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 Is LCDM wrong?
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But problems on dwarf galaxy scale
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Figure 1

Approaching the threshold of galaxy formation. Shown are images of dwarf galaxies spanning six
orders of magnitude in stellar mass. In each panel, the dwarf’s stellar mass is listed in the
lower-left corner and a scale bar corresponding to 200 pc is shown in the lower-right corner. The
LMC, WLM, and Pegasus are dwarf irregular (dIrr) galaxies that have gas and ongoing star
formation. The remaining six galaxies shown are gas-free dwarf spheroidal (dSph) galaxies and are
not currently forming stars. The faintest galaxies shown here are only detectable in limited
volumes around the Milky Way; future surveys may reveal many more such galaxies at greater
distances. Image credits: Eckhard Slawik (LMC); ESO/Digitized Sky Survey 2 (Fornax); Massey
et al. (2007; WLM, Pegasus, Phoenix); ESO (Sculptor); Mischa Schirmer (Draco), Vasily
Belokurov and Sergey Koposov (Eridanus II, Pictoris I).

4 Bullock • Boylan-Kolchin
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Small scale problems of LCDM
1. Missing satellites problem

2. Too-big-to-fail problem

3. cusp-core problem
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1. The missing satellites problem

 6

g8.26e11 Bullock+2017Figure 7

The Missing Satellites Problem: Predicted ⇤CDM substructure (left) vs. known Milky Way
satellites (right). The image on the left shows the ⇤CDM dark matter distribution within a sphere
of radius 250 kpc around the center of a Milky-Way size dark matter halo (simulation by V.
Robles and T. Kelley in collaboration with the authors). The image on the right (by M. Pawlowski
in collaboration with the authors) shows the current census of Milky Way satellite galaxies, with
galaxies discovered since 2015 in red. The Galactic disk is represented by a circle of radius 15 kpc
at the center and the outer sphere has a radius of 250 kpc. The 11 brightest (classical) Milky Way
satellites are labeled by name. Sizes of the symbols are not to scale but are rather proportional to
the log of each satellite galaxy’s stellar mass. Currently, there are ⇠ 50 satellite galaxies of the
Milky Way compared to thousands of predicted subhalos with M

peak

& 107 M�.

see, e.g., Rees & Ostriker 1977). According to Figure 6, these physical e↵ects are likely to

become dominant in the regime of ultra-faint galaxies M? . 105M�.

The question then becomes: can we simply adopt the abundance-matching relation

derived from field galaxies to “solve” the Missing Satellites Problem down to the scale of

the classical MW satellites (i.e., M
vir

' 1010M� $ M? ' 106M�)? Figure 8 (modified from

Garrison-Kimmel et al. 2017a) shows that the answer is likely “yes.” Shown in magenta is

the cumulative count of Milky Way satellite galaxies within 300 kpc of the Galaxy plotted

down to the stellar mass completeness limit within that volume. The shaded band shows the

68% range predicted stellar mass functions from the dark-matter-only ELVIS simulations

(Garrison-Kimmel et al. 2014) combined with the AM relation shown in Figure 6 with zero

scatter. The agreement is not perfect, but there is no over-prediction. The dashed lines show

how the predicted satellite stellar mass functions would change for di↵erent assumed (field

galaxy) faint-end slopes in the calculating the AM relation. An important avenue going

forward will be to push these comparisons down to the ultra-faint regime, where strong

baryonic feedback e↵ects are expected to begin shutting down galaxy formation altogether.

2.2. Cusp, Cores, and Excess Mass

As discussed in Section 1, ⇤CDM simulations that include only dark matter predict that

dark matter halos should have density profiles that rise steeply at small radius ⇢(r) / r�� ,

with � ' 0.8� 1.4 over the radii of interest for small galaxies (Navarro et al. 2010). This is

20 Bullock • Boylan-Kolchin
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2. Too-big-to-fail problem

 7

g8.26e11 Bullock+2017

Satellites

Figure 10

The Too-Big-to-Fail Problem. Left: Data points show the circular velocities of classical Milky
Way satellite galaxies with M? ' 105�7M� measured at their half-light radii r

