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Figure 6. Comparison of the distribution function of line-widths Vlos for galaxies in the Local Volume with theoretical predictions for
the LCDM (left panel) and the Warm Dark Matter models (right panel). Left: Filled circles and the long-dashed curve present velocity
function for the 10 Mpc sample. Theoretical predictions for the ΛCDM model with the Planck cosmological parameters are presented
by the upper full curve. The short-dashed curve shows the predictions of the dark matter-only estimates without correction for baryon
infall. Enhanced mass of baryons (mostly due to stars) in the central halo regions results in the increase of the circular velocity observed
in this plot as the shift from the dashed to the full curve.

5 DISCUSSION AND CONCLUSIONS

The abundance of galaxies as a function of their circular
velocity dN/dV is a fundamental statistics, which provides
a sensitive probe for theoretical predictions (Cole & Kaiser
1989; Shimasaku 1993; Gonzalez et al. 2000; Zavala et al.
2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014). It
is more difficult to measure the velocity function as com-
pared with the more familiar luminosity function. Only re-
cently observations became capable of producing reason-
ably converging estimates of dN/dV for different samples
(Zwaan et al. 2010; Papastergis et al. 2011).

Abundance of galaxies with circular and line-width ve-
locities in the Local Volume (distances less than 10 Mpc)
provides a valuable information, which can be difficult to get
from other samples (Karachentsev et al. 2004, 2013). Here
one can observe really small galaxies, and the sample has all
morphological types. Comparison with the SDSS and 2dF-
GRS luminosity functions indicates that the Local Volume is
a typical sample of galaxies for the volume probed. The sam-
ple is 90% complete for galaxies of all morphological types
down to MB = −13.5. Corrected for the selection function,
the sample can be used down to MB = −12 and circular
velocity ≈ 15 km s−1.

Observations: Estimates of the abundance of galaxies
with a given line-width Vlos presented in Figure 5 for differ-
ent observational samples shows that results mostly agree for
intermediate-size galaxies with Vlos ≈ (25−150) kms−1. The
Local Volume results are systematically above the HIPASS
(Zwaan et al. 2010) and ALFALFA (Papastergis et al. 2011)
estimates, but this is mostly due to the fact that HI mea-
surements do not cover early-type galaxies, which are

Figure 7. Relation between circular velocity dN/d log V and
line-width dN/d log Vlos functions for observations (short dashed
and full curves) and for the ΛCDM model (dot-dashed and long
dashed curves). The short-dashed curve shows our estimate of the
circular velocity function in the Local Volume. It produces the
distribution of line-widths that accurately fits the observations.
The disagreement between the ΛCDM model and observations
becomes slightly worse for the circular velocities.
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The experiments

run redshift halo mass
R

(proper)
resolution 
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local SF 
efficiency

stellar 
feedback

dwarf_SN

z=0 ~3x10 ~80 kpc 38 pc/h

2% SN

5%dwarf_ALL SN+RP+PH

spiral_SN

z~0.5 ~2x10 ~80 kpc 76 pc/h 2%

SN

spiral_ALL SN+RP+PH

-> we are testing the effect of feedback without fine tuning to 
produce realistic galaxies

SN = supernovae only 
Full = SN + radiation pressure + photoheating



stellar mass assembly

SN: ~80% of stellar mass 
assembled before z=2

Full feedback: >60% of stellar 
mass assembled after z=1

STG+2013

SN

Full

Regulation of stellar mass assembly by radiation feedback 13

Figure 7. Stellar mass and virial mass as a function of time. Left: dwarf models. Right: spiral models. Low-mass galaxy models that include stellar
radiation pressure show a dramatic reduction in the stellar mass growth at all epochs compared to a model with only supernovae feedback. In addition, galaxies
that include radiation pressure tend to build up more than half of their stellar component after z = 1, displaying nearly constant star formation rates in
agreement with observations of Local Group dwarf irregulars. The stellar mass growth of galaxies with radiative feedback is rather insensitive to the choice of
parameters. Most of the variation between the assembly histories of dwRP_1 and the other dwRP models is driven by the choice of star formation efficiency,
✏↵ .

