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Introduction:  ΛCDM
Most of the matter in the universe is dark, and 
exists in dark matter ‘halos’ — gravitationally 
bound and virialized overdensities of dark matter 
particles.

Baryonic galaxies form within dark matter halos, 
but stars comprise less than 5% of the total mass 
of the halo.

Low mass halos collapse first, then merge to 
form higher mass halos.

At a given redshift, MC(z) is mass of ‘typical’ 
collapsing halo.  Halos less massive than MC are 
ubiquitous, halos more massive are rare.

form that captures many essential aspects of halo growth
over time. Remarkably, we find that both average mass
accretion histories and mass accretion histories for individ-
ual halos, as observed at z ¼ 0, can be characterized by a
simple function:

MðaÞ ¼ M0e
$ !z

; a ¼ ð1 þ zÞ$ 1
: ð3Þ

Although individual halo trajectories may deviate from this

form significantly in places (e.g., at the time of a major
merger), this one-parameter model (in addition to the halos’
final massM0) provides a remarkably good characterization
of the range of halo mass accretion trajectories. Fits to this
equation are shown in Figure 3 for several representative
individual halos. Van den Bosch (2002) has independently
shown that a similar, two-parameter, functional form can
be used to represent halo mass accretion histories for a vari-
ety of cosmologies and over a large mass range.
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Fig. 2.—Structural merger trees for two halos. This diagram illustrates the merging history of a cluster mass halo (left; Mvir ¼ 2:8 & 1014 h$ 1 M' and
cvir ¼ 5:9) and a galaxymass halo (right;Mvir ¼ 2:9 & 1012 h$ 1M' and cvir ¼ 12:5) at a ¼ 1. The radii of the outer and inner ( filled ) circles are proportional to
the virial and inner NFW radii, Rvir and Rs, respectively, scaled such that the two halos have equal sizes at a ¼ 1. Lines connect halos with their progenitor
halos. All progenitors with profile fits (M > 2:2 & 1011 h$ 1 M' ) are shown for the cluster mass halo; all progenitors (M > 2:2 & 1010 h$ 1 M' ) are shown for
the galaxy mass halo. The scale factor a at the output time is listed in the center of the plot. The width of the diagram is arbitrary. [See the electronic edition of
the Journal for a color version of this figure.]
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Introduction:  ΛCDM

Large scale structure 
traces a hierarchical 
‘cosmic web’ with voids, 
filaments, sheets, and 
nodes (clusters) on 
many length scales

How do halo properties 
differ in different density 
environments?

What can this tell us 
about the galaxies 
those halos host?Joel Primack



Key Questions: 

1. How are dark matter halos in low density 
regions different from those in higher 

density regions? 

2. Why do some halos lose mass, and what are 
the consequences of mass loss?



Motivation

Galaxy properties 

reflect the properties of 

the halos in which they 

form — the 

  

By deeply understanding 

halo properties, we can 

shed light on the 

galaxies they host.

GOAL: Understand how galaxies evolve. 
12 BEHROOZI ET AL
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FIG. 8.— Evolution of the derived stellar mass fractions (M∗(z)/Mh(z)) as
a function of halo mass at the present day. More massive halos used to have
a significantly larger fraction of mass in stars, but the peak star formation
efficiency has remained relatively constant to the present day.

easily computed (note for example that covariance matrices
are not available for most stellar mass functions in the liter-
ature), this suggests that our best fit is a reasonable match to
the data. This is shown visually in Fig. 3, which shows the
evolution of the stellar mass function and the posterior dis-
tribution for the observed cosmic star formation rate and in
Fig. 4, which shows the posterior distribution of specific star
formation rates.

As discussed in §2, each model in the distribution contains
complete information on the average stellar content and for-
mation history of halos as a function of mass and redshift.
Herein, we focus on a few interesting implications, leaving
more extensive coverage to a follow-up paper. In §5.1, we
present derived star formation rates and star formation histo-
ries as a function of halo mass and redshift. Next, in §5.2, we
discuss constraints on the stellar mass to halo mass relation,
both as a function of historical halo mass and as a function of
halo mass at z = 0. In §5.3, we compare the trajectories of the
stellar mass and intracluster light (ICL) buildup in galaxies.
Then, in §5.4, we discuss instantaneous baryon conversion
efficiencies and how they relate to integrated baryon conver-
sion efficiencies as well as stellar ages and formation times in
§5.5. In §5.6, we compare our main results to those obtained
by previous studies. We discuss the main effects of the uncer-
tainties we have modeled in §5.7; finally, in §5.8, we present
new fitting formulae for individual galaxy star formation his-
tories relevant to observers.