1/2. The magenta
lines show the circular velocity curves of subhalos from one of the (dark matter only) Aquarius
simulations. These are specifically the subhalos of a Milky Way-size host that have peak
maximum circular velocities V

max

> 30 km s�1 at some point in their histories. Halos that are this
massive are likely resistant to strong star formation suppression by reionization and thus naively
too big to have failed to form stars (modified from Boylan-Kolchin, Bullock & Kaplinghat 2012).
The existence of a large population of such satellites with greater central masses than any of the
Milky Way’s dwarf spheroidals is the original Too-Big-to-Fail problem. Right: The same problem
– a mismatch between central masses of simulated dark matter systems and observed galaxies –
persists for field dwarfs (magenta points), indicating it is not a satellite-specific process (modified
from Papastergis & Ponomareva 2017). The field galaxies shown all have stellar masses in the
range 5.75  log

10

(M?/M�)  7.5. The gray curves are predictions for ⇤CDM halos from the
fully self-consistent hydrodynamic simulations of Fitts et al. (2016) that span the same stellar
mass range in the simulations as the observed galaxies.

While there are subhalos with central masses comparable to the Milky Way satellites, these

subhalos were never among the ⇠ 10 most massive (Figure 10). Why would galaxies fail

to form in the most massive subhalos, yet form in dark matter satellites of lower mass?

The most massive satellites should be “too big to fail” at forming galaxies if the lower-mass

satellites are capable of doing so (thus the origin of the name of this problem). In short,

while the number of massive subhalos in dark-matter-only simulations matches the number

of classical dwarfs observed (see Figure 8), the central densities of these simulated dwarfs

are higher than the central densities observed in the real galaxies (see Figure 10).

While too-big-to-fail was originally identified for satellites of the Milky Way, it was

subsequently found to exist in Andromeda (Tollerud, Boylan-Kolchin & Bullock 2014) and

field galaxies in the Local Group (those outside the virial radius of the Milky Way and

M31; Kirby et al. 2014). Similar discrepancies were also pointed out for more isolated low-

mass galaxies, first based on HI rotation curve data (Ferrero et al. 2012) and subsequently

using velocity width measurements (Papastergis et al. 2015; Papastergis & Shankar 2016).

This version of too-big-to-fail in the field is also manifested in the velocity function of

field galaxies4 (Zavala et al. 2009; Klypin et al. 2015; Trujillo-Gomez et al. 2016; Schneider

4We note that the mismatch between the observed and predicted velocity function can also be

www.annualreviews.org
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3. Cusp-Core problem
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Figure 9

The Cusp-Core problem. The dashed line shows the naive ⇤CDM expectation (NFW, from
dark-matter-only simulations) for a typical rotation curve of a V

max

⇡ 40 km s�1 galaxy. This
rotation curve rises quickly, reflecting a central density profile that rises as a cusp with ⇢ / 1/r.
The data points show the rotation curves of two example galaxies of this size from the LITTLE
THINGS survey (Oh et al. 2015)), which are more slowly rising and better fit by a density profile
with a constant density core (Burkert 1995, cyan line).

prediction.

2.3. Too-Big-To-Fail

As discussed above, a straightforward and natural solution to the missing satellites problem

within ⇤CDM is to assign the known Milky Way satellites to the largest dark matter

subhalos (where largest is in terms of either present-day mass or peak mass) and attribute

the lack of observed galaxies in in the remaining smaller subhalos to galaxy formation

physics. As pointed out by Boylan-Kolchin, Bullock & Kaplinghat (2011), this solution

makes a testable prediction: the inferred central masses of Milky Way satellites should be

consistent with the central masses of the most massive subhalos in ⇤CDM simulations of

Milky Way-mass halos. Their comparison of observed central masses to ⇤CDM predictions

from the Aquarius (Springel et al. 2008) and Via Lactea II (Diemand et al. 2008) simulations

revealed that the most massive ⇤CDM subhalos were systematically too centrally dense to

host the bright Milky Way satellites (Boylan-Kolchin, Bullock & Kaplinghat 2011, 2012).