Figure 8. Star formation histories for all models. Left: dwarfmodels. Right: spiralmodels. The dwarf galaxy with only SN energy forms stars aggressively
in the initial ⇠ 4 Gyr and its star formation rate slowly decreases thereafter. In contrast, adding radiative feedback results in a reduction of the early SFR by a
factor of at least ⇠ 100, while the galaxies are able to maintain a constant or even increasing rate of star formation until z ⇠ 0, in agreement with observations
of Local Group dwarf irregulars. Dwarfs that include radiation pressure tend to have burstier star formation histories than models with SN feedback, especially
for z < 1. The right panel compares the SFH of spiral models with a semi-empirical result for a galaxy with Mvir = 1011 M� (solid curve with the 1�
scatter represented by dotted lines), showing very good agreement only when stellar radiation feedback is included.
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the star formation history of a spiral

STG+2013

Full

SN

SF history 
matches 

observational 
constraints

14 S. Trujillo-Gomez et al.

Figure 9. Star formation histories. Left: dwarf models. Right: spiral models. The top panels show the SFHs in broad bins, while the bottom panels show
the amplitude of the bursts in 20 Myr bins relative to the smooth histories. The dwarf galaxy with only SN energy forms stars aggressively in the initial ⇠ 3
Gyr and its star formation rate slowly decreases thereafter. This also occurs when only radiation pressure is added if the IR optical depth is small (not shown).
In contrast, including both radiation pressure and photoheating reduces the early SFR by a factor of & 100, while the galaxies are able to maintain a constant
or even increasing rate of star formation until z ⇠ 0, in agreement with observations of dwarf irregulars. Simulations with radiation feedback have burstier
star formation histories than models with only SNe, especially for z < 1. The top right panel compares the SFH of spiral models with a semi-empirical
result for a galaxy with Mvir = 1011 M� (solid curve with the 1� scatter represented by dotted lines), showing very good agreement only when full stellar
radiation feedback is included.

radius (kpc) vcirc(r) (km s�1)

dwALL_1 NGC2366 DDO154

1.0 25 22 27
2.0 40 33 38
4.0 55 43 52
8.0 65 50 58

Table 5. Circular velocity profile of the fiducial dwarf simulation with ra-
diative feedback compared to two observed dwarf irregulars from Oh et al.
(2011).

of observed galaxies of similar mass, NGC2366 and DDO154, ex-
cept perhaps in the central ⇠ 1 kpc, where the rise in the circu-
lar velocity of the fiducial run is slightly steeper. In addition, Oh
et al. (2011) determine maximum circular velocities for the stars
and cold gas in NGC2366 of ⇠ 15 km s�1 and 28 km s�1, respec-
tively. For DDO154 they find maximum values vcirc ⇠ 7 km s�1

for the stars, and vcirc ⇠ 20 km s�1 for neutral atomic Hydrogen.
Our fiducial model with radiative feedback has a maximum stellar
vcirc ⇠ 10 km s�1, and vcirc ⇠ 35 km s�1 for gas at any tempera-
ture.

5.4 Do baryons influence the DM distribution?

There has been a debate in the literature over the past 20 years
about the steepness of the inner DM density profile of galaxies.
The “cusp-core problem” originates from the standard prediction