5.1. Star Formation Rates and Histories
We show derived star formation rates as a function of halo

mass in the left panel of Fig. 5, and the corresponding star
formation histories for galaxies at z = 0 in the right panel.
As discussed in §5.3, the contribution from merging galaxies
to the central galaxy is small, so star formation histories for
galaxies at z = 0 trace the star formation rate as a function of
their progenitor’s halo mass. Also, for this reason, star forma-
tion histories for galaxies at a given redshift zg are nearly the
same as for the the z = 0 stellar populations, except truncated
at z = zg.5

5 Note that this also requires that the halo accretion histories are similar
between the z = zg progenitors of z = 0 halos and all similar halos of the same
mass as the progenitors at z = zg; however, this has been shown to be the case
in McBride et al. (2009).

We show similar plots with one-sigma uncertainties in Fig.
6. The left-hand panel demonstrates that the star formation
rate at fixed halo mass has been monotonically decreasing
since very early redshifts. This rate of decrease is different for
different halo masses. At moderate to high redshifts (z > 2),
larger halo masses generically have larger average star for-
mation rates. However, at lower redshifts, the highest mass
halos (Mh ! 1014M⊙) become so inefficient that they have
lower star formation rates than group-scale (1013M⊙) halos
or Milky-Way sized (1012M⊙) halos.

From the perspective of individual galaxies, it is more il-
luminating to look at the star formation history in the right
panel of Fig. 6. Because halos continually gain mass over
time, and do so more rapidly at early redshifts, the star for-
mation history for galaxies is not monotonically decreasing.
Instead, it increases rapidly with time, approximately as a
power law in time. Depending on present-day halo mass,
the galaxy’s star formation rate reaches a peak at a redshift
between z = 0.5 to z = 2.5 (higher redshifts for higher halo
masses) and then decreases until the present day. The rate
of decrease depends again on the halo mass, with high halo
masses shutting off more rapidly than lower halo masses.
Cluster-scale (Mh ! 1014M⊙) halos form most of their stars
rapidly, at early times, whereas galaxies in Magellanic Cloud-
scale halos (1011M⊙) form stars over an extended period of
time (see also §5.4).

5.2. The Stellar Mass – Halo Mass Relation
We show constraints on stellar mass — halo mass (SMHM)

relation from z = 0 to z = 8 in the left panel of Fig. 7 and on
the stellar mass — halo mass ratio in the right panel. As seen
in our previous work (Behroozi et al. 2010), there is a strong
peak in the stellar mass to halo mass ratio at around 1012M⊙ to
at least z∼ 4 and a weaker peak still visible to z∼ 8. While the
location of the peak appears to move to higher masses with in-
creasing redshift (consistent with Leauthaud et al. 2012), the
abundance of massive halos is also falling off with increasing
redshift.

In terms of dwarf galaxies (Mh ∼ 1010M⊙), we only have
constraints from observations at z = 0. These have been the
subject of recent interest due to the finding of higher-than-
expected stellar mass to halo mass ratios in dwarf galaxies
around the Milky Way (Boylan-Kolchin et al. 2012). How-
ever, these expectations have been set largely by the assump-
tion that the stellar mass to halo mass ratio remains a scale-
free power law below 1011M⊙. As seen in Fig. 7, the low
mass power-law behavior is broken below 1011M⊙, corre-
sponding with an upturn in the stellar mass function below
108.5M⊙ (Baldry et al. 2008) (this result has also been seen by
Kravtsov, in prep). This underscores the danger of assuming
that faint dwarfs obey the same physical scaling relations as
Magellanic Cloud-scale galaxies; moreover, it also is a strong
argument against fitting the stellar mass – halo mass relation
with a double power law (see discussion in Appendix D).

Concerning the range of allowed SMHM relations, the ob-
servational systematics are large enough that our results are
marginally consistent with an unchanging SMHM relation
from z = 6 to z = 0. Nonetheless, the feature with strongest
significance is a gradual decrease in stellar mass in the me-
dian 1011M⊙ halo from z = 0 to z = 2, followed by an increase
again for redshifts z > 6; also potentially indicated is an in-
crease in stellar mass in the median Mh > 1013M⊙ halo from
z = 0 to z = 2. The best fit SMHM relations at z = 7 and z = 8

Even though these are fundamental questions about 

halos, this is the first time they have been addressed in 
detail using modern simulations.

