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Cold Dark Matter works on large scales
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10 S. Garrison-Kimmel et al.

Figure 7. Plotted are the rotation curves for all halos identified

as massive failures around Douglas, both within 300 kpc (black

lines) and in the Local Field surrounding it (light blue lines),
along with constraints on the dwarf galaxies in each region (black

squares denote MW satellites and open light blue squares indicate

field galaxies – sizes are again proportional to M
?

); i.e. combining
Figure 3 with a plot equivalent to Figure 5. Explicitly excluded

are halos with V
peak

< 30 km s�1; also not plotted are the halos

selected to host a galaxy.

Figure 8. The distribution of the number of massive failures in

each of twenty paired halos plus the field around them, i.e. com-

bining results from Figures 4 and 6 but excluding failures that are
within 300 kpc of the M31 analog. Colors are as in Figures 4 and 6.

The exact number of massive failures depends on the specific den-

sity profile, but the conclusion that there are many missing large,
dense halos in the Local Field is robust: each system has at least

14 massive failures, with a median between ⇠ 26� 34.

the nearest giant where the backsplash fraction is below 50%
(GK14), central halo densities should remain largely unaf-
fected by tidal and ram pressure stripping. Moreover, Tu-
cana, which shows evidence of having interacted with the
MW (Teyssier et al. 2012), is the most dense galaxy in the
field, calling into question proposed environmental mech-
anisms. Galaxies large enough to have a↵ected their den-
sity profiles via supernovae feedback may be lurking unseen
on the outer edge of the LF, but no galaxies brighter than
107L� have been discovered in the LF within the past fifty-
five years (Pegasus dIrr; Holmberg 1958).

4.2.2 Missing galaxies in the Local Field?

In this Section, we present the stellar masses of those halos
identified as massive failures, from abundance matching, and
investigate whether the they can be explained as unidenti-
fied dwarf galaxies in the LF. Though no galaxies have been
discovered within the distance cut since the discovery of An-
dromeda XXVIII (Slater et al. 2011), the recent discovery
of Leo P (Giovanelli et al. 2013; Rhode et al. 2013) at a dis-
tance of ⇠ 1.5 Mpc from the MW suggests that there may
be new galaxies in the Local Volume that will be identified
via HI observations or upcoming deep stellar surveys.

We begin by plotting the predicted stellar mass func-
tions implied by our favored AM extrapolation from GK14,
along with the observed stellar mass function of galaxies
that meet the same radial cuts in the LG (in blue) in Fig-

ure 9.7 Stellar masses are from Woo et al. (2008) where
available and are otherwise taken from the data cataloged
in McConnachie (2012), assuming M

?

/L = 2. We empha-
size that the adopted AM relation does well in reproduc-
ing the observed stellar mass function above stellar masses
M

?

= 4⇥106M�. The shaded region below this point draws
attention to the region where the known census of galax-
ies lies below that predicted. Above this mass, however, the
galaxy count around Zeus & Hera, the pair plotted in Fig-
ure 5 and highlighted in magenta in Figure 9, nearly matches
that observed in the LF.

While a simple extrapolation of abundance matching
creates a stellar mass function that agrees well with galaxy
counts, it does so by matching galaxies with halos that are
too dense to reproduce the observed kinematics of those same
galaxies (see also Boylan-Kolchin et al. 2012). Specifically,
it is di�cult to match both the observed luminosity func-
tion and the observed densities of galaxies at the same time.
The magnitude of the problem is demonstrated explicitly in
Figure 10, which plots the stellar mass function of only the
halos identified as massive failures (i.e. the stellar masses

7 We emphasize that the stellar mass range shown is large enough

that an AM-inspired power-law relationship between M
?

and
M

v

is well-motivated. Specifically, this is above the mass regime

(M
?

