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SF connected to halo growth

• similar results found in cosmo sims: 
• e.g., in Illustris (Sparre+15), EAGLE (Guo+16)

The Astrophysical Journal, 772:119 (19pp), 2013 August 1 Lilly et al.

Figure 2. Illustration of the gas-regulated model, in which the SFR is regulated by the mass of gas in a reservoir within the galaxy. Gas flows in to the halo, some
fraction fgal of which also flows into the galaxy system at a rate Φ and adds to the gas reservoir. Stars continuously form out of the reservoir at a rate that is assumed
to be proportional to the mass of gas, characterized by a star formation efficiency ε or gas consumption timescale τ gas. A fraction of the stellar mass is immediately
returned to the reservoir, along with newly produced metals. Finally, some gas may be expelled from the system, and possibly from the halo, by a wind Ψ that is
assumed to be proportional to the SFR. The mass of gas in the reservoir is free to vary and this regulates the star formation. The picture on the right shows, in schematic
form, the net flows through the system. The division of the incoming flow Φ into three streams is determined by ε, λ, and the sSFR, which are assumed to vary on
timescales that are longer than the time the gas spends in the system. The duration that the gas is in the system is given by the gas consumption timescale τ gas.

increases. Adopting κ = 1 is a simple case that we adopt for
heuristic purposes.

We define the mass loss Ψ from the system, which we assume
increases (in a given system) linearly with the SFR, in terms of
a mass-loading factor λ, so that

Ψ = λ · SFR. (8)

Again, λ may well vary with the mass of the galaxy (and/or
epoch) due to the depth of the potential well, or other factors.
Note that the gas-to-stars ratio µ in the steady-state regulator
system depends only on the sSFR and on the star formation
efficiency ε, through Equation (7), and not on the level of mass
loss from the system. Again, the linearity of Ψ with respect
to the SFR in a particular galaxy is a simplifying, heuristic,
assumption. We will see that the outflow acts as a kind of
inefficiency in the system, and its exact form will not alter the
qualitative features of the model.

The simplest possible case would be one in which the ε and λ
of a given regulator system are both constant. We will refer to this
as an “ideal” regulator. In practice, we expect that ε and λ will
both depend on galactic mass, and possibly on epoch, and that
these parameters will change for a given galaxy as it increases
in mass, even if at fixed mass these parameters are constant
with epoch. However, provided that changes to the operation
of the regulator are slow compared with the gas consumption
timescale τ gas, the ideal case is a good basis for considering
these more realistic situations the outcome is perturbed (see
Sections 4 and 5).

The action of the basic (Equation (4)) is to regulate the SFR
in a galaxy via the amount of gas present. Variations in the infall
rate, over time or from galaxy to galaxy (or, equally well, varia-
tions in the star formation efficiency or wind mass-loading) will
quickly lead to changes in the gas reservoir, consequent adjust-
ment of the SFR, and thus regulation of the star formation rate.

Two simple diagrammatic representations of the gas-
regulated model are shown in Figure 2. The one on the left

is more pictorially realistic, while the one on the right shows a
more schematic representation of the flows through the system.
Gas flows into this reservoir from the outside, at a rate given by
Φ. In a given interval of time, some of the gas in the reservoir
forms stars, and a fraction (1−R) steadily builds up a population
of long-lived stars. Star formation may drive a wind Ψ out of
the galaxy, either back into the halo, or beyond (we will not be
concerned with this distinction). The mass of gas in the reservoir
of the system, mgas, is free to increase or decrease with time and
it is this change which gives the regulator its ability to regulate
the SFR of the galaxy. Changes in mgas must be associated with
a net flow into or out of the reservoir. We will not consider the
gas in the wider halo except to define the instantaneous inflow
Φ of gas into the galaxy to be some fraction fgal of the instan-
taneous inflow of baryons into the halo. The gas flowing into
the galaxy system from the surrounding halo may have some
prior chemical abundance Z0, and the gas flowing back out is
assumed to have a composition representative of the reservoir.
No attempt will be made to follow possible mixing of these two
flows in the surrounding halo environment.