Behroozi et al. 2013 

Galaxy-Halo 

connection. 
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Properties of CDM Halos: CNFW

Scale radius (Rs): radius at which log ρ - log r 
slope of profile changes from -1 to -3

Inner part of halo (<Rs) falls off proportional to r-1

Outer part of halo (>Rs) falls off proportional to r-3

NFW Profile:
2 parameter fit (ρ0, Rs)
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CNFW = Rvir / Rs
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-3

Halo formation can be split into an initial fast growth phase and subsequent slow growth phase

Fast growth is characterized by rapid violent accretion and tends to build up an r-1 profile 
(increasing Rs, so CNFW remains low)

Slow growth is characterized by gentle accretion onto the outer part of the halo and tends to 
build an R-3 profile (Rs stays constant, but Rvir grows, increasing CNFW)

4𝜌s
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Properties of CDM Halos: λB

‘Spin Parameter’

Defined within radius R, with mass enclosed M and circular velocity V.

Halos acquire angular momentum through tidal torques.

Tidal torques most influential at early times when pre-collapsed halos are 
maximally extended, diminish as universe expands.

Angular momentum is also strongly affected by mergers.

Introduced by Bullock+01:

λB
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Properties of CDM Halos: Vmax

912 KLYPIN ET AL. Vol. 554

FIG. 8.ÈAnalytic Ðts to the density proÐle of halo from our set ofA
1simulations. The Ðts are of the form Theo(r) P (r/r

0
)~c[1 ] (r/r

0
)a]~(b~a)@c.

legends in each panel indicate the corresponding values of a, b, and c of the
Ðt ; the digits in parentheses indicate whether the parameter was kept Ðxed
(0) or not (1) during the Ðt. Note that various sets of parameters a, b, and c
provide equally good Ðts to the simulated halo proÐle in the whole re-
solved range of scales This indicates a large degree ofB(0.005È1)r

vir
.

degeneracy in parameters a, b, and c.

maximum deviations improves the NFW Ðt for points in
the range of radii 5È20 h~1 kpc, where the NFW Ðt would
appear to be below the data points if the Ðt was done by the
s2 minimization. For example, if we Ðt halo B by mini-
mizing s2 , the concentration slightly decreases from 12.3

FIG. 9.ÈCircular velocity proÐles for halos and normalizedB
1
, C

1
, D

1to the haloÏs virial velocity. The halos are well resolved on all shown scales.
Although the halos have very similar masses, the proÐles are very di†erent ;
the di†erences are due to real di†erences in the concentration parameters.

(see Table 1) to 11.8, and the maximum error slightly
increases to 27%, but the Ðt goes below the data points for
most of the points at small radii.

We have also Ðtted the density distribution of halo B by
assuming even more stringent limits on the e†ects of
numerical resolution. We Ðtted the halo starting at the scale
equal to 6 times the formal resolution and minimized the
maximum deviation. Inside this radius there were about 900
particles. Resulting parameters of the Ðt were close to those
in Table 1 and the maximum error of the(C

NFW
\ 11.8),

NFW Ðt was 17%.
We found that for halos B and C, the errors in the Moore

et al. Ðts were systematically smaller than those in the NFW
Ðts, though the di†erences were not dramatic, but the
Moore et al. proÐle Ðtted poorly in the case of halo D. It
formally gave very small errors, but at the expense of an
unreasonably small concentration When we con-C

NFW
\ 2.

strained the approximation to have about a twice as large
concentration as compared to the best NFW Ðt, we were
able to obtain a reasonable Ðt (this Ðt is shown in Fig. 7).
Nevertheless, the central density distribution is Ðtted poorly
in this case.

Therefore, our analysis does not show that one analytic
proÐle is better than the other for a description of the
density distribution in simulated halos. Despite the larger
number of particles per halo and the lower concentrations
of z \ 1 halos, results are still inconclusive. The Moore at
al. proÐle is a better Ðt to the proÐle of halo C; the NFW
proÐle is a better Ðt to the central part of halo D. Halo B
represents an intermediate case in which both proÐles
provide equally good Ðts (similar to the analysis of halo A).
Remarkably, the same conclusions hold for the halo proÐles
at z \ 0.

At both z \ 0 and z \ 1, there are real deviations in the
parameters of halos of the same mass. We Ðnd the same
di†erences in estimates of concentrations, which doC

1@5not depend on the speciÐcs of an analytic Ðt. The central
slope at around 1 kpc also changes from halo to halo. Halos
B and C have the same virial radii and nearly the same
circular velocities, yet their concentrations are di†erent by
30%. Indeed, the halos in Table 3 have similar masses in the
range (1.2È2) ] 1012 h~1 If halos had a universalM

_
.

proÐleÈa shape that depends only on halo massÈthen we
should expect the circular velocity curves to be very similar
for our halos. Figure 9 shows circular velocities for halos B,
C, and D, which have only 25% deviations in their virial
mass. The halos clearly do not have a universal one-
parameter shape. There are substantial variations in the
curves, which occur at relatively large radii [D(0.1È0.3)

The variations are due to di†erences in haloR
vir

].
concentrationÈeach curve is well described by an NFW or
Moore et al. proÐle, but their concentrations are somewhat
di†erent. Our three halos clearly constitute a small sample.
Bullock et al. (2001) and Jing (2000) studied the spread of
halo concentrations in a large sample of halos. For a given
mass, it was found that halos have 20%È50% variations in
the concentration at the 1 p level, which is consistent with
what we Ðnd for our halos.