< 106 M�, V
peak

< 30 km s�1) where processes like reion-

ization might act to “bend” the relation (Sawala et al. 2014;
Garrison-Kimmel et al. 2014), possibly suppressing the count of

faint galaxies in the Local Group.

c
� 2013 RAS, MNRAS 000, 1–16

Garrison-Kimmel, Boylan-Kolchin, Bullock, Kirby 2014
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Cold Dark Matter fails on small scales
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dark matter particles have specific properties that differ from
those of WIMPs or axions, the standard CDM candidates. For
example, phase space constraints give rise to cores in warm
dark matter (WDM) haloes (e.g., Bode et al. 2001; Lovell et al.
2012), although current lower limits on WDM particle masses
imply cores that are much smaller than those inferred for many
dwarfs (Macciò et al. 2012a; Shao et al. 2013; Viel et al. 2013).

Alternatively, elastic collisions between particles of self-
interacting dark matter (SIDM; see, e.g., Spergel & Steinhardt
2000) may create cores, provided the cross-sections are the right
size. SIDM has fallen somewhat out of favour because of con-
cerns that it may fail to account for the central dark matter den-
sity profiles of galaxy clusters (Miralda-Escudé 2002) or that
it would lead to the dissolution of individual galaxies in clus-
ters (Gnedin & Ostriker 2001). However, recent work has ar-
gued that those arguments may be countered by appealing to
velocity-dependent cross sections (Vogelsberger et al. 2012) or
by re-evaluating carefully the observational constraints. Indeed,
Rocha et al. (2013) argue that a velocity-independent specific
cross-section of order �/m ⇠ 0.1 cm2 g�1 can reproduce si-
multaneously dwarf and cluster observations, although this con-
clusion relies on a relatively uncertain extrapolation of their re-
sults to the regime of dwarfs that remains contested. Zavala et al.
(2013), for example, have recently argued that only a finely-
tuned SIDM model can be reconciled with observation.

An alternative is that rotation curves may be reconciled
with ⇤CDM haloes by “baryon effects” operating during the
formation of the galaxy (Navarro et al. 1996a; Gnedin & Zhao
2002; Read & Gilmore 2005). In particular, recent simulations
in which star formation occurs in a series of short bursts where
dense clouds of gas are continually assembled and violently dis-
persed have been shown to drive potential fluctuations that can
induce constant density cores at the centre of ⇤CDM haloes
(Mashchenko et al. 2006; Governato et al. 2010, 2012; Brook
et al. 2012; Teyssier et al. 2013; Madau et al. 2014). Although
there is no consensus that galaxy formation necessarily has this
effect (other simulations make realistic galaxies without pro-
ducing cores; see, e.g., Schaller et al. 2014, and our discussion
below), there is growing consensus that the inner dark matter
profiles can, in principle, be reshaped during the formation of a
galaxy, even a dark matter-dominated one (Oñorbe et al. 2015).

Finally, it has been argued that a critical reappraisal of the
actual constraints placed on the inner dark matter density slope
by observations might be needed, citing concerns about com-
plexities such as non-circular motions (Swaters et al. 2003), in-
strumental smearing effects (Swaters et al. 2003; van den Bosch
et al. 2000), and/or departures from axisymmetry (Hayashi et al.
2004), all of which may complicate the relation between the
observational data and the underlying gravitational potential.
The advent of two-dimensional observational surveys with bet-
ter sensitivity and angular resolution have allayed some of these
earlier concerns (e.g., Simon et al. 2003; de Blok et al. 2008;
Kuzio de Naray et al. 2008; Oh et al. 2011; Adams et al. 2014;
Oh et al. 2015), and have led to the view that reliable determi-
nation of the inner slope of the dark matter density profile is
indeed possible.