Strict mass conservation, plus our definition of Φ in terms of
the increase in halo mass and fgal, enables us to write

Φ = (1 − R + λ) · SFR +
dmgas

dt
. (9)

In Davé et al.’s (2012) recent treatment, the dmgas/dt term in
Equation (9) is set to zero, since these authors assumed that the
gas reservoir has a fixed mass. Changes in mgas are a fundamental
part of the self-regulation of the galaxy in our model. Our gas-
regulator model will have a stable (or slowly evolving) gas ratio
µ if the sSFR is more or less constant. We will see below that
the gas reservoir can actually be the dominant endpoint for
incoming baryons at z ∼ 2 in galaxies of intermediate masses.
More importantly, we shall also see that it is the inclusion of this
variable reservoir term that leads to the implicit dependence of
gas metallicity on the SFR, which is otherwise not present.
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Lilly et al. 2013

• quasi-equilibrium: SFR changes until  
SFR ~ gas inflow rate  
(e.g., Bouche et al. 2010, Davé et al. 2012, Lilly et al.13, 
Feldmann et al. 2013/15, Peng et al. 2014, Dekel et al. 
2014,  Forbes et al. 2014, Mitra et al. 2015, …)

• gas inflow ~ DM growth (at least for the halo)  
(e.g., Faucher-Giguere et al. 2011, van de Voort et al. 2011)

• can explain change of sSFR with time & 
scatter of Mstar - sSFR relation (e.g. Lilly et al. 
2013, Rodríguez-Puebla et al 2016)

• SF galaxies: SFR follows halo growth to 0th order
O. Ilbert et al.: Evolution of the specific star formation rate function at z < 1.4

Fig. 11. sSFR as a function of the stellar mass using the prediction of
the semi-analytical model. The orange points are the mass and the sSFR
of the full simulated catalogue. The blue triangles and the red crosses
correspond to a GOODS-like and a COSMOS-like survey, respectively.

could reduce the ability of the SAM to reproduce the sSFR evo-
lution for the most massive galaxies.

8.1. Increase in sSFR with redshift: link
with the cosmological accretion rate

We compare here the evolution of the median sSFR with the
specific mass increase rate sMIRDM (ṀH/MH following Lilly
et al. 2013) and with the predictions of semi-analytical models.

Assuming the gas inflow rate is driven by the cosmological
accretion rate of the dark matter structures, we expect that the
sSFR follows the evolution of the sMIRDM (in the following, we
implicitly divide the sMIRDM by 1 − R with R the return frac-
tion, as discussed in Appendix A). In simple models in which
galaxies reach a quasi-steady state (Bouché et al. 2010; Lilly
et al. 2013), the evolution of the sSFR is coupled with the evolu-
tion of the sMIRDM. Based on N-body simulations and extended
Press-Schechter formalism, Neistein & Dekel (2008) show that
sMIRDM evolves as ∝0.047(MH/1012 M⊙)0.15 × (1 + z + 0.1(1 +
z)−1.25)2.5, which could explain why the sSFR increases with red-
shift. The green shaded areas in Figs. 12 and 13 show the evo-
lution of the sMIRDM, after having determined the value of MH
using the stellar-to-halo mass ratio from Coupon et al. (2015).

