers being drafted — Christoph Lee, Doug Hellinger

Improved Santa Cruz Semi-Analytic Model of galaxy population evolution, including insights from high-
resolution hydro simulations — Viraj Pandya, Christoph Lee, Rachel Somerville, Sandy Faber 
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M/M relationships at z = 0, where ⇢� is the local environment density smoothed on
di↵erent scales and ⇢

avg

is the average density of the simulation. Di↵erent coloured lines represent di↵erent smoothing scales. The shaded
grey filled curve represents the 95% confidence interval on the median, shown only for the characteristic smoothing length �

s,char

= 1, 2, 4,
and 8Mpc/h for mass bins from left to right, respectively, and provides an indication of sample size at di↵erent densities. Mass bins are
selected relative to the non-linear mass (log

10

M

C

= 10

12.7M� at z = 0) to facilitate comparison between halos above, at, or below M

C

. We
see that lower mass halos occupy regions with a wide range of local densities, while higher mass halos are restricted to higher density
regions. Note also that larger smoothing scales will shift the range of densities towards the average density, so equal smoothing lengths
should be used to compare density ranges for halos of di↵erent masses. See Fig. 6 for a discussion of the trends seen in this plot.

curves on each panel to facilitate comparison between dif-
ferent smoothing scales and halo masses. We also provide
Fig. A3 as a means of translation between Figs. 5 and 6,
by relating actual values of halo properties to corresponding
percentile ranks. This percentilized form of correlations be-
tween halo properties and local density will be the basis for
much of our ensuing discussion.

In Fig. 6, we see that except in the lowest density re-
gions, low mass halos (M

vir

< M

C

) have median concentra-
tions that scale monotonically with increasing local density.
Surprisingly, we also find that low mass halos in the lowest
15% of local densities have higher concentrations than halos
in the roughly 20�40th percentile range. So, for halo masses
less than the characteristic mass M

C

, we find halo concen-
tration scales strongly with local density, with the caveat
that concentrations go up in very low density regions. Halos
at or above M

C

display a much weaker correlation between
density and concentration, though massive halos tend to be
more concentrated in lower density regions. For �

B

, we find
that halos less massive than M

C

in both high and low den-
sity regions have lower spin parameter compared to halos in

median density regions. More massive halos, however, tend
to have spin parameters that scale monotonically with local
density. Lastly, all halos tend to accrete less in higher density
environments, though low mass halos exhibit far stronger
accretion suppression than massive halos. Interestingly, this
indicates that halos in low density regions (bottom 20% of
densities) accrete more rapidly than halos in higher density
regions.

5.2 Redshift evolution of halo properties at
di↵erent densities

One of the principal analysis methods we’ve used to inves-
tigate the origins of the trends in Fig. 6 is to examine the
median evolution of halo properties along the most massive
progenitor branch (MMPB) of halos in regions of di↵erent
density at z = 0. In Figs. 7 and 8, for a given mass bin, we’ve
selected all halos in the 0�10th, 45�55th, and 90�100th per-
centile ranges of characteristic local density �

s,char

at z = 0 to
represent halos in low, median, and high density regions, re-
spectively. Using the halo merger trees, we follow the MMPB
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Is Galaxy Radius R*3D    λRhalo?  Measure R*3D vs. Local Density 

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)

Mass-size relation and the environment 687

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)

The effect of the environment on the stellar mass–size relationship for present-day galaxies 
Marıa Cebrian and Ignacio Trujillo    MNRAS 2014  

We are measuring R*3D vs. density in SDSS, and spin λ by the exact same 
methods in mock catalogs from Bolshoi-Planck and MultiDark-Planck.

We are using 
shallower 
volume-limited 
catalogs, keeping 
more low-mass 
disk galaxies

They volume limited to z < 0.12

∝
Huertas-Company+13 found no difference vs. density, and Cebrian & Trujillo 
MNRAS 2017 find that galaxies in low-density regions are slightly larger.