Some questions, however, remain. Adams et al. (2014), for
example, report inner slopes as steep as � = 0.67 ± 0.10 for a
sample of seven nearby dwarfs, whereas Oh et al. (2011) report
much shallower slopes (� = 0.29 ± 0.07) for seven dwarfs se-
lected from the THINGS survey (Walter et al. 2008). Whether
these discrepancies reflect a genuine physical difference be-

Figure 1. Rotation curves of IC 2574 (filled circles) and of the sim-
ulated galaxy DG1 (open circles), taken from Oh et al. (2011). The
green line shows the median circular velocity curve of all galaxies
from our LG-MR and EAGLE-HR simulations (see §2.1) with V

max

=
77 km s�1

±10%, matching the value of V
max

of IC 2574. The shaded
area indicates the 10-90 percentile range at each radius. The numbers
in square brackets in the legend are the numbers of galaxies/haloes that
contribute to that velocity bin. The solid black line is the median circu-
lar velocity profile of haloes of the same V

max

, identified in our dark
matter-only simulations.

tween the galaxies in each of those samples, or a systematic
difference in the modeling of the observational data, is still un-
clear. What is clear is that the inferred slopes are highly sensitive
to how the mass of the baryonic population is modeled as well
as to how the inevitable presence of noncircular motions near
the centre is accounted for.

The case of NGC 2976 offers a sobering example: when
inner kinematic peculiarities in the gas are ignored a nearly con-
stant density core is inferred (Simon et al. 2003), while a much
steeper slope is inferred from Jeans modeling of stellar trac-
ers (Adams et al. 2012). Although the disagreement may be re-
solved once the non-circular motions are accounted for and the
total mass of the stellar component is better constrained (Adams
et al. 2014), this example illustrates the difficulty of inferring �,
even when quality multi-tracer data at high resolution are avail-
able.

A further drawback of focusing the discussion on the cen-
tral value of � is that it risks missing an important dimension
of the problem, which concerns the total mass enclosed within
the inner regions of a galaxy. This may be illustrated by the
case of IC 2574, one of seven systems whose rotation curves
were compared by Oh et al. (2011) to simulated galaxies where
baryon-induced fluctuations had flattened the dark matter cusp
(Governato et al. 2010). Oh et al. conclude that the simulated
galaxies have “haloes with a central mass distribution similar
to that observed in nearby dwarf galaxies”, a conclusion based
on the similarity of the innermost values of �. This conclusion,
however, does not take into account the fact that the mass pro-
file of IC 2574 is in fact quite different from that of the simu-

c
� 0000 RAS, MNRAS 000, 000–000
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4.6 kpc

Discrepancy: Factor ~2 in velocity ⇒ factor ~ 4 in mass

APOSTLE
hydro

simulations

C
irc

ul
ar

 V
el

oc
ity

 [k
m

 s
-1

]

Radius [kpc]

Moore et al. 1994, Flores & Primack 1994, de Blok et al. 2001, 2008, …



8 I. Santos-Santos et al.

Figure 5. Rotation curves of galaxies IC 2574 and UGC05750 compared to that of their most similar NIHAO counterpart. For NIHAO galaxies we show
the DM-only circular velocity, the spherical circular velocity, and the true circular velocity. In this last case, the agreement with observed data is remarkable,
showing that the formation of extremely cored dwarf galaxies is indeed possible within a ⇤CDM cosmology, and highlighting the importance of properly
computing velocities.

H↵ and HI RCs do not agree (Swaters et al. 2009). Its star forma-
tion history shows a significant rise at recent times compared with
the average star formation rate over the last few Gyr, in consistency
with known starburst dwarf galaxies (Lelli et al. 2014a; McQuinn
et al. 2015).

UGC 5721 (NGC 3274) is a barred spiral, emission-line or HII
galaxy (Hunter et al. 1982) in the constellation of Leo. Its H↵ curve
shows a steep rise that is not seen in the HI data. Moreover, the
inner points of its RC are uncertain because of insufficient angular
resolution (Swaters et al. 2009). It has a circular velocity gradient
comparable to those of BCDs (Lelli et al. 2014a), and so could
possibly harbor a starburst.

UGC 7603 (NGC 4455) is another emission-line (Seyfert)
galaxy (Deo et al. 2007). The derived HI RC may be uncertain since
its velocity gradient is not well resolved by the HI beam (Swaters
et al. 2009).

UGC 5764 (DDO 83) is a gas-rich isolated galaxy, classified
morphologically as irregular or even BCD. It has a low luminosity
but high central surface brightness giving a < 1.5 kpc scale length.
This galaxy seems to have just started to flatten out at the edge of its
detected HI, but it presents a warp on its receding side that makes
its last 2 points uncertain (van Zee et al. 1997).

