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Past studies have identified a spatially extended excess of ⇠1-3 GeV gamma rays from the region
surrounding the Galactic Center, consistent with the emission expected from annihilating dark mat-
ter. We revisit and scrutinize this signal with the intention of further constraining its characteristics
and origin. By applying cuts to the Fermi event parameter CTBCORE, we suppress the tails of
the point spread function and generate high resolution gamma-ray maps, enabling us to more easily
separate the various gamma-ray components. Within these maps, we find the GeV excess to be
robust and highly statistically significant, with a spectrum, angular distribution, and overall nor-
malization that is in good agreement with that predicted by simple annihilating dark matter models.
For example, the signal is very well fit by a 31-40 GeV dark matter particle annihilating to bb̄ with
an annihilation cross section of �v = (1.4� 2.0)⇥ 10�26 cm3/s (normalized to a local dark matter
density of 0.3 GeV/cm3). Furthermore, we confirm that the angular distribution of the excess is
approximately spherically symmetric and centered around the dynamical center of the Milky Way
(within ⇠0.05� of Sgr A⇤), showing no sign of elongation along or perpendicular to the Galactic
Plane. The signal is observed to extend to at least ' 10� from the Galactic Center, disfavoring the
possibility that this emission originates from millisecond pulsars.

PACS numbers: 95.85.Pw, 98.70.Rz, 95.35.+d; FERMILAB-PUB-14-032-A, MIT-CTP 4533

I. INTRODUCTION

Weakly interacting massive particles (WIMPs) are a
leading class of candidates for the dark matter of our uni-
verse. If the dark matter consists of such particles, then
their annihilations are predicted to produce potentially
observable fluxes of energetic particles, including gamma
rays, cosmic rays, and neutrinos. Of particular interest
are gamma rays from the region of the Galactic Center
which, due to its proximity and high dark matter density,
is expected to be the brightest source of dark matter an-
nihilation products on the sky, hundreds of times brighter
than the most promising dwarf spheroidal galaxies.

Over the past few years, several groups analyzing data
from the Fermi Gamma-Ray Space Telescope have re-
ported the detection of a gamma-ray signal from the in-
ner few degrees around the Galactic Center (correspond-
ing to a region several hundred parsecs in radius), with a
spectrum and angular distribution compatible with that
anticipated from annihilating dark matter particles [1–7].
More recently, this signal was shown to also be present
throughout the larger Inner Galaxy region, extending
kiloparsecs from the center of the Milky Way [8, 9]. While
the spectrum and morphology of the Galactic Center and
Inner Galaxy signals have been shown to be compatible
with that predicted from the annihilations of an approx-
imately 30-40 GeV WIMP annihilating to quarks (or a
⇠7-10 GeV WIMP annihilating significantly to tau lep-

tons), other explanations have also been proposed. In
particular, it has been argued that if our galaxy’s central
stellar cluster contains several thousand unresolved mil-
lisecond pulsars, they might be able to account for the
emission observed from the Galactic Center [2, 4–7, 10].
The realization that this signal extends well beyond the
boundaries of the central stellar cluster [8, 9] disfavors
such interpretations, however. In particular, pulsar pop-
ulation models capable of producing the observed emis-
sion from the Inner Galaxy invariably predict that Fermi

should have resolved a much greater number of such ob-
jects. Accounting for this constraint, Ref. [11] concluded
that no more than ⇠5-10% of the anomalous gamma-
ray emission from the Inner Galaxy can originate from
pulsars. Furthermore, while it has been suggested that
the Galactic Center signal might result from cosmic-ray
interactions with gas [2, 4–6], the analyses of Refs. [12]
and [13] find that measured distributions of gas provide
a poor fit to the morphology of the observed signal. It
also appears implausible that such processes could ac-
count for the more spatially extended emission observed
from throughout the Inner Galaxy.

In this study, we revisit the anomalous gamma-ray
emission from the Galactic Center and the Inner Galaxy
regions and scrutinize the Fermi data in an e↵ort to con-
strain and characterize this signal more definitively, with
the ultimate goal being to confidently determine its ori-
gin. One way in which we expand upon previous work
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Figure 6. 3�4 keV band of the rebinned XMM-Newton spectra of the detections.The spectra were rebinned to make the excess at ⇠3.57
keV more apparent. (APJ VERSION INCLUDES ONLY THE REBINNED MOS SPECTRUM OF THE FULL SAMPLE).

nax dwarf galaxies (Boyarsky et al. 2010; Watson et al.
2012), as showin in Figure 13(a). It is in marginal (⇠90%
significance) tension with the most recent Chandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).
For the PN flux for the line fixed at the best-fit MOS

energy, the corresponding mixing angle is sin2(2✓) =
4.3+1.2

�1.0 (+1.8
�1.7) ⇥ 10�11. This measurement is consistent

with that obtained from the stacked MOS observations

at a 1� level. Since the most confident measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the flux
at energy 3.57 keV when comparing the mixing angle
measurements for the sterile neutrino interpretation of
this line.