After my talk at the Galaxy-Halo conference at the KITP at UCSB last week, Simon White said that our work with Tze Goh 
showing that halo properties are controlled by density rather than cosmic web location is compatible with the findings of Fan, 
Yan, and White 2013 (http://adsabs.harvard.edu/abs/2013MNRAS.430.3432Y). Reading that paper, I see that they also found 
that on their "adaptive smoothing scale" of ~2 Mpc, measured by the distance to the 3rd nearest galaxy in a volume-limited 
SDSS+ NYU-VAGC sample with r-magnitude brighter than -20 (corresponding to z<0.062), galaxies in low density 
environments are smaller: 

From: Joel Primack joel@ucsc.edu
Subject: observations show that galaxies are smaller in low-density regions

Date: May 20, 2017 at 6:19 PM
To: Aldo Rodriguez rodriguez.puebla@gmail.com, Christoph Lee christoph28@gmail.com, Graham Vanbenthuysen

gvanbent@ucsc.edu

Dear Graham, Christoph, and Aldo,

After my talk at the Galaxy-Halo conference at the KITP at UCSB last week, Simon White said that our work with Tze 
Goh showing that halo properties are controlled by density rather than cosmic web location is compatible with the 
findings of Fan, Yan, and White (http://adsabs.harvard.edu/abs/2013MNRAS.430.3432Y).  Reading that paper, I see 
that they also found that on their "adaptive smoothing scale" of ~2 Mpc, measured by the distance to the 3rd nearest 
galaxy in a volume-limited SDSS+ NYU-VAGC sample with r-magnitude brighter than -20 (corresponding to z<0.062), 
galaxies in low density environments are smaller:

3438 H. Yan, Z. Fan and S. D. M. White

Figure 5. Left-hand panel: the scatter plot of (M∗, Dn(4000)). The mean
ln(1 + δo) contours are shown in red. Right-hand panel: the contours of
Dn(4000) − ⟨Dn(4000)⟩, in the e − log(1 + δ) plane, where ⟨Dn(4000)⟩ is
the average value of Dn(4000) at given stellar mass.

Figure 6. Left-hand panel: scatter plot of (Dn(4000), C). The mean ln(1 +
δo) contours are shown in red. Right-hand panel: contours of C − ⟨C⟩ in the
e-log(1+δ) plane, where ⟨C⟩ is the average value of C given Dn(4000).

Previous studies have shown that star-formation-related properties
depend directly on the environmental density (Kauffmann et al.
2004; Blanton et al. 2005b; Christlein & Zabludoff 2005), while
morphology-related ones are not independently correlated with en-
vironmental density (Ball et al. 2008; Bamford et al. 2008; Skibba
et al. 2009, 2012). Basically, as can be seen in the left-hand panel of
Fig. 5, environmental density influences galaxy properties through
two channels. In high-density regions, stellar mass, which is a re-
flection of integrated star formation, is more directly dependent
on environment density. In low-density regions, on the other hand,
Dn(4000), which is a reflection of current star formation, is more
directly dependent on environment density. In Fig. 6, we confirm the
fact that in both high- and low-density regions galaxy morphology
has no dependence on environment density at given stellar mass.

In the previous subsection, we use mean g − r colour as an
example for investigating galaxy–environment correlations. This
choice was because in the central part of the (e − δ) plane, where
we have the strongest statistical significance, galaxy colour is more
strongly linked to environment. Other galaxy properties may be
dependent on tidal field e, despite the lack of dependence we find
for colour, as they reflect different aspects of galaxy formation
history. We proceed in this section to measure the tidal dependence
of the other galaxy properties available to us. We find that for all
these properties, except for galaxy disc size, the result of the tidal
dependence test is consistent with zero at our statistical accuracy.