of CDM models that the density of DM should increase steeply (as
r�↵, with ↵ ⇠ 1) towards the center of the halo at the smallest
scales that can be probed by simulations (Flores & Primack 1994;
Moore 1994). Ever since this prediction was made, observations
have attempted to robustly obtain the density profile of the dark
matter in the inner kiloparsec of disc galaxies using detailed mass
modeling (e.g., de Blok & McGaugh 1997; de Blok et al. 2001;
Blais-Ouellette et al. 2004; Rhee et al. 2004; Simon et al. 2005; Oh
et al. 2008; Kuzio de Naray et al. 2009; Adams et al. 2012). Some
works obtain very shallow, constant-density “cores”, while others
find steep “cusps” consistent with CDM. Even though great effort
has gone into reducing the systematics, observations using different
mass tracers still yield conflicting results. Most recently, Oh et al.
(2011) studied a sample of dwarf irregulars using H I as a tracer
and consistently obtained shallow DM slopes, ↵ ⇡ 0.3. On the
other hand, using both stellar and nebular gas kinematics, Adams
et al. (2014) obtain a variety of steeper slope values for different
galaxies, covering the range ⇠ 0.5� 0.8.

Several mechanisms have been proposed to explain the ob-
served shallow slopes. While most require revisions of the CDM
model, one relies purely on baryonic effects. This scenario involves
the “heating” of the DM due to feedback processes. Analytical
models and simulations with strong supernovae “blastwave” feed-
back have recently shown that gas blowouts in low-mass galax-
ies have the potential to alter the distribution of dark matter in the
central regions. Mashchenko et al. (2008), Pontzen & Governato
(2012), Governato et al. (2012) and Teyssier et al. (2013) argue
that large and frequent bursts of star formation which cause gas
blowouts and a rapid oscillation in the potential should transform

c� 2013 RAS, MNRAS 000, 1–24



the star formation histories of dwarfs

Weisz+2014: resolved star formation 
histories of LG dIrrs using HST
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dwarf: mass distribution
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same sense as the other dSphs. Our final sample therefore contains
nine dSphs: Fornax, Leo I, Sculptor, Leo II, Sextans, Carina, Ursa
Minor, Canes Venatici I and Draco. All of these galaxies are known
to be DM dominated at r1/2 (Mateo 1998): Wolf et al. (2010) find
that their dynamical mass-to-light ratios at r1/2 range from ∼10 to
300.

The Large and Small Magellanic Clouds (LMCs and SMCs) are
dwarf irregular galaxies that are more than an order of magnitude
brighter than the dSphs. The internal dynamics of these galaxies
indicate that they are also much more massive than the dSphs:
Vcirc(SMC) = 50–60 km s−1 (Stanimirović, Staveley-Smith & Jones
2004; Harris & Zaritsky 2006) and Vcirc(LMC) = 87 ± 5 km s−1

(Olsen et al. 2011). Abundance matching indicates that galaxies
with luminosities equal to those of the MCs should have V infall ≈
80–100 km s−1 (BBK); this is strongly supported by the analysis
of Tollerud et al. (2011). A conservative estimate of subhaloes that
could host MC-like galaxies is therefore V infall > 60 km s−1 and
Vmax > 40 km s−1. As in BBK, subhaloes obeying these two criteria
will be considered MC analogues for the rest of this work.

3 C O M PA R I N G !C D M S U B H A L O E S TO M I L K Y
WAY SATELLITES

3.1 A preliminary comparison

Density and circular velocity profiles of isolated DM haloes are well
described (on average) by Navarro, Frenk & White (1997, hereafter
NFW) profiles, which are specified by two parameters – virial mass
and concentration, or Vmax and rmax. Average DM subhaloes are also
well fitted by NFW profiles inside their tidal radii, though recent
work has shown that the three-parameter Einasto (1965) profile
provides a somewhat better match to the profiles of both simulated
haloes (Navarro et al. 2004; Merritt et al. 2006; Gao et al. 2008;
Ludlow et al. 2011) and subhaloes (Springel et al. 2008) even when
fixing the Einasto shape parameter (thereby comparing models with
two free parameters each). To connect this work to the analysis of
BBK, Fig. 1 compares the measured values of Vcirc(r1/2) for the
nine bright MW dSphs to a set of DM subhalo rotation curves based
on NFW fits to the Aquarius subhaloes; the shaded bands show
the 1σ scatter from the simulations in rmax at fixed Vmax. More
detailed modelling of subhaloes’ density profiles will be presented
in subsequent sections.