UGC 7151 (NGC 4144) has an edge-on orientation, although
its inclination is not very well defined (Schechtman-Rook & Ber-
shady 2014). The HI gas is confined to the extent of the optical disk
in this galaxy (Garcı́a-Ruiz et al. 2002).

So, of the 6 galaxies with steeply rising RCs, 4 are either star-
burst galaxies or emission-line galaxies, which may also be indica-
tive of significant ongoing star formation, since gas is most presum-

ably ionized by the ultraviolet radiation from massive young stars.
Indeed, that the inner RC of starburst dwarfs rises more steeply than
that of typical dwarf irregulars has been shown in previous studies
(Lelli et al. 2014c,b; McQuinn et al. 2015), indicating that starburst
galaxies have a higher-than-average central dynamical mass and
that starburst activity may be related to the shape of the potential
well.

In Lelli et al. (2014b) it is argued that the steep RC of star-
burst galaxies is in disagreement with the ‘cusp-core’ transforma-
tion picture offered by cosmological hydrodynamical simulations.
These galaxies observationally show a large gas reservoir which
the authors discuss could drive large fluctuations of the central po-
tential forming eventually a shallow core. This mechanism is par-
ticularly efficient during violent star formation episodes, such as
those a starburst galaxy is going through. However, the timescale
and total duration of such stellar activity should also be taken into
account. Models of DM core creation, based on cosmological sim-
ulations, agree on the notion that a bursty, repeated, and extended
star formation history is necessary in order to create a large DM
core (e.g., Pontzen & Governato 2012; Read et al. 2016a; Di Cin-
tio et al. 2017). By contrast, star formation in starburst galaxies
commonly happens at very late times, after a possibly overall quiet
star formation history. If proven by future observations, this would
support a scenario in which low mass starbursts have a highly
concentrated dark matter inner mass distribution, matched by an
NFW or a contracted profile, since there has not been enough en-
ergy from gas outflows at any time in order to modify the inner
region. Once again, note that indeed these galaxies have a cen-
tral mass distribution at 2 kpc which is even higher than that of

MNRAS 000, 1–11 (2010)

SN driven gas outflows can expand the dark matter halo

NIHAO XIV - Santos-Santos et al. 2018 - see poster

e.g., Navarro, Eke, Frenk 1996; Read & Gilmore 2005; Mashchenko et al. 2006, 2008; Governato et al. 2010; 
Pontzen & Governato 2012; Teyssier et al. 2013; Di Cintio et al. 2014a,b; Chan et al. 2015; Trujillo-Gomez et al. 2015
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What determines how Galaxy Formation modifies the 
Dark Matter distribution in LCDM simulations?



Toy Model

1 cycle

N cycles

Consider a shell of radius ri and mass Mi

Adiabatic Inflow Contraction

Impulsive Outflow Expansion

NIHAO IX - Dutton et al. 2016b

(Blumenthal+1986)



Toy Model

NIHAO IX - Dutton et al. 2016b

rf/ri = 1 + N f2 + O(f3)

N cycles  β=1

Net  Expansion

rf/ri = (1 -2f +f2)N/ (1-2f)N

• Need many cycles, with f≳0.1 to generate significant expansion


• If outflow events are small, then halo cannot expand much
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Di Cintio et al. 2014a,  MaGICC simulations (Stinson et al. 2013)

Halo Response depends on Star Formation Efficiency



Halo Response depends on Star Formation Efficiency
Tollet et al. 2016, MNRAS, 456, 3542