22 Bullock • Boylan-Kolchin
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Figure 14

Dark matter density profiles from full hydrodynamic FIRE-2 simulations (Fitts et al. 2016).
Shown are three di↵erent galaxy halos, each at mass M

vir

⇡ 1010M�. Solid lines show the hydro
runs while the dashed show the same halos run with dark matter only. The hatched band at the
left of each panel marks the region where numerical relaxation may artificially modify density
profiles and the vertical dotted line shows the half-light radius of the galaxy formed. The stellar
mass of the galaxy formed increases from left to right: M? ⇡ 5⇥ 105, 4⇥ 106, and 107M�,
respectively. As M? increases, so does the e↵ect of feedback. The smallest galaxy has no e↵ect on
the density structure of its host halo.

feedback on the inner slopes of dark matter halos ↵ measured at 1 � 2% of the halo virial

radii. Core-like density profiles have ↵ ! 0. The magenta stars show results from the

NIHAO hydrodynamic simulations as a function of M?/Mvir

, the ratio of stellar mass to

the total halo mass (Tollet et al. 2016). The cyan stars show results from an entirely

di↵erent set of simulations from the FIRE-2 collaboration (Wetzel et al. 2016; Fitts et al.

2016; Garrison-Kimmel et al. 2017b, Chan et al., in preparation). The shaded gray band

shows the expected slopes for NFW halos with the predicted range of concentrations from

dark-matter-only simulations. We see that both sets of simulations find core formation to be

fairly e�cientM?/Mvir

⇡ 0.005. This “peak core formation” ratio maps toM? ' 108�9 M�,

corresponding to the brightest dwarfs. At ratios below M?/Mvir

⇡ 10�4, however, the

impact of baryonic feedback is negligible. The ratio below which core formation is di�cult

corresponds to M? ⇡ 106M� – the mass-range of interest for the too-big-to-fail problem.

The e↵ect of feedback on density profile shapes as a function of stellar mass is fur-

ther illustrated in Figure 14. Here we show simulation results from Fitts et al. (2016)

for three galaxies (from a cosmological sample of fourteen), all formed in halos with

M
vir

(z = 0) ⇡ 1010M� using the FIRE-2 galaxy formation prescriptions (Hopkins et al.

2014 and in preparation). The dark matter density profiles of the resultant hydrodynam-

ical runs are shown as solid black lines in each panel, with stellar mass labeled, increas-

ing from left to right. The dashed lines in each panel show dark-matter-only versions of

the same halos. We see that only in the run that forms the most stars (M? ⇡ 107M�,

M?/Mvir

⇡ 10�3) does the feedback produce a large core. Being conservative, for systems

with M?/Mvir

. 10�4, feedback is likely to be ine↵ective in altering dark matter profiles

significantly compared to dark-matter-only simulations.
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Is LCDM wrong?
NO! 

Hydrodynamics and feedback 
matter!
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Numerical Investigation of a 
Hundred Astronomical Objects
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The NIHAO Simulation suite
125 zoom-in simulations from Milky-Way mass to dwarf galaxies scales 

SPH - Gasoline2
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NIHAO I: Wang+15

(82 galaxies in this plots)
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(Wadsley+2017)
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Simulation Physics
GASOLINE2.1  

smooth particle hydrodynamics 
„modern“ implementation of hydrodynamics, 

metal diffusion 

gas cooling  
via hydrogen, helium and various metal lines 

 gas heating  
via Photoionisation from the UV background

star formation from cold 
dense gas 

 nth=10 parts/ccm 
(Aaron Dutton’s talk on Friday)

early stellar feedback  
and SN feedback 

• SNII energy + metals 
(delayed cooling) 

• SNIa metals

1

2

3 4

Tobias Buck

Shen+2010, Haardt&Madau 2012

Stinson+2006 Stinson+2013

Wadsley+2017, Keller+2014

star formation regions

image size: 50x50 kpc
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The Simulations
1. High-resolution zoom-in Milky Way sims

2. High-resolution zoom-in dwarf galaxy sims
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Gravitational softening and

particle masses:

• dark matter: 400 pc, 1.5 x 105 M


• gas: 180 pc, 2.8 x 104 M


• stars: 180 pc, 9300 M

1. High-res. MW simulations
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~ 3 x 107 particles 
~ 8 x 106 star particles 
~ 107 gas particles 

halo masses: 5 x 1011 to 2.8 x 1012 M☉                          

similar zoom-in projects: Aumer+2013, Latte-project (Wetzel+2016), Apostle (Sawala+2016), 

                                     Auriga (Grand+2017)

☉

☉

☉

image: Buck
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Gravitational softening and

particle masses:

• dark matter: 30 pc, 2000 M


• gas: 14 pc, 400 M


• stars: 14 pc, 130 M

2. High-res. dwarf galaxy sims
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halo masses: 3 x 108 to 1 x 1010 M☉                          

☉

☉

☉
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Edge of galaxy formation I 2359

Figure 2. The stellar mass–halo mass relation for our simulated galaxies at
z = 1. The colourful points are haloes with stars, while the red empty circles
represent dark haloes. The abundance matching relations from Moster, Naab
& White (2013) and Behroozi, Wechsler & Conroy (2013) are shown in black
and cyan, respectively, the dashed lines indicate the extrapolation to lower
masses.