It is immediately apparent that all of the bright dSphs are con-
sistent with NFW subhaloes of Vmax = 12–24 km s−1, and only one
dwarf (Draco) is consistent with Vmax > 24 km s−1. Note that the
size of the data points is proportional to galaxy luminosity, and
no obvious trend exists between L and Vcirc(r1/2) or Vmax (see also
Strigari et al. 2008). Two of the three least luminous dwarfs, Draco
and Ursa Minor, are consistent with the most massive hosts, while
the three most luminous dwarfs (Fornax, Leo I and Sculptor) are
consistent with hosts of intermediate mass (Vmax ≈ 18–20 km s−1).
Each of the Aquarius simulations contains between 10 and 24 sub-
haloes with Vmax > 25 km s−1, almost all of which are insufficiently
massive to qualify as MC analogues, indicating that models popu-
lating the most massive redshift-zero subhaloes with the brightest
MW dwarfs will fail.

3.2 Assessing the consistency of massive !CDM subhaloes
with bright MW satellites

The analysis in Section 3.1, based on the assumption that subhaloes
obey NFW profiles, is similar to the analysis presented in BBK.

Figure 1. Observed Vcirc values of the nine bright dSphs (symbols, with
sizes proportional to log LV ), along with rotation curves corresponding to
NFW subhaloes with Vmax = (12, 18, 24, 40) km s−1. The shading indi-
cates the 1σ scatter in rmax at fixed Vmax taken from the Aquarius simula-
tions. All of the bright dSphs are consistent with subhaloes having Vmax ≤
24 km s−1, and most require Vmax ! 18 km s−1. Only Draco, the least lu-
minous dSph in our sample, is consistent (within 2σ ) with a massive CDM
subhalo of ≈40 km s−1 at z = 0.

On a case-by-case basis, however, it is possible that subhaloes may
deviate notably from NFW profiles. Consequently, the remainder of
our analysis is based on properties of subhaloes computed directly
from the raw particle data. We employ a correction that takes into
account the unphysical modification of the density structure of sim-
ulated subhaloes due to force softening; this procedure is detailed
in Appendix A. We note, however, that our results do not change
qualitatively if we neglect the softening correction (see Appendix A
and Table A1). By using the particle data directly, we remove any
uncertainties originating from assumptions about the shape of the
subhaloes’ density profiles.

The consistency between massive "CDM subhaloes and the
bright dSphs of the MW is assessed in Fig. 2. As there is strong
theoretical motivation to believe it is V infall rather than Vmax(z = 0)
that correlates with galaxy luminosity, we focus on the most mas-
sive subhaloes in terms of V infall – those with V infall > 30 km s−1.
We remove from this group all subhaloes that are MC analogues ac-
cording to the criteria given at the end of Section 2.2. The left-hand
panels of the figure show circular velocity profiles of the remain-
ing massive subhaloes in two of the Aquarius haloes, Aq-B (upper
panels; Mvir = 9.5 × 1011 M⊙, the lowest of the Aquarius suite)
and Aq-E (lower panels; Mvir = 1.39 × 1012 M⊙). The subsequent
panels show the 10 most massive of these subhaloes as measured at
z = 0 (second column), z = zinfall (third column) and z = 10 (fourth
column).

The most massive subhaloes in terms of V infall span a range of
profiles at z = 0, as the left-hand panel of Fig. 2 shows. For each halo,
some of these massive subhaloes are consistent with the observed
data while others are not. Focusing on the most massive subhaloes at
the present day (second panels from the left-hand side), we see that

C⃝ 2012 The Authors, MNRAS 422, 1203–1218
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same sense as the other dSphs. Our final sample therefore contains
nine dSphs: Fornax, Leo I, Sculptor, Leo II, Sextans, Carina, Ursa
Minor, Canes Venatici I and Draco. All of these galaxies are known
to be DM dominated at r1/2 (Mateo 1998): Wolf et al. (2010) find
that their dynamical mass-to-light ratios at r1/2 range from ∼10 to
300.