We first discuss the sample of low-mass galaxies at 9.5 <
log(M⋆) < 10. In Fig. 12, we show the evolution of sMIRDM
and we add the sSFR evolution predicted by the SAM from
Weinmann et al. (2011; red solid line) and Wang et al. (2008;
brown dashed line). In this mass range, the evolution of the
sSFR predicted by the SAM follows closely the evolution of
sMIRDM (Weinmann et al. 2011). This statement is also true
even with the latest results from the hydrodynamical Illustris
simulation (Sparre et al. 2015). We also show in Fig. 12 the data
compilations from Weinmann et al. (2011) and from Behroozi
et al. (2013) from various measurements available in the lit-
erature (gray and magenta shaded areas). As discussed by

Fig. 12. Evolution of the median sSFR derived from the sSFR functions
at 9.5 < log(M⋆/M⊙) < 10 (open black circles). The statistical uncer-
tainties on the median sSFR are within the symbols. Systematic uncer-
tainties (±0.1 dex in stellar mass and +0.1 dex in SFR) are indicated
with thin error bars. The sSFR derived indirectly from the UltraVISTA
mass functions are indicated with filled black squares. The gray and pur-
ple shaded areas correspond to the data compilations from Weinmann
et al. (2011) and Behroozi et al. (2013), respectively. The prediction
of the SAM from Weinmann et al. (2011) and Wang et al. (2008) are
shown with the red and brown lines. The green shaded area corre-
sponds to the analytical relation from Neistein & Dekel (2008) to de-
scribe the sMIR evolution, corrected for the mass loss as discussed in
Appendix A.

Weinmann et al. (2011), the observed sSFR from the literature
are well above the predictions of the SAM at z < 1.5. We add
in Fig. 12 our own measurements of the median sSFR. Our val-
ues are located in the lowest part of the Weinmann et al. (2011)
and from Behroozi et al. (2013) compilations. Therefore, we
find a much better agreement between the observed and the-
oretical evolution of the sSFR, as expected if the gas feeding
is directly driven by the cosmological accretion rate. There are
several reasons for the difference with previous results: 1) we
take into account selection effects that lead to a lower median
sSFR value than the ones obtained directly from a SFR limited
survey; 2) the previous compilations do not differentiate between
median and average sSFR which could modify the sSFR values
by 0.2 dex; or 3) a systematic uncertainty of −0.1 dex could af-
fect our SFR measurements as discussed in Sect. 2. Error bars
in Fig. 12 include these systematic uncertainties, as well as a
possible ±0.1 dex systematic uncertainty on the stellar mass.

While the sSFR evolution matches the SAM predictions and
follows the sMIRDM evolution for our low-mass sample, this
agreement breaks down at higher masses. Figure 13 shows the
evolution of the median sSFR predicted by the Wang et al.
(2008) model as well as the evolution of the sMIRDM in several
stellar mass bins. We first note that the evolution of sMIRDM no
longer corresponds to the evolution of the sSFR in the SAM.
Indeed, AGN feedback is included in the SAM in order to
quench the star formation in massive halos (e.g. Croton et al.
2006; Cattaneo et al. 2006; Wang et al. 2008). While these

A2, page 15 of 23

Ilbert et al. 2015

• natural prediction in SAMs

halo growth

sSFR
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Take away

• stellar feedback can affect the short-time SFR (~dyn. time of a galaxy) 
• even SF galaxies can have SFR suppressed for ~100 Myr but then recover 
• contributes to scatter in Mstar – SFR 
• likely essential to lower sSFR to very low values in quiescent galaxies  

(but AGN feedback could also play that role)

• 2 ways to get slowly growing halos: 
• galaxies residing in somewhat under-dense regions 
• galaxies residing near massive neighbors

• but halo growth rate is crucial, too: 
• influences SF / quiescent nature of galaxies at z~2 
• slow halo growth is necessary requirement for quiescence  

(“cosmological starvation”) 
• quickly growing halos always host SF galaxies

• Halo mass sets the stage: 
• sets stellar masses, average growth rates, average SFR, 

formation of virial shocks etc.
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• Cosmological, hydrodynamical zoom-in sims (GIZMO/P-SPH)

R. Feldmann, Nov 2014 9

R. Feldmann (Berkeley), E. Quataert (Berkeley), P. F. Hopkins (Caltech), 
C-A. Faucher Giguere (NorthWestern),  D. Keres (UC San Diego)