An example is shown in the upper panel of Fig. 7, where we
show the same plot as in the middle panel of Fig. 4, but for stellar
mass. In low-density regions, stellar mass has little dependence of
environment density; we therefore see a chaotic pattern. In high-
density regions, however, stellar mass is more clearly dependent

Figure 7. Upper panel: contours of stellar mass in the e − log (1 + δ) plane
for SDSS Mr20 galaxies. Lower panel: contours of galaxy size defined as
R50d in unit of kpc for the SDSS Mr20 sample. The boundary for both panels
is the 0.2σ uncertainty contour, where σ is the standard deviation of galaxy
size for the whole sample. The optimal adaptive smoothing is applied.

of environment density, but even here we find no dependence on
ellipticity.

To be complete we also check whether the relation between var-
ious galaxy properties have any dependence on ellipticity. Fig. 5
presents the environmental dependence of (M∗, Dn4000). The left-
hand panel shows a scatter plot of (M∗, Dn4000). The red lines are
contours of mean of the value of ln(1 + δo) in this plane. From
the scatter plot, we see that Dn4000, which reflects stellar popula-
tion ages and therefore star formation histories, correlates with total
stellar mass M∗. The directions of the red contours indicate that
both depend on environmental density as measured by our optimal
adaptive smoothing. In the right-hand panel of Fig. 5, we show the
(e, δ) dependence for Dn4000 given the stellar mass M∗. Specifi-
cally, the contours of the deviation Dn4000 − ⟨Dn4000⟩ are shown,
where ⟨Dn4000⟩ is the average value of Dn4000 in stellar mass bins.
In detail, at each stellar mass bin, we calculate the average value
of Dn4000, and for each galaxy we calculate the deviation of its
Dn4000 from the average Dn4000 given its stellar mass. We then
estimate the mean value of the deviations at each grid on the e −
δ plane. The environmental density dependence of the contours is
clearly seen, which, in agreement with the trend seen in the left-hand
panel, demonstrates the extra density dependence of Dn4000 in ad-
dition to its dependence on M∗. On the other hand, no dependence
on the shape parameter e is detected.

In Fig. 6, we show a similar analysis for the concentration param-
eter C = R90/R50. The scatter plot of (Dn4000, C) is shown in the
left-hand panel with the ln(1 + δo) contours superposed on it. Two

Figure7. Left panel: contours of stellar mass in the e−log(1+δ) plane for SDSS Mr20 galaxies. Right panel: contours of 
galaxy size defined as R50 d in unit of kpc for the SDSS Mr 20 sample. The boundary for both panels is the 0.2σ uncertainty 
contour, where σ is the standard deviation of galaxy size for the whole sample. The optimal adaptive smoothing is applied. 

Galaxy Mass Galaxy Radius

My comment (revised): The right panel of Fig. 7 shows that at low densities the size is ~ 3.10 kpc (deep blue) while at 
higher densities the sizes range from 3.15 to 3.5, so the size ratio is about 3.3/3.0 i.e. 10%, with some dependance also on 
the ellipticity parameter e.  However, the left panel shows that galaxies are lower mass in lower density regions (as we would 
also expect).  The mass ratio from  intermediate density to lowest density is about 1010.25/1010 i.e. ~75%. Since halo radius is 
proportional to the cube root of halo mass, the mass difference corresponds to a halo radius difference of ~25%.  So most of 
the differences in galaxy radii could be due to lower masses rather than smaller spin parameters in low-density regions. We 
need to quantify this: how much smaller are radii as a function of density at fixed stellar mass.  



Fan, Yan, & White 2013, left column of p. 3439:
We also analyse the environmental dependence of galaxy size defined as R50d in units of h−1 kpc, where d denotes the 
distance to a galaxy. The results are shown in the lower panel of Fig. 7, again using our optimal adaptive smoothing. It is seen 
that in high-density regions, galaxy size has no detectable correlation with either environmental density or ellipticity. In low-
density regions, on the other hand, there is a notable correlation between galaxy size and eo in addition to the correlation with 
δo. We will show in Section 4.3 that in low-density regions, survey boundary effects can bias the δo and eo measurements to 
lower values. This can induce an artificial correlation with eo , which is considerable for small-volume samples such as Mr 18. 
For Mr 20, however, the survey volume is large and the boundary effects are insignificant. Thus the correlations seen in 
the lower left region of the right panel Fig. 7 may indicate that both the density and the ellipticity of the environment 
can affect the galaxy size. Galaxies are systematically smaller in lower (δ , e ) regions. Due to the still limited statistics 
of SDSS, the environmental eo dependence of galaxy size needs to be investigated further with future large surveys that can 
provide much improved statistics.
And near the bottom of the first column on p. 3442:
Our analysis shows that galaxy size is independent of environment in high-density regions. In low-density regions, some 
correlation with eo in addition to the dependence on δo is detected. Galaxies in lower (δo, eo) regions tend to be smaller. 
Such correlations need to be further explored with future observations. 