The Large and Small Magellanic Clouds (LMCs and SMCs) are
dwarf irregular galaxies that are more than an order of magnitude
brighter than the dSphs. The internal dynamics of these galaxies
indicate that they are also much more massive than the dSphs:
Vcirc(SMC) = 50–60 km s−1 (Stanimirović, Staveley-Smith & Jones
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the formation of the smallest galaxies in high-res 
zoom-in mesh simulations

• suite of hydro cosmological simulations of central galaxies with L ~ 
0.3-1.0MMW and resolution 10-50 pc/h (Ceverino+13, Trujillo-
Gomez+13)	


• dwarf galaxies resolved down to Mvir ~ 107 Msun (below the 
suppression scale)	


• probe volumes ~ few Mpc3 around each large galaxy	


• sample of ~500-1000 dwarf galaxies (field and satellites) for each 
run	


• see Kenza’s talk for more details



is stellar feedback really unimportant for the 
smallest galaxies?	




stellar mass vs. halo mass

no field galaxies with 
M* < 1000 Msun
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Miller+2014 (TF + lensing)!
!
THINGS (Oh+2011)

weak feedback !
(SN+RP)



stellar mass vs. halo mass

feedback is important even in smallest halos. at low masses, 
feedback is even more effective at lowering the stellar mass content 

strong feedback !
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stellar mass vs. halo mass

feedback is important even in smallest halos. at low masses, 
feedback is even more effective at lowering the stellar mass content 

strong feedback !
(SN+RP

+photoheating)

Behroozi+2013 (HAM)!
!
Miller+2014 (TF + lensing)!
!
THINGS (Oh+2011)

Brook+2014 (LV HAM)



observational constraints now reach smaller masses and higher redshifts

observations:!
!
Miller+2014 !
(measured at 2.2rs)

weak feedback !
(SN+RP)



including strong feedback from local photoheating

observations:!
!
Miller+2014 (measured at 
2.2rs)

strong feedback !
(SN+RP+photoheating)



the velocity function

dotted line: !
LCDM+HAM prediction 
(STG+2011)!
!
shaded area: !
Local Volume optical + 
ALFALFA HI (Klypin+2014)

weak feedback !
(SN+RP):!

!
squares = DM halos!

circles = galaxies!
triangles = wih cold gas!



the velocity function
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the observed velocity function

sensitivity of VF samples:!
!

Klypin+2014: MV < -10!
ALFALFA: MHI > 106 Msun

weak feedback !
(SN+RP):!

!
squares = DM halos!

circles = galaxies!
triangles = wih cold gas!
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feedback reduces the 
stellar mass to below 
the observational limits

sensitivity of VF samples:!
!

Klypin+2014: MV < -10!
ALFALFA: MHI > 106 Msun

the observed velocity function

strong feedback !
(SN+RP+photoheating):!

!
squares = DM halos!

circles = galaxies!
triangles = wih cold gas!



Conclusions

Stellar feedback (constrained by ISM observations) is essential in the evolution of the 
smallest galaxies: 	


!

1. regulates galaxy SFR (especially at high z) 	


2. produces galaxies that match many observational constraints: SFH, rotation curve, 
central cores, bulgeless disks	


3. stellar feedback controls assembly of the smallest galaxies ~ 10 km/s	


4. feedback from stellar photo-heating reduces the “observed” abundance of 20-50 km/s 
dwarfs and may be key to solving field abundance problem 	


need to move towards including baryons in simulations 	


&	


towards “observations” of simulations
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