4. DISCUSSION AND CONCLUSIONS

We have analyzed a series of simulations with vastly dif-
ferent mass and force resolutions with the goal of studying
density distribution in the central regions of galaxy-size

Circular Velocity: Vcirc(R)
Velocity required for test particle to maintain 
circular orbit at radius R, assuming spherical halo

Can be analytically related 
to CNFW, assuming NFW 
profile. Measuring Vmax then 
provides alternative way to 
determine concentration.

Max Circular Velocity: Vmax

V2max = max(GM(R)/R) where M(R) 
is mass enclosed within R

Klypin+01
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Properties of CDM Halos: Prolateness and Tidal Force

P = 1-([(b/a)2 + (c/a)2] / 2)1/2

We define tidal force in dimensionless units as the ratio of the halo virial radius 
to the minimum Hill radius of all of its neighbors (Rvir/RHill).

The Hill radius is the largest radius at which material can remain gravitationally 
bound to a secondary halo due to the presence of a primary halo.

Tidal Force (TF)

Prolateness:

The Astrophysical Journal Letters, 792:L6 (6pp), 2014 September 1 van der Wel et al.

Figure 2. To facilitate a better intuitive understanding of the model shape
parameters (triaxiality and ellipticity), we distinguish three crudely defined
three-dimensional shapes of objects. Objects with three similarly long axes are
defined as spheroidal; objects with two similarly long and one short axis are
defined as disky; objects with one long axis and two similarly short axes are
defined as elongated. A model population—generated to reproduce an observed
axis ratio distribution—should be thought of as a cloud of points in the parameter
space shown in this figure, distributed as prescribed by the best-fitting values of
T, σT , E, and σE (see the text for details). Each of the three regions will contain
a given fraction of those points, that is, a fraction of the population.
(A color version of this figure is available in the online journal.)

(1−C) and triaxiality ((1−B2)/(1−C2)). In order to facilitate
an intuitive understanding of our results, we define three broad
geometric types, shown in Figure 2: disky (A ∼ B > C),
elongated (A > B ∼ C), and spheroidal (A ∼ B ∼ C).

The goal is to find a model population of triaxial ellipsoids
that, when seen under random viewing angles, has the same
p (q) as an observed galaxy sample. Our model population
has Gaussian distributions of the ellipticity (with mean E and
standard deviation σE) and triaxiality (with mean T and standard
deviation σT ). Such a model population has a known p (q) which
we adjust to include the effect of random uncertainties in the
axis ratio measurements—these are asymmetric for nearly round
objects. Then, given that each observed value of q corresponds
to a known probability, we calculate the total likelihood of the
model by multiplying the probabilities of each of the observed
values. We search a grid of the four model parameters to find
the maximal total likelihood.

In Figure 1 we show observed axis ratio distributions
(histograms), and the probability distributions of the corre-
sponding best-fitting model populations (smooth lines). The
models generally match the data very well. Even in the worst
case (bottom right panel) the model and data distributions are
only marginally inconsistent, at the 2σ level. A triaxial model
population with parameters (E, σE, T , σT ) corresponds to a
cloud of points in Figure 2 and, hence, with certain fractions of
the three geometric types. The colored bars in Figure 1 represent
these fractions for the best-fitting triaxial models. This illustrates
the connection between projected shapes and intrinsic shapes: a
broad p (q) reflects a large fraction of disky objects, whereas a

narrow distribution with a peak at small q is indicative of a large
fraction of elongated objects. A narrow distribution with a peak
at large q would indicate a large fraction of spheroidal objects.

In Figure 3 we provide the modeling results for the full red-
shift and mass range probed here: for each stellar mass bin we
show the redshift evolution of the four model parameters, in-
cluding the uncertainties obtained by bootstrapping the samples.
Finally, in Figure 4 we show the full set of results in the form of
the color coding defined in Figure 2.