3.1 Dark, stellar and gas masses at z = 1

At first we look into the relation between stellar mass and halo mass
for our galaxies. Results are shown in Fig. 2, where colourful circles
represent haloes that did form stars, while empty red circles show
‘dark’ haloes. The grey and cyan lines represent the abundance
matching relations from Moster et al. (2013) and Behroozi et al.
(2013), respectively. All our galaxies seem to prefer a lower stellar
mass than what is predicted by Behroozi and collaborators and
being more in agreement with a simple extrapolation of the Moster
relation (the extrapolated part is marked by a dashed line in both
cases).

An interesting thing to notice is the very large scatter (0.45 dex)
in stellar mass at a fixed halo mass: for example for a halo mass
around 7 × 109 M⊙ the ratio between stellar mass and halo mass
changes by about two orders of magnitude from 10−3 to 10−5. We
will return to the origin of this scatter later in Section 3.4.

For halo masses below 4 × 109 M⊙ about half of the haloes re-
main dark, in other words they are not able to create a single stellar
particle. This is in fairly good agreement with previous results of
Sawala et al. (2016a, see also Simpson et al. 2013) which use sev-
eral hydrodynamic cosmological simulations of the Local Group to
study the discriminating factors for galaxy formation (i.e. being lu-
minous) in low-mass haloes. Based on their (larger) sample of haloes
they also found about half of the haloes remaining dark at z = 1 at
these mass scales. Such a dark fraction is also consistent with what
is required to solve the so-called missing satellite problem (Klypin
et al. 1999; Macciò et al. 2010; Sawala et al. 2016a). Despite the
large number of dark haloes, it is interesting to notice that the lowest
mass halo in our sample (cyan point with M200 = 5 × 108 M⊙) is
nevertheless luminous with about 104 M⊙ of stars.

At the mass scales analysed in this paper, we expect galaxies to
be quite inefficient in accreting baryons due to the UV background
(e.g. Gnedin 2000; Hoeft et al. 2006; Okamoto, Gao & Theuns 2008;

Figure 3. The gas to total mass ratio as a function of stellar mass. The grey
dashed line represents the cosmic value !b/!m = 0.155 for the WMAP7
cosmology. The galaxy colour coding is the same as in Fig. 2.

Figure 4. The gas to total mass ratio as a function of virial mass. The grey
dashed line represents the cosmic value !b/!m = 0.155 for the WMAP7
cosmology. The galaxy colour coding is the same as in Fig. 2, while empty
circles represent dark haloes (i.e. haloes that did not form stars).

Simpson et al. 2013; Noh & McQuinn 2014). In Fig. 3, we show the
gas to total mass fraction as a function of stellar mass. All galaxies
are strongly baryon ‘deprived’ with respect to the universal baryon
fraction (represented by the grey dashed line), with some galaxies
able to accrete (and retain) less than 10 per cent of the available
baryonic budget, almost regardless of their stellar mass.

On the other hand, the very low gas fraction could also be a result
of gas outflows due to SNe, given that the mass loading factor of
winds increases at lower circular velocities (Dutton 2012).

Such question has been raised before, for example Simpson et al.
(2013) used a set of AMR (adaptive mesh refinement) cosmological
simulations to study the effect of reionization on the gas fraction
of haloes with masses about 109 M⊙. They found that reioniza-
tion is primarily responsible for preventing gas accretion in their
simulations.