From: Joel Primack joel@ucsc.edu
Subject: observations show that galaxies are smaller in low-density regions

Date: May 20, 2017 at 6:19 PM
To: Aldo Rodriguez rodriguez.puebla@gmail.com, Christoph Lee christoph28@gmail.com, Graham Vanbenthuysen

gvanbent@ucsc.edu

Dear Graham, Christoph, and Aldo,

After my talk at the Galaxy-Halo conference at the KITP at UCSB last week, Simon White said that our work with Tze 
Goh showing that halo properties are controlled by density rather than cosmic web location is compatible with the 
findings of Fan, Yan, and White (http://adsabs.harvard.edu/abs/2013MNRAS.430.3432Y).  Reading that paper, I see 
that they also found that on their "adaptive smoothing scale" of ~2 Mpc, measured by the distance to the 3rd nearest 
galaxy in a volume-limited SDSS+ NYU-VAGC sample with r-magnitude brighter than -20 (corresponding to z<0.062), 
galaxies in low density environments are smaller:

3438 H. Yan, Z. Fan and S. D. M. White

Figure 5. Left-hand panel: the scatter plot of (M∗, Dn(4000)). The mean
ln(1 + δo) contours are shown in red. Right-hand panel: the contours of
Dn(4000) − ⟨Dn(4000)⟩, in the e − log(1 + δ) plane, where ⟨Dn(4000)⟩ is
the average value of Dn(4000) at given stellar mass.

Figure 6. Left-hand panel: scatter plot of (Dn(4000), C). The mean ln(1 +
δo) contours are shown in red. Right-hand panel: contours of C − ⟨C⟩ in the
e-log(1+δ) plane, where ⟨C⟩ is the average value of C given Dn(4000).

Previous studies have shown that star-formation-related properties
depend directly on the environmental density (Kauffmann et al.
2004; Blanton et al. 2005b; Christlein & Zabludoff 2005), while
morphology-related ones are not independently correlated with en-
vironmental density (Ball et al. 2008; Bamford et al. 2008; Skibba
et al. 2009, 2012). Basically, as can be seen in the left-hand panel of
Fig. 5, environmental density influences galaxy properties through
two channels. In high-density regions, stellar mass, which is a re-
flection of integrated star formation, is more directly dependent
on environment density. In low-density regions, on the other hand,
Dn(4000), which is a reflection of current star formation, is more
directly dependent on environment density. In Fig. 6, we confirm the
fact that in both high- and low-density regions galaxy morphology
has no dependence on environment density at given stellar mass.

In the previous subsection, we use mean g − r colour as an
example for investigating galaxy–environment correlations. This
choice was because in the central part of the (e − δ) plane, where
we have the strongest statistical significance, galaxy colour is more
strongly linked to environment. Other galaxy properties may be
dependent on tidal field e, despite the lack of dependence we find
for colour, as they reflect different aspects of galaxy formation
history. We proceed in this section to measure the tidal dependence
of the other galaxy properties available to us. We find that for all
these properties, except for galaxy disc size, the result of the tidal
dependence test is consistent with zero at our statistical accuracy.