4. EVOLUTION OF INTRINSIC SHAPE DISTRIBUTIONS

The small values of T and the large values of E for present-day
star-forming galaxies (Figure 3) imply that the vast majority are
thin and nearly oblate. Indeed, according to our classification
shown in Figure 1 between 80% and 100% are disky, as is
generally known and was demonstrated before on the basis of
similar axis ratio distribution analyses by Vincent & Ryden
(2005) and Padilla & Strauss (2008). Importantly, the intrinsic
shape distribution of star-forming galaxies does not change over
a large range in stellar mass (109–1011 M⊙).

Toward higher redshifts star-forming galaxies become grad-
ually less disk-like (Figures 1, 3, and 4). This effect is most pro-
nounced for low-mass galaxies. Already in the 0.5 < z < 1.0
redshift bin in Figure 3 we see evolution, mostly in the scatter
in triaxiality (σT ). That is, there is substantial variety in intrin-
sic galaxy shape. Beyond z = 1, galaxies with stellar mass
109 M⊙ typically do not have a disky geometry, but are most
often elongated (Figure 3). Galaxies with mass 1010 M⊙ show
similar behavior, but with evolution only apparent at z > 1.5.
This geometric evidence for mass-dependent redshift evolution
of galaxy structure is corroborated by the analysis of kinematic
properties of z = 0–1 galaxies by Kassin et al. (2012).

Disky objects are the most common type (!75%) among
galaxies with mass >1010 M⊙ at all redshifts z " 2. A
population of spheroidal galaxies is increasingly prominent
among massive galaxies at z > 2. A visual inspection of such
objects reveals that at least a subset are mergers, but an in-depth
interpretation of this aspect we defer to another occasion.

It is interesting to note that ellipticity hardly depends on
mass and redshift (Figure 3). That is, despite strong evolution
in geometry, the short-to-long axis ratio remains remarkably
constant with redshift, and changes little with galaxy mass. A
joint analysis of galaxy size and shape is required to explore the
possible implications.

Note that our definition of geometric shape is unrelated to the
common distinction between disks and spheroids on the basis
of their concentration parameter or Sérsic index. As a result we
distinguish between the observation that most low-mass star-
forming galaxies at z ∼ 2 have exponential surface brightness
profiles (e.g., Wuyts et al. 2011) and our inference that these
galaxies are not, generally, shaped like disks in a geometric
sense. This illustrates that an approximately exponential light
profile can correlate with the presence of a disk-like structure
but cannot be used as a definition of a disk.

5. DISCUSSION

Star formation in the present-day universe mostly takes
place in >109 M⊙ galaxies and in non-starburst galaxies. Since
essentially all such star-forming galaxies are disky and star
formation in disk galaxies occurs mostly over the full extent of
the stellar disk, it follows immediately that essentially all current
star formation takes place in disks. The analysis presented in this

3

Length of vector (b/a, c/a), normalized to be 
equal to 1 at the maximum.

Think of as ‘elongation’.  P = 0 is perfect 
sphere, P = 1 is maximally elongated ‘pencil’.

Most halos fall somewhere between 0.2-0.6.
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Numerical Simulations

• Halo finder developed by 
Peter Behroozi

• Used 6d phase space + 1d 
time FOF algorithm

• Consistent Trees code 
determines gravitationally 
consistent merger trees

ROCKSTAR

Cosmological dark matter simulation

Planck 2013 parameters

• 250 Mpc/h per side
• Particle mass ~2 x 108 Msun
• Force resolution 1 kpc/h
• Complete to 50 km/s
• ~ 8 billion particles
• ~10 million halos at z = 0

Bolshoi Planck
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We focus on central (distinct) halos in the Bolshoi-Planck 
cosmological dark matter simulation 

Properties of Dark Matter Halos as a Function of Local Environment Density 
C. Lee, J. Primack, P. Behroozi, A. Rodriguez-Puebla, D. Hellinger, A. Dekel MNRAS, 2017

We compute local density using a 
gaussian smoothed Cloud-In-Cell 
counting algorithm with voxels of 
width 0.25 Mpc/h 
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All Rockstar halos are tagged with 
smoothed local density on many 
scales 

arXiv:1610.02108

(i.e. NO subhalos at z = 0)
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Properties of Dark Matter Halos as a Function of Local Environment Density 
C. Lee, J. Primack, P. Behroozi, A. Rodriguez-Puebla, D. Hellinger, A. Dekel MNRAS, 2017

arXiv:1610.02108
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• Shape of Distributions indicate 
length scale at which nonlinear 
structures emerge