In our case we can use the ‘dark’ haloes, i.e. haloes that did
not form any stars, to also address this question, since obviously
they have been affected by the UV background but not by SNe
explosions. In Fig. 4, we plot the gas fraction as a function of
the virial mass of the halo. Dark haloes (represented by empty
symbols) have similar gas fractions as luminous haloes with the
same total mass, strongly suggesting that the UV background is
the main reason for the lack of baryons at these mass scales in

MNRAS 472, 2356–2366 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/472/2/2356/4082099
by MPI Astronomy user
on 22 August 2018

Macciò, Frings, Buck et al. 2017

Frings, Macciò, Buck et al. 2017
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1. The Missing satellites problem:  
Can we reproduce the number 
counts of Local Group dwarf 

galaxies?
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Satellite stellar mass function
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Baryonic effects leave haloes dark

see also: Simpson+ 2017, Sawala+2016, Wetzel+2016,

Buck+2018b subm.
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The inefficiency of galaxy formation 
due to the UV background

also: Simpson+ 2013, Fitts+2016, Sawala+2016b

Macciò, Frings, Buck et al. 2017

luminous halo
dark halo

UV BG sets in
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2. The TBTF problem:  
Can we reproduce the structure of 

Local Group dwarf galaxies?
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simulated 
satellites
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2. Resolving TBTF for satellites:  
Tidal stripping!
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Buck+2018b subm.

Satellites and nearby dwarf galaxies 
are heavily tidally stripped

see also: 

Knebe+ 2011;

Frings,Macciò,

Buck et al. 2017
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2. Resolving TBTF for field dwarfs:  
Core creation and halo expansion!
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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+ 2017
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Core creation lowers central 
densities of dwarf galaxies3546 E. Tollet et al.

Figure 3. Inner DM density slope, α, as a function of Mstar/Mhalo for galaxies at z = 0. The filled red circles show results for hydro runs (with error-bars from
the profile fit) while the black open circles show results for the N-body DM-only runs. The dotted line is the original function from DC14, the thick line is the
refitted curve with our new simulations using the Planck cosmology with the shaded region showing the 1σ scatter of 0.18.

Table 2. Best-fitting parameters for the value of α computed witihin 1 and
2 per cent of Rvir as a function of Mstar/Mhalo, Mhalo and Mstar.

n n1 x0 x1 β γ

Mstar
Mhalo

− 0.158 26.49 8.77 × 10−3 9.44 × 10−5 0.85 1.66

Mhalo 0.96 7161 9.96 × 109 1.85 × 108 1.01 1.13

Mstar 0.53 61.44 2.48 × 106 6.83 × 108 29.5 0.42

To check whether star formation efficiency best correlates with
α in our large sample of galaxies, Figs 5 and 6 show how α varies
with the halo mass and the stellar mass of our galaxies, respectively.
In both cases the behaviour of α is similar to the one seen in Fig. 3,
with a maximum in ‘core’ creation around 1011 (108) M⊙ in halo
(stellar) mass. These plots show a similar scatter in α as in Fig. 3
for low values of the halo (stellar) mass: Mhalo < 5 × 1011 M⊙
(Mstar < 109 M⊙), but a larger scatter for α at high masses. This
confirms the earlier results of DC14 where, using galaxies run with
different stellar feedback prescription, they show that the integrated
star formation efficiency is the best parameter to capture the effect
of baryons on the DM distribution.

The role of the integrated star formation efficiency is also im-
portant to explain the similarities and (small, partial) differences
between our results and some previous studies on the same topic
from different groups.

Madau, Shen & Governato (2014) analysed the evolution of the
density profile of a small group of dwarf galaxies, with only four
of them with containing stars. The simulations were run with an
earlier version of the GASOLINE code, with similar SN feedback. Two
of those galaxies (dubbed Doc and Bashful) have masses around

Figure 4. Inner DM density slope, α, as a function of Mstar/Mhalo for
galaxies at z = 1 (upper panel) and at z = 2 (lower panel). The solid line
and shaded region is z = 0 relation from Fig. 3.

1–3 × 1010 M⊙ and do show extended cores, somehow in con-
trast with the results shown in Fig. 5. On the other hand the galaxies
presented by Madau and collaborators have overmassive stellar bod-
ies, that overpredict results from Local Group abundance matching

MNRAS 456, 3542–3552 (2016)
Downloaded from https://academic.oup.com/mnras/article-abstract/456/4/3542/1031210
by MPI Astronomy user
on 22 August 2018

Tollet+ Incl. Buck 2016
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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
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as a function of M?/M
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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
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. 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

also: Mashchenko+2008; Pontzen & Governato 2012; Governato et al. 2012; Madau+2014; Di Cintio et al. 2014;

  Onorbe+2015; Read+2016; Frings, Macciò, Buck et al. 2017 

Core formation: strong dependence 
on star formation threshold!