An example is shown in the upper panel of Fig. 7, where we
show the same plot as in the middle panel of Fig. 4, but for stellar
mass. In low-density regions, stellar mass has little dependence of
environment density; we therefore see a chaotic pattern. In high-
density regions, however, stellar mass is more clearly dependent

Figure 7. Upper panel: contours of stellar mass in the e − log (1 + δ) plane
for SDSS Mr20 galaxies. Lower panel: contours of galaxy size defined as
R50d in unit of kpc for the SDSS Mr20 sample. The boundary for both panels
is the 0.2σ uncertainty contour, where σ is the standard deviation of galaxy
size for the whole sample. The optimal adaptive smoothing is applied.

of environment density, but even here we find no dependence on
ellipticity.

To be complete we also check whether the relation between var-
ious galaxy properties have any dependence on ellipticity. Fig. 5
presents the environmental dependence of (M∗, Dn4000). The left-
hand panel shows a scatter plot of (M∗, Dn4000). The red lines are
contours of mean of the value of ln(1 + δo) in this plane. From
the scatter plot, we see that Dn4000, which reflects stellar popula-
tion ages and therefore star formation histories, correlates with total
stellar mass M∗. The directions of the red contours indicate that
both depend on environmental density as measured by our optimal
adaptive smoothing. In the right-hand panel of Fig. 5, we show the
(e, δ) dependence for Dn4000 given the stellar mass M∗. Specifi-
cally, the contours of the deviation Dn4000 − ⟨Dn4000⟩ are shown,
where ⟨Dn4000⟩ is the average value of Dn4000 in stellar mass bins.
In detail, at each stellar mass bin, we calculate the average value
of Dn4000, and for each galaxy we calculate the deviation of its
Dn4000 from the average Dn4000 given its stellar mass. We then
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dition to its dependence on M∗. On the other hand, no dependence
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left-hand panel with the ln(1 + δo) contours superposed on it. Two
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ABSTRACT
Using volume-limited samples drawn from the Sloan Digital Sky Survey Data Release 7
(SDSS DR7), we measure the tidal environment of galaxies, which we characterize by the
smoothed spatial number density 1 + δ of galaxies and the ellipticity e of the potential
field derived from it. We investigate whether galaxy colour, Dn4000, concentration and size
correlate with e, in addition to depending on 1 + δ. We find that there exists a transition
smoothing scale at which correlations/anti-correlations with e reverse. This transition scale
is well represented by the distance to the third nearest neighbour of a galaxy in a volume-
limited sample with Mr < −20, which has a distribution peaked at ∼2 h−1 Mpc. We further
demonstrate that this scale corresponds to that where the correlation between the colour of
galaxies and environmental density 1 + δ is the strongest. For this optimal smoothing R0

no additional correlations with e are observed. The apparent dependence on tidal ellipticity
e at other smoothing scales Rs can be viewed as a geometric effect, arising from the cross-
correlation between (1 + δo) and e(Rs). We perform the same analysis on numerical simulations
with semi-analytical modelling (SAM) of galaxy formation. The e dependence of the galaxy
properties shows similar behaviour to that in the SDSS, although the colour–density correlation
is significantly stronger in the SAM. The ‘optimal adaptive smoothing scale’ in the SAM is also
closely related to the distance to the third nearest neighbour of a galaxy, and its characteristic
value is consistent with, albeit slightly smaller than for SDSS.
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1 IN T RO D U C T I O N

While the standard picture of the hierarchical build-up of large-scale
structure in the Universe has been supported by ever increasing
observational evidence, it is still an ongoing task to understand
thoroughly the detailed baryonic physics associated with galaxy
formation, such as gas accretion, star formation and feedback. Direct
observation of these gaseous processes is challenging. On the other
hand, given the large galaxy samples currently available to us, such
as Sloan Digital Sky Survey Data Release 7 (SDSS DR7; Abazajian
et al. 2009), the statistical analysis of galaxy properties has proved
to be invaluable for probing the underlying physics affecting galaxy
formation and evolution.