• Large smoothing scales probe 
narrower range of densities than 
small scales

• Statistics at high density end 
limited by voxel  size

• Distribution well fit by Generalized 
Extreme Value Distribution 
(GEVD)
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Concentration increases from 12 to 16 (~30%) for 1 Mpc/h smoothing 
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Concentration increases from 12 to 16 (~30%) for 1 Mpc/h smoothing 
Spin parameter drops from 0.035 to 0.025 (~30%)

MNRAS, 2017
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In low density 
regions: 

Tidal Force 
always lower on 
average
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In low density 
regions: 

Tidal Force 
always lower on 
average 

Spin parameter 
always lower on 
average
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In low density 
regions: 

Tidal Force 
always lower on 
average 

Spin parameter 
always lower on 
average 

Explanation: 
halos didn’t have 
as many 
neighbors to 
torque them up as 
they formed / 
evolved.
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Using Bolshoi-Planck and SDSS: 
• Compute observer centric densities in both the simulation and 

SDSS (Nth nearest neighbor, counting galaxies/halos within 
spheres, Voronoi volume). 

• Check whether halos in low density regions still have lower 
spin parameters, higher concentrations. 

• Check dependence of galaxy size on density measured the 
same way as in the simulations. 

• Use an abundance-matched catalog to directly compare how 
actual galaxy size compares to galaxy size predicted using 
halo spin parameter. 

• Preliminary results indicate that galaxies are not smaller in low 
density regions, i.e. that spin parameter does not control size 
for these halos.

• We are testing other predictors of galaxy size as well, such as 
a concentration based estimator developed by Fangzhou 
Jiang.

What about using observational densities?

In collaboration with Graham Vanbenthuysen, Viraj Pandya, Joel Primack, 
Peter Behroozi, Aldo Rodriguez-Puebla 
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Using Bolshoi-Planck and SDSS: 
• Compute observer centric densities in both the simulation and 

SDSS (Nth nearest neighbor, counting galaxies/halos within 
spheres, Voronoi volume). 

• Verify whether halos in low density regions still have lower spin 
parameters. 

• Check dependence of galaxy size on density measured the 
same way as in the simulations. 

• Use an abundance-matched catalog to directly compare how 
actual galaxy size compares to galaxy size predicted using 
halo spin parameter. 

• Preliminary results indicate that galaxies are not smaller in low 
density regions, i.e. that spin parameter does not control size 
for these halos.

• We are testing other predictors of galaxy size as well, such as 
a concentration based estimator developed by Fangzhou 
Jiang. In collaboration with Graham Vanbenthuysen, Viraj Pandya, Joel Primack, 

Peter Behroozi, Aldo Rodriguez-Puebla 
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Ṁ
⌧ d

y
n
/M

[1
0�

1
1
yr

�
1
]

log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg



Tze Goh; Joel R. Primack; Christoph T. Lee; Miguel Aragon-Calvo; Doug 
Hellinger; Peter Behroozi; Aldo Rodríguez-Puebla; Elliot Eckholm; Kathryn 
Johnston; MNRAS, 2019

We compare the properties of halos in different cosmic web environments, but at 
the same environmental density. 

We find that density rules — that is, at the same local density, there is no significant 
difference in the distributions of the halo properties we consider between halos in 
walls, filaments, or voids. 

Dark Matter Halo Properties vs. Local Density and Cosmic Web 
Location

We study the effects of the local environmental density and the cosmic web envi- 
ronment (filaments, walls, and voids) on key properties of dark matter halos using the 
Bolshoi-Planck ΛCDM cosmological simulation. The z = 0 simulation is analysed into 
filaments, walls, and voids using the SpineWeb method and also the VIDE package 
of tools, both of which use the watershed transform. The key halo properties that we 
study are the specific mass accretion rate, spin parameter, concentration, prolateness,
scale factor of the last major merger, and scale factor when the halo had half of its
z = 0 mass. For all these properties, we find that there is no discernible difference 
between the halo properties in filaments, walls, or voids when compared at the same 
environmental density. As a result, we conclude that environmental density is the core 
attribute that affects these properties. This conclusion is in line with recent findings 
that properties of galaxies in redshift surveys are independent of their cosmic web 
environment at the same environmental density at z ∼ 0. We also find that the local 
web environment of the Milky Way and the Andromeda galaxies near the centre of 
a cosmic wall does not appear to have any effect on the properties of these galaxies’ 
dark matter halos except for their orientation, although we find that it is rather rare 
to have such massive halos near the centre of a relatively small cosmic wall.

Using Bolshoi Planck 
cosmological dark matter 
simulation, with cosmic 
web identified via Miguel 
Aragon-Calvo’s 
SpineWeb framework.