See Aaron Dutton’s talk on Friday!
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Core creation lowers central 
densities of dwarf galaxies

also: Mashchenko+2008; Pontzen & Governato 2012; Governato et al. 2012; Madau+2014; Di Cintio et al. 2014;

  Onorbe+2015; Read+2016; Frings, Macciò, Buck et al. 2017 

Dutton+2016

Too big does not fail L77

Figure 3. Circular velocity versus radius for cosmological simulations (lines) compared to observations (symbols with error bars) of Local Group galaxies
from Kirby et al. (2014), split into isolated (black) and satellites of the MW (blue squares) and M31 (blue triangles). Upper and lower panels show galaxies
greater and less than a luminosity of LV = 2 × 106 L⊙, respectively. The arrows for the three brightest isolated galaxies show alternative measurements of
circular velocity at 2 kpc. The left-hand panels show dark matter only simulations (in cyan), while the right-hand panels show the NIHAO galaxy simulations
(in red). The solid lines show the simulated profiles down to where the velocity profile has converged to 10 per cent, while the dotted lines continue the profile
to the dark matter softening length.

6 A PROBLEM FOR LOW-MASS G ALAXIES?

Lower luminosities and halo masses are potentially interesting, as
our (and other) simulations predict that baryonic processes have
negligible impact on the structure of dark matter haloes. For lumi-
nosities below LV ∼ 2 × 106 L⊙, the halo response is minimal: the
median circular velocities at 0.37 kpc in the NIHAO simulations
are just 2 per cent lower than the dark matter only simulations.

There are only three observed isolated galaxies in this luminosity
range, two are consistent with our simulations, while one (Tucana
– black circle at r1/2 ≃ 0.3 kpc, V1/2 ≃ 30 km s−1) is significantly
above. If the measurements of the circular velocity and half-light
size are robust, then it must have formed in a massive dark matter
halo with Vmax ! 70 km s−1. Some of the satellites are consistent
with the simulations, but half are significantly below, including
two MW satellites (although it should be noted that most of the
discrepant galaxies are M31 satellites and carry larger measurement
errors).

The larger scatter in observed circular velocities than predicted
by our simulations may indicate a lingering problem for !CDM.
This problem is distinct from the TBTF problem, as the typical host
haloes are no longer TBTF to form stars. A possible solution is that
there is a wide range of halo masses that host galaxies of luminosity

105 " LV/ L⊙ " 106. Specifically, if some haloes of mass Mhalo "
109 M⊙ are efficient at forming stars (Mstar ! 105 M⊙), then the
lower part of the velocity radius plane could be filled up. Indeed in
our own simulations, we see the tight stellar mass versus halo mass
relation breaks down in haloes below Mhalo ∼ 1010 M⊙, see also
Sawala et al. (2015).

Larger samples of high-resolution simulated galaxies (both field
and satellite) are clearly needed to fully sample the stochasticity of
galaxy formation in haloes below Mhalo ∼ 1010 M⊙. More obser-
vations of low–luminosity field galaxies would help to clarify the
observational picture.
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Small scale problems of LCDM
1. Missing satellites problem - solved

2. Too-big-to-fail problem - solved

3. cusp-core problem - solved
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Where does NIHAO fail?
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Mass-metallicity relation of dwarf 
galaxies:

 29
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Buck+2018 to be subm. Reasons:

• metal enriched gas gets 

blown out of the dwarfs 
before recycling


• too strong stellar 
feedback?


• too simplified stellar 
feedback?

• enrichment solely from 

SNII and SNIa
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Reproducing realistic dwarf 
galaxy populations

• In NIHAO the stellar mass function and 
structure of simulated dwarf galaxies 
agrees well with observations 

• Solutions to small scale problems of LCDM: 
sophisticated feedback models 

• Model shortcomings revealed by the 
chemical enrichment, improvements are 
work in progress

 30
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State of the art simulations resolve the small 
scale issues of LCDM. 

Let’s get the details of stellar feedback right!



Extra Material

 32
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Stellar mass-metallicity relation 
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Stellar mass-gas metallicity relation 
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Stellar mass-halo mass relation:  
the signature of stripping
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Buck+2018b subm.