Figure 13

The impact of baryonic feedback on the inner profiles of dark matter halos. Plotted is the inner
dark matter density slope ↵ at r = 0.015R

vir

as a function of M?/M
vir

for simulated galaxies at z
= 0. Larger values of ↵ ⇡ 0 imply core profiles, while lower values of ↵ . 0.8 imply cusps. The
shaded gray band shows the expected range of dark matter profile slopes for NFW profiles as
derived from dark-matter-only simulations (including concentration scatter). The filled magenta
stars and shaded purple band (to guide the eye) show the predicted inner density slopes from the
NIHAO cosmological hydrodynamic simulations by Tollet et al. (2016). The cyan stars are a
similar prediction from an entirely di↵erent suite of simulations from the FIRE-2 simulations
(Fitts et al. 2016; Hopkins et al. 2017, Chan et al., in preparation). Note that at dark matter core
formation peaks in e�ciency at M?/M

vir

⇡ 0.005, in the regime of the brightest dwarfs. Both
simulations find that for M?/M

vir

. 10�4, the impact of baryonic feedback is negligible. This
critical ratio below which core formation via stellar feedback is di�cult corresponds to the regime
of classical dwarfs and ultra-faint dwarfs.

the mass in stars formed (Governato et al. 2012; Di Cintio et al. 2014). If galaxies form

enough stars, there will be enough supernovae energy to redistribute dark matter and create

significant cores. If too many baryons end up in stars, however, the excess central mass

can compensate and drag dark matter back in. At the other extreme, if too few stars are

formed, there will not be enough energy in supernovae to alter halo density structure and

the resultant dark matter distribution will resemble dark-matter-only simulations. While

the possible importance of supernova-driven blowouts for the central dark matter structure

of dwarf galaxies was already appreciated by Navarro, Eke & Frenk (1996) and Gnedin &

Zhao (2002), an important recent development is the understanding that even low-level star

formation over an extended period can drive gravitational potential fluctuations that lead

to dark matter core formation.

This general behavior is illustrated in Figure 13, which shows the impact of baryonic

28 Bullock • Boylan-Kolchin

Bullock & Boylan-Kolchin 2017

Di Cintio et al. 2014, Chan et al. 2015, Tollet et al. 2016

Halo Response depends on Star Formation Efficiency
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Re-simulate 20 NIHAO  
haloes with three  

SF thresholds  
n=10,1,0.1  nH cm-3



Stellar Mass vs Halo Mass

Abundance Matching  
Moster et al. 2018

NIHAO XIX - Dutton et al. 2018 in prep

re-calibrated  
 efficiency  
for n=0.1



Enclosed Dark Matter Density Profiles

measure  
slope between  

1 and 2% of R200

measure  
mass ratio at 
1% of R200

NIHAO XIX - Dutton et al. 2018 in prep

Agrees with  
APOSTLE  

EAGLE



Halo Response depends on (Mstar/Mhalo, n)
n=10 n=1 n=0.1DMO

NIHAO XIX - Dutton et al. 2018 in prep



TBTF problem for field Dwarf Galaxies

106 < Mstar < 108

D > 500 kpc  
from MW

NIHAO XIX - Dutton et al. 2018 in prep



TBTF problem for field Dwarf Galaxies

106 < Mstar < 108

D > 500 kpc  
from MW

NIHAO XIX - Dutton et al. 2018 in prep

CDM diesCDM dies

CDM dies CDM lives



How do we test which SF 
threshold is most realistic?



Re-simulate 20 NIHAO  
haloes with three  

SF thresholds  
n=10,1,0.1  nH cm-3

n=10

n=0.1 n=1



200 Myr 5 Myr

Higher SF threshold gives more bursty SFH



Scatter in SFR - Mstar  Relation

SF threshold
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Redshift: 
z<3

Stellar Mass 
Mstar>1072 x



• Low threshold star formation (n≤1) EAGLE / APOSTLE / 
ILLUSTRIS  produces cuspy haloes  (⇒CDM fails!)


• High threshold star formation (n≥10) NIHAO/FIRE produces 
expanded haloes when 0.001 < Mstar/Mhalo < 0.01 (CDM ok)


• Field galaxies in LG  with Mstar ~ 107  favor high threshold                                 
(Need more observations to improve statistics)


• High threshold yields 2x larger scatter in sSFR measured        
over 5 Myr timescale.  Testable with Halpha?

Summary