Abstract:
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* 90% of Halos

At z = 0, 22% of low mass 
halos (log μ = 11.2) have 
lost more than 5% of their 
peak mass. 

Is mass loss common?

Tidal Stripping and Post-Merger Relaxation of Dark Matter Halos: 
Causes and Consequences of Mass Loss 

C. Lee, J. Primack, P. Behroozi, A. Rodriguez-Puebla, D. Hellinger, J. Zhu, A. Tuan, A. Dekel

)

log10
µ = 11.2±

0.375

C
u
m
m
u
la
ti
ve

D
is
tr
ib
u
ti
on

F
u
n
ct
io
n

Percent Mass Lost (Relative to Mpeak at z = 0)

0.01

0.05

0.1

0.2

0.3

1

40 30 20 10 0

µ = Mvir/(h�1M�)



January 25th, 2018 UCSCChristoph Lee, UCSC

log10
µ = 11.2±

0.375

11.9
5

12
.7

13
.45

*
L
o
s
t
>

5
%

M
p
ea

k

+ 10%

C
u
m
m
u
la
t
iv
e
D
is
t
r
ib
u
t
io
n
F
u
n
c
t
io
n

Percent Mass Lost (Relative to Mpeak at z = 0)

0.01

0.05

0.1

0.2

0.3

1

40 30 20 10 0

µ = Mvir/(h�1M�)

+
N
e
g
li
g
ib
le

M
a
s
s
L
o
s
s

* 90% of Halos

At z = 0, 22% of low mass 
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Relaxation
Most halos lose mass via 
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Tidal Stripping

Relaxation
Most halos lose mass via 
relaxation after a major (or 
minor) merger.

Low mass halos can also 
lose mass through tidal 
stripping.
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Tidal Stripping

Relaxation
Most halos lose mass via 
relaxation after a major (or 
minor) merger.

Low mass halos can also 
lose mass through tidal 
stripping.

Some halos have not had a 
recent major merger or 
experienced recent tidal 
stripping.  These likely had 
recent minor mergers.

In some cases, halos are 
subject to both of these 
effects.

Why do halos lose mass?
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What happens when halos 
lose mass?

Post-merger relaxation 
dominates in 5-20% mass 
loss regime
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dominates in 5-20% mass 
loss regime
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loss regime for low mass 
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What happens when halos 
lose mass? Major Merger
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What happens when halos 
lose mass? Major Merger

Mass Loss
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What happens when halos 
lose mass? Mass Loss

Major Merger

Major mergers typically 
(temporarily) cause:

Initial increase in scale radius, 
spin parameter, prolateness, 
X_off, and virial ratio
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What happens when halos 
lose mass? Mass Loss

Major Merger

Major mergers typically 
(temporarily) cause:

Initial increase in scale radius, 
spin parameter, prolateness, 
X_off, and virial ratio

As they relax, they shed high 
energy material and slowly settle 
back to lower values of scale 
radius, spin parameter, 
prolateness, X_off, and virial ratio
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Summary
• Low mass halos in LOW density regions at z = 0 experience consistently low 

tidal forces over time, have consistently low spin parameters, slightly higher 
concentrations, similar accretion rates, and are more prolate compared to 
median density halos. 

• Low mass halos in HIGH density regions at z = 0 experience increasingly strong 
tidal forces over time compared to median density halos. These tidal forces 
cause: reduced accretion rates, increased concentrations, reduced spin 
parameters, and sphericalization. 

• Halo mass loss is relatively common at z = 0 (10-20% of all halos have lost more 
than 5% of their peak mass). 

• We identify two primary mass loss mechanisms: tidal stripping and relaxation 
following a merger. 

• Major mergers often result in 5-15% mass loss, while tidal stripping can remove 
significantly more, depending on tidal force history. 

• Tidal stripping results in reduced scale radius (increased NFW concentration), 
spin parameter, and prolateness. 

• Mergers cause increased scale radius (lower NFW concentration), spin 
parameter, prolateness, X_off, and virial ratio, followed by a gradual settling as 
the halo relaxes.
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Goal: accurately predict the presence and properties of star-forming 
clumps in high redshift galaxies.

Deep Learning applied to Galaxy Evolution: Clump Detection
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Goal: accurately predict the presence and properties of star-forming 
clumps in high redshift galaxies.

Deep Learning applied to Galaxy Evolution: Clump Detection

Star Forming
Clumps
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Goal: accurately predict the presence and properties of star-forming 
clumps in high redshift galaxies.

Deep Learning applied to Galaxy Evolution: Clump Detection

Why?

Massive star-forming clumps are 
thought to play an important role in 
the evolution of galaxy structure, 
stellar feedback, and black hole 
growth. 