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE
Massive

Overview

• new generation (pressure-entropy) SPH
• incl. entropy diff. & improved art. viscosity 
• adaptive gravitational softening
• momentum + energetic FB from SNe & stellar 

winds, radiation pressure, metal+mol. cooling
• SF based on H2, 100% efficiency per tff

based on P-SPH / FIRE 
(Hopkins+2014)

• 18 zoom-in regions in a (144 Mpc)3 box 
• main halos ~ 3×1012 M� – 3×1013 M�
• down to z=2
• mSPH ~ 3×104 M�
• minimal gravitational softening for gas, 

stars ~10 pc
• ~1 billion SPH particles

Specs
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• no energy / momentum injection from 
supermassive black holes

• star formation:  
in locally bound, dense, molecular gas 

• stellar feedback includes:  
radiation pressure, stellar winds, supernovae

• Star formation and stellar feedback modeling based on  
Feedback in Realistic Environments (FIRE) approach  (Hopkins et al. 2014)

• Cosmological, hydrodynamical zoom-in sims (GIZMO/P-SPH)

• High numerical resolution: ~10 pc, ~ few 104 M⊙◉☉

• 40 galaxies in halos ~1012 – 3×1013 M☉ at z=2

R. Feldmann, Nov 2014 9

R. Feldmann (Berkeley), E. Quataert (Berkeley), P. F. Hopkins (Caltech), 
C-A. Faucher Giguere (NorthWestern),  D. Keres (UC San Diego)

http://www.astrophoto.com/M82.htm

Feedback In Realistic Environments

F RE
Massive

Overview

• new generation (pressure-entropy) SPH
• incl. entropy diff. & improved art. viscosity 
• adaptive gravitational softening
• momentum + energetic FB from SNe & stellar 

winds, radiation pressure, metal+mol. cooling
• SF based on H2, 100% efficiency per tff

based on P-SPH / FIRE 
(Hopkins+2014)

• 18 zoom-in regions in a (144 Mpc)3 box 
• main halos ~ 3×1012 M� – 3×1013 M�
• down to z=2
• mSPH ~ 3×104 M�
• minimal gravitational softening for gas, 

stars ~10 pc
• ~1 billion SPH particles

Specs
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• same physics as sims presented in Phil’s & Andrew’s talks
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Validation of the physical model
• properties of galaxies in today’s Universe, e.g., relations between 

star formation rate, gas content, mass-metallicity relation  
(e.g. Hopkins et al. 2014, Ma et al. 2016) 

• properties of outflows driven by stellar energy/momentum injection 
(Muratov et al. 2015) 

• Variability of the star formation rate in galaxies  
(Sparre et al. 2016) 

• covering fractions of neutral hydrogen in massive halos  
(Faucher-Giguère et al. 2015, 2016) 

• presence of large star forming clumps in massive, young galaxies 
(Oklopčić et al. submitted) 

• Soft X-ray emission, Sunyaev-Zel’dovich signal  
(van de Voort et al. submitted) 

• Kennicutt-Schmidt relation  
(e.g. Hopkins et al. 2014, Orr et al. in prep) 

• ... 



R. Feldmann, Pathways of Galaxy Transformation, Catalina Island, August 2016 6

Stellar mass – halo mass relation at z~2-9

comparison with Moster et al. 2013 comparison with Behroozi et al. 2013

• used to be challenge for galaxy formation simulations (“overcooling”) 
• reasonably agreement, also scatter (~0.2 dex) 
• galaxies evolve more or less along the relation



R. Feldmann, Pathways of Galaxy Transformation, Catalina Island, August 2016 7

Star forming and quiescent galaxies

RF et al. 2016 MNRAS

Schreiber et al. 2015
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SF histories
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Quiescent galaxies in our simulations vs Nature

• Are moderately massive (log Mstar/M☉~10-11)

• Have SFR of a factor ~10 below the SF 
sequence but are not fully “quenched”

(Caveats)

Our simulated quiescent galaxies: 

• Galaxy properties computed without complete forward modeling 
of observations (PSF, resolution, source extraction etc.)