The morphology–density correlation for galaxies, uncovered al-
ready in the 1930s (Hubble 1936), shows a clear segregation, with
early-type galaxies preferentially existing in high-density regions
(Oemler 1974; Dressler 1978; Postman & Geller 1984; Kauffmann
et al. 2004; Blanton et al. 2005b; Weinmann et al. 2006; Blanton &
Berlind 2007). Further investigation has indicated that the star for-

⋆ E-mail: yanheling1984@gmail.com

mation related properties, such as colour and emission-line flux, are
more directly correlated with environmental density (Kauffmann
et al. 2004; Blanton et al. 2005b; Christlein & Zabludoff 2005). At
fixed colour, the residual dependence of galaxy morphology on en-
vironmental density is rather weak (Ball, Loveday & Brunner 2008;
Bamford et al. 2008). It is also emphasized by, e.g., Kauffmann et al.
(2004), Blanton & Berlind (2007), that the environment dependence
is in fact quite local. While galaxies with abundant close neighbours
have clearly different properties from those of isolated galaxies, on
scales larger than ∼1 h−1 Mpc, environmental effects probably have
little influence on galaxy properties (Blanton & Berlind 2007).

Theoretically, it has long been known from extensions of the
Press–Schecter theory that massive haloes preferentially reside in
dense environments (Bond, Efstathiou & Kaiser 1991; Mo & White
1996). Galaxies therein have properties that are different from those
in small haloes. On the other hand, the excursion set theory with
sharp-k filter and with dynamics described by the spherical collapse
model predicts that the formation history of haloes of fixed mass
should depend only on smaller-scale structure but not on their large-
scale environment (e.g. White 1996). Incorporating the ellipsoidal
collapse model into excursion set theory gives halo mass functions
and bias in better agreement with numerical simulations (Bond &
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Figure 10. Left-hand panel: the average environment ellipticity for galaxies as a function of their distance to the survey boundary. The optimal adaptive
smoothing has been applied. Different lines represent the results for different bins of ln(1 + δo) ranging from ln(1 + δo) = −2.0 to ln(1 + δo) = 4.0.
Longer-dashed lines represent the results for higher density bins. Right-hand panel: the ratio of the mean (g − r) in high ellipticity regions to that in low
ellipticity regions for Mr 20 (red filled circle), Mr19 (green filled circle) and Mr18 samples (blue filled circle), respectively. The high and low ellipticity regions
are defined as the regions above the +1σ dashed line and below the −1σ dashed line shown in the right-hand pane of Fig. 1. The results for subsamples of
Mr20 and of Mr19 cut at 110 h−1 Mpc are shown by red open squares and green open triangles, respectively.

the measured environmental density systematically lower than that
measured in real space. The ellipticity calculated in the redshift
space is systematically lower/higher for regions with high/low e in
real space. That is, filaments become rounder and clusters tend to be
more anisotropic in redshift space. Such effects cause colour mixing
in the [e, ln(1 + δ)] plane, and thus lead to flatter colour contours
with respect to the ellipticity e and weaker correlations with δ (see
the black contour lines in Fig. 9).

In low-density regions, measurements of environmental density
and ellipticity are mainly affected by survey geometry. Both are
biased to lower values. In the left-hand panel of Fig. 10, we show
the value of e with respect to the distance to the survey boundary
for SDSS sample Mr20. Different lines represent different environ-
mental density ranges with longer dashes corresponding to higher
densities. Physically, we do not expect any correlations between
e value and the distance to the survey boundary. For high-density
lines, they are indeed nearly flat. For low-density lines, however,
the measured e is systematically lower for galaxies closer to the sur-
vey boundary. The effect is significant for galaxies that are within
20 h−1 Mpc of the boundary. This is clearly an observational effect
due to padding the regions outside the survey boundary with the
average number density. Such a measurement bias on e can lead to
artificial correlations between galaxy properties and environmental
ellipticity. The significance of the effect depends on the fraction of
galaxies that are within 20 h−1 Mpc of the boundary. Volume-limited
samples with smaller volume are affected more.