In galaxy simulations, one of the 
biggest uncertainties is what 
feedback prescription to use.  
Stellar clumps are a key diagnostic 
tool to constrain the feedback 
prescription and crucial in 
understanding how galaxies evolve.
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To do this, we’ve trained a deep learning (U-Net) model using simple 
GalSim mock images of clumpy galaxies, paired with mask images 
showing the clump locations for each training image.

Deep Learning applied to Galaxy Evolution: Clump Detection

GalSim Training Image Clump Mask

128 px

1 px = 0.06″

7.68″
~ 60 kpc



January 25th, 2018 UCSCChristoph Lee, UCSC

Model Design: U-Net

Deep Learning applied to Galaxy Evolution: Clump Detection
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Training and testing with GalSim mock clumpy galaxies

Deep Learning applied to Galaxy Evolution: Clump Detection

How well does the model recover clumpy regions 
from the GalSim test set? (Almost exactly!)
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Training and testing with GalSim mock clumpy galaxies

Deep Learning applied to Galaxy Evolution: Clump Detection

Purity (# True clumps / # SExtractor clumps): Of all the clumps detected by the model, how many 
are correct? Best performance is about 95-99% for galaxies with multiple, non-overlapping 
clumps, except for the faintest galaxies (m > 25).

Completeness (# True clumps / # GalSim clumps): How many of the true clumps did the model 
recover? Best performance is nearly 100%, except for the faintest galaxies (m > 25).

How well does the model recover clumpy regions from the GalSim test set? 
(Almost exactly!)
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We then apply the clump-detection model to real CANDELS galaxies, 
including the same clumpy galaxies analyzed by Yicheng Guo et al 2018, to 
determine how well the model predictions agree with the clumps identified in 
Guo’s catalog.

Deep Learning applied to Galaxy Evolution: Clump Detection
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Deep Learning applied to Galaxy Evolution: Clump Detection

Comparison with existing clump catalog for CANDELS galaxies
How do the clumpy regions identified by the model compare to the clumpy regions 
identified by the Guo analysis?

Purity (# True clumps / # SExtractor clumps): Of all the clumps detected by the model, how 
many are correct?  About 40-50% in cases where SExtractor detection band matches Guo 
detection band (red dots).
Completeness (# True clumps / # GalSim clumps): How many of the true clumps did the 
model recover? About 85-90%, in cases where SExtractor detection band matches Guo 
detection band (blue dots).
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Deep Learning applied to Galaxy Evolution: Clump Detection

Comparison with existing clump catalog for CANDELS galaxies
How do the clumpy regions identified by the model compare to the clumpy regions 
identified by the Guo analysis?

Purity (# True clumps / # SExtractor clumps): Of all the clumps detected by the model, how 
many are correct?  About 70% in cases where SExtractor detection band matches Guo 
detection band (red dots).
Completeness (# True clumps / # GalSim clumps): How many of the true clumps did the 
model recover? About 85-90%, in cases where SExtractor detection band matches Guo 
detection band (blue dots).
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Guo 
Detection 

Band
Exclusion Radius

Guo Clumps

Matches with 
SExtractor

No matching 
SExtractor clump

SExtractor 
Clumps

(Guo Clumps outlined)

Raw Model 
Output

No matching 
Guo clump

Matches with 
Guo

Constrained 
Output

Thresholded 
Output
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Guo Clumps Exclusion 
Radius (2.5 Re)

Re is half-light 
radius measured in 
H-band (~1.6 𝜇m)

SExtractor Clumps Raw Model Output

b-Band Image

Green = 
Agreement
Red = 
Unmatched
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Summary and Continuing Work…
• U-Net model enables image segmentation, allowing us to generate clump 

likelihood images from input galaxy images. 
• Our training set consists of 50,000 fake clumpy galaxies (and associated clump 

masks) generated using GalSim toolkit. 
• U-Net model paired with SExtractor identifies clumps in our test set with nearly 

perfect purity and completeness. 
• When run on the same CANDELS galaxies used by Yicheng Guo in his 2015 and 

2018 papers, the U-Net model achieves about 70% purity and 85% 
completeness 

• Guo focused only on star forming clumps detected in rest-frame UV, but we can 
now find clumps in any wave band — including clumps that are not star forming. 

• Guo’s analysis was limited to several thousand galaxies, but we can now extend 
this multi-band clump analysis to the full CANDELS survey of ~100,000 galaxies. 

• Using the U-Net developed here, our collaborators are extending this analysis to 
find clumps in “CANDELized” images (realistic images degraded to HST 
resolution) from high resolution hydrodynamical galaxy simulations.