• Are not as red in U-V as some observed 
massive Q galaxies at z~2 (perhaps 
because of lower mass, missing physics?)

• Often contain a non-negligible amount of dust (AV ~ 0.3-0.5), but 
much less than SF galaxies (AV ~ 1-1.5)
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MassiveFIRE mock photometry

Mock WFC3 images:
• Artificially redshift

• Convolve with 
CANDELS F160W PSF

• Add average-depth 
CANDELS noise

Multiple projections for 
each simulated galaxy, 

multiple filters/projection 

Price+in prep 12
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Measuring galaxy properties with mock observations

Price et al. in prep
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13

Recovered mass sizes over estimated
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Measuring galaxy properties with mock observations

Price et al. in prep

• Half-mass sizes inferred from observations biased relative to true sizes 
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Growth history of halos and galaxies
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• “smoothes out”  individual mergers 
• estimate growth rates at z=2

M(t) / e��z(t)[1 + z(t)]�
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RF et al. 2016 MNRAS, 
see also RF & Mayer 2015
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dark matter halo growth
• Q galaxies reside preferentially in halos with low specific growth rates
• Physical Interpretation: low growth rate => low gas accretion rate => low sSFR

Halo growth vs Galaxy growth
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Cosmological Starvation

RF et al. in prep
• split central galaxies into SF / Q or into those fast / slowly growing halos 

• Progenitors of Q galaxies and those in slowly growing halos at z~2:
• have lower sSFR, higher Mstar, higher Mhalo already much earlier times

• Q/SF-iness of a galaxy is, on average, related to long-term growth processes
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Let’s do the numbers
4 R. Feldmann et al.
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Figure 4. Comparison between the growth rate of baryonic
masses (stars, HI, and H2) of galaxies and the DM masses of
their parent halos. Red circles and blue squares show quiescent
and star forming galaxies in MassiveFIRE, respectively. The clas-
sification is based on rest-frame U-V and V-J colors (Whitaker
et al. 2011) appropriate for z ⇠ 2. Filled and empty symbols de-
note galaxies that are centrals or satellites by the final snapshot
of the simulation (z = 1.7�2). Symbol sizes reflect stellar masses.
For central galaxies, growth rates and colors are computed at the
final snapshot of each simulation. For galaxies that become satel-
lites by z ⇠ 2, we compute growth rates and colors in the last
snapshot before they enter their host halo. The solid line marks a
1:1 relationship and is not a fit. Galaxies residing at the centers
of fast growing halos (d lnMDM/dt & 0.4 Gyr�1) are essentially
always strongly star forming. In contrast, slowly growing (or even
shrinking) halos typically harbor quiescent galaxies.

ies (two) in our highest halo mass bin. Hence, whether cos-
mological starvation is an e↵ective quenching mechanisms
for galaxies residing in the most massive halos at z = 2
(Mhalo > 1013 M�, n < 10�5 Mpc�3) remains to be studied
in future work.

Fig. 5 also plots the fraction of halos with low specific
growth rates based on a large-volume cosmological N -body
simulation (Springel et al. 2005; McBride et al. 2009). The
fraction of halos with d lnMDM/dt < 0.9� 1.1Xcrit matches
fairly well the observed quiescent fraction. The former de-
clines slightly towards the largest stellar masses, indicat-
ing that additional physics besides cosmological starvation
is likely involved in shutting down star formation in the most
massive galaxies (M⇤ > 1011 M�). Fig. 4 shows that there
is overlap between star forming and quiescent galaxies at
intermediate specific growth rates. We find that the fraction
of slowly accreting halos still matches the observed fraction
of quiescent galaxies even if a sizable fraction of such halos,
e.g., a third, host star forming galaxies.