In the right-hand panel of Fig. 10, we show the ratio of colour in
high e regions to the colour in low e regions versus minus the ab-
solute magnitude of galaxies −Mr. Here high and low e are defined
as above the 1σ level and below the −1σ level with respect to the
average e (see the right-hand panel of Fig. 1). We present results
for different SDSS volume-limited samples, Mr18, Mr19 and Mr20
from smaller to larger volume. For Mr18, we see the decrease of the
colour ratio with respect to −Mr of galaxies. That is, for relatively
faint galaxies, the ones in low e regions tend to be bluer than those
in high e regions. For bright galaxies, the ratio is close to 1. For
Mr19 and Mr20, there is no detectable dependence of the colour
ratio on −Mr, and the ratio is always close to 1.

To test if the Mr-dependence of the colour ratio seen in Mr18 is
physical or due to the boundary effect, we construct subsamples of
galaxies with distances less than 110 h−1 Mpc from Mr19 and Mr20,
respectively. This cut corresponds roughly to the distance limit of
Mr18. The results for the Mr19 and Mr20 subsamples are shown
by unfilled green triangles and unfilled red squares, respectively.
The apparent correlation with Mr of galaxies is then seen. This
demonstrates that the correlation seen for Mr18 sample is largely
due to the boundary effect. As shown in the left-hand panel of
Fig. 10, in low-density regions, the e value is biased to a lower
value for galaxies closer to the survey boundary. Because galaxies
in low-density regions tend to be bluer than those in high-density
regions, this bias leads to an increase in the number of relatively
blue galaxies in low e regions, and thus increases the colour ratio
between high e and low e regions. The increase of the colour ratio
is more significant for fainter galaxies because the observed ones
reside in a smaller volume around the observer and thus suffer more
from the boundary effect.

In Fig. 11, we show colour contours in the [eo, ln(1 + δo)] plane
for Mr18. For Mr18, the optimal adaptive smoothing scale for a
galaxy corresponds to the distance to its eighth nearest neighbour.
Comparing to the middle panel of Fig. 4, we see a notable correlation
between colour and ellipticity in low-density regions. This, however,
is largely due to the survey boundary effect that biases both the
environmental density and ellipticity towards lower values in low-
density regions.

5 C O N C L U S I O N A N D D I S C U S S I O N

In this paper we examine the tidal dependence of galaxy properties
in the NYU-VAGC sample and compare it with the predictions of
the SAM. To separate the environment–morphology dependence
from the environmental density dependence, we construct the rel-
ative overdensity δ, the ellipticity e and the prolateness p from the
three eigenvalues of the tidal tensor of the potential field calculated
from the spatial distribution of galaxies, where e and p are nearly
independent of δ. It should be noted that this potential field can be
biased with respect to the potential field from the underlying dark

In summary, our analysis of SDSS data shows that in addition to environmental density, there is no significant further 
dependence of galaxy properties on the tidal environment of large-scale structure. Geometrically, ellipticity and density 
on one smoothing scale cor- relate strongly with ellipticity/density on other smoothing scales. If the smoothing scale is 
not chosen properly, apparent dependence of galaxy properties on both environment ellipticity and environment density 
arises which is merely due to geometry. We find that for the optimal adaptive smoothing scale, the dependence on 
density is maximized and the dependence on ellipticity and prolateness is null. 
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Halo Properties Independent of Web Location at the Same Density

[h-1M⦿]

At the same environmental density, 
halo properties are independent of 
cosmic web location.  It doesn’t 
matter whether a halo is in a cosmic 
void, wall, or filament, what matters 
is the halos’s environmental 
density. The properties studied are 
mass accretion rate, spin, halo 
concentration, scale factor of the 
last major merger, and prolateness.     
We had expected that a web’s 
cosmic web location would matter 
for at least some of these halo 
properties.  That it does not is a 
significant discovery.  

GAMA data show that the galaxy 
luminosity function is also 
independent of web environment at 
fixed density (Eardley et al. MNRAS 
2015).  This contrasts with the 
finding that the halo mass function 
is dependent on web location at the 
same density using the v-web 
(Metuki, Liebeskind, Hoffman 2016). 