3 CONCLUSIONS

The star formation activity of massive galaxies in a young
Universe is ultimately fueled by the accretion of intergalactic
gas (Kereš et al. 2005; Dekel et al. 2009; Davé et al. 2010;
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Figure 5. Fraction of quiescent, central galaxies residing in halos
above a given mass. The fractions predicted by MassiveFIRE are
shown by filled circles. Error bars indicate 1� � standard devia-
tions based on a binomial distribution with the same sample size
and quiescent fraction as in MassiveFIRE. For the largest mass
bin we assume a 40% quiescent fraction to compute the error bar.
Our simulations predict that about a third of massive galaxies at
cosmic noon are quiescent. Solid lines show the fraction of halos
with specific growth rates below the critical value required for qui-
escent galaxies (from Fig. 4), 0.9�1.1⇥Xcrit ⇠ 0.25�0.4 Gyr�1,
based on the Millennium N -body simulation (Springel et al. 2005;
McBride et al. 2009). These theoretical estimates agree reason-
ably well with the observed quiescent fraction derived from stel-
lar mass functions of quiescent and star forming galaxies over the
z = 1.5�2.5 range (dashed (Tomczak et al. 2014) and dot-dashed
(Muzzin et al. 2013) lines and shaded regions).

Nelson et al. 2013). By limiting the supply of gas to galaxies
and halos, cosmological starvation makes it much easier for
additional processes, e.g., feedback from black holes, to fully
counteract hot gas cooling and to heat or eject any remaining
cool gas. Cosmological starvation thus enables the formation
of quiescent galaxies with red broad-band colors and reduced
SFRs at cosmic noon. However, it may be a necessary but
not a su�cient condition for completely shutting-down star
formation in such galaxies.

The di↵erent accretion histories of quiescent and star
forming galaxies in halos of the same mass have a number of
observational consequences. First, as quiescent galaxies are
assembled earlier, they will be surrounded by more evolved
satellite populations. In particular, orbital decay and tidal
stripping (Zentner et al. 2005) should reduce the number of
satellites of a given stellar mass, and the longer exposure
(Feldmann et al. 2011) to the hot atmospheres of massive
galaxies may explain the increased fraction of satellites with
low SFRs (Weinmann et al. 2006). Second, we expect that
the dominant halos of over-dense environments should have
large accretion rates and, thus, should host vigorously star
forming galaxies. In contrast, quiescent galaxies at those red-
shifts should preferentially reside in average or below average
environments. This idea is corroborated by our finding that
50% (25%) of the quiescent central galaxies vs 13% (73%)

MNRAS 000, 1–5 (2016)

observationmodelsimulations

Model: Quiescent galaxies are those with d ln Mhalo / dt < �crit

qu
ies

ce
nt

 fr
ac

tio
n

• good agreement for moderately massive galaxies (~few 1010 M☉) 
• perhaps underpredict quiescent fraction at large masses (> 1011 M☉) 

but not sufficient statistics, AGN feedback needed?

RF et al. 2016 MNRAS
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Feldmann et al. in preplow densityhigh density

low 
density

high 
density

Environments of massive galaxies

• Progenitors of Q central galaxies often reside in less dense regions
• But can also become Q near massive neighbor (small Hill radius)
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Summary
• latest generation cosmological simulations have overcome many 

challenges that used to limit predictive power: Mstar – Mhalo, Mstar – SFR, …  
• sims contain SF and quiescent central galaxies (UVJ classification) in 

massive halos at z~2 without AGN feedback

• halo growth rate influences SF / quiescent nature of galaxies: 
• slow halo growth is necessary requirement for quiescence 

(“cosmological starvation”) 
• quickly growing halos always host SF galaxies

• stellar feedback can affect the short-time SFR (~dyn. time of a galaxy) 
• even SF galaxies can have SFR suppressed for ~100 Myr but then recover 
• contributes to scatter in Mstar – SFR 
• probably allows some quiescent galaxies to reach very low sSFR

• 2 ways to get slowly growing halos: 
• galaxies residing in somewhat under-dense regions 
• galaxies residing near massive neighbors

Thank you