3.2. Excluding Bright Nearby Clusters from the Sample

WDM decay line in 69 stacked clusters? 
Bulbul et al. ‘14 E=3.57 keV 

Warm dark matter 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

Sanchez et al 06 

⇒ ΛCDM provides an 
excellent description of 
mass power spectrum 

from 10-1000 Mpc 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

ΛCDM 

wavenumber k (comoving h-1 Mpc)-1 

1000 10  wavelength k-1 (comoving h-1 Mpc) 
Free streaming à 

  λcut  α mx
-1              

for thermal relic 

  mCDM ~ 100GeV 
susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 
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Sterile neutrinos 
Explain: 
•  Neutrino oscillations and masses 

•  Baryogenesis 

•  Absence of right-handed neutrinos in standard model 

•  Dark matter 

Sterile neutrino minimal standard model (νNSM; Boyarski+ 09): 

•   Extension of SM w. 3 sterile neutrinos: 2 of GeV; 1 of keV mass 
•  If ΩN=ΩDM, 2 parameters: mass, lepton asymmetry/mixing angle 

•  GeV particles may be detected at CERN (SHiP) 

•  Dark matter candidate can be detected by  X-rays decay 
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Primordial P(k) for 7 keV sterile 
neutrino models 

•  Thermal and resonant 
production mechanisms  

•  Resonant production 
depends on baryon 
asymmetry parameter, L6 

•  Linear PS varies non-
monothonically with L6             

7 keV sterile ν linear power spectra  

Bose, Lovell ‘ et al. 16  

3.3 keV thermal 

Ly-α  forest rules out thermal 
masses, mν<3.3 keV (Viel + ‘13) 

~ 
5×

10
9 
M

o 

Dwarf galaxies 
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àSubgalactic scales  

   (strongly non-linear)  

Astrophysical key to identity of dark matter: 
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cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

How can we distinguish between these? 
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I. The abundance of satellite galaxies in MW/M31 

II. The structure of galactic satellites (too-big-to-fail)  

III. The abundance of dark halos and subhalos 

• Observational tests of CDM vs WDM  
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The Copernicus Complexio 
(COCO) simulations 

                WDM with thermal mass of 3.3 keV  

        PS ≅“coldest”(L6	=	9)	7keV sterile neutrino  

 Ruling this out à rules out all 7keV sterile ν models! 

Hellwing et al. ‘15 
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The subhalo mass function 
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Bose et al ‘16 
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Halo density profiles 

ρ(r) identical for ~1012Mo 

but lower central ρ for ~109M   

Profiles well fit by NFW for 
CDM and WDM 
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I. The abundance of satellite galaxies in MW/M31 

II. The structure of galactic satellites (too-big-to-fail)  

III. The abundance of dark halos and subhalos 

Observational tests of CDM vs WDM  
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I. The abundance of satellite galaxies in MW/M31 

Observational tests of CDM vs WDM  
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Dark	ma'ter	subhalos	in	CDM	
(hundreds	of	thousands)	

The satellites of the MW and M31 

The	satellites	of	the	MW	
(~50	discovered	so	far)	
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The satellites of the MW and M31 

The	satellites	of	the	MW	
(~50	discovered	so	far)	

Dark	ma'ter	subhalos	in	WDM	
(a	few	tens)	
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The satellites of the MW and M31 

“Missing satellites” problem for CDM 

Solved 15 years ago by Bullock et al ‘00 
and Benson et al ‘02  

The	satellites	of	the	MW	
(~50	discovered	so	far)	

Dark	ma'ter	subhalos	in	CDM	
(hundreds	of	thousands)	
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•  Reionization heats gas above Tvir, preventing it 
from cooling and forming stars in small halos 

•    Supernovae feedback expels residual gas  

Most subhalos never make a galaxy!  

Making a galaxy in a small halo is hard because:  
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 



University of Durham 

Institute for Computational Cosmology 

Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint  satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 

★ 
★ 

★ 

★ 
★ 

Koposov et al 08 
(SDSS) 



APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Sawala et al ‘15 

Dark matter 



Far fewer satellite galaxies than CDM halos 

APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Stars 

Sawala et al ‘15 
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EAGLE Local Group simulation 

Sawala et al ‘15 

Local Group galaxies Emerge from the Dark 7

Figure 3. Stellar mass functions from 12 Apostle simulations at resolution L2 compared to observations. In the left and centre, shaded

regions show the mass functions of satellites within 300 kpc of each of the primary (left) and secondary (centre) of the two main Local
Group galaxies from each simulation volume, while lines show the observed stellar mass function within 300 kpc of M31 (left) and the

MW (centre). In the right, the shaded region shows all galaxies within 2 Mpc of the Local Group barycentre in the simulations, while
the line is the stellar mass function of all known galaxies within the same region. On each panel, the dark colour-shaded areas bound

the 16th and 84th percentiles; light shaded areas indicate the full range among our twelve Local Group realisations. For comparison,

the grey area on each panel corresponds to the mass function of all dark matter halos. All observational data are taken from the latest
compilation by McConnachie (2012). Note that while the M31 satellite count is likely to be complete to 105M�, the count of satellites

of the MW and the total count within 2 Mpc should be considered as lower limits to the true numbers due to the limited sky coverage

of local galaxy surveys and the low surface brightness of dwarf galaxies. See Fig. A1 for numerical convergence.

3.4 The baryon bailout

We next consider the “too-big-to-fail” problem (Boylan-
Kolchin et al. 2011; Parry et al. 2012). As demonstrated
by Strigari et al. (2010) from the Aquarius dark matter
only (DMO) simulations (Springel et al. 2008), a Milky Way
mass halo in ⇤CDM typically contains at least one satellite
substructure that matches the velocity dispersion profiles
measured for each of the five Milky Way dwarf spheroidal
satellites for which high-quality kinematic data are avail-
able. However, that work addressed neither the question of
whether those halos which match the kinematics of a par-
ticular satellite would actually host a comparable galaxy,
nor whether an observed satellite galaxy can be found to
match each of the many predicted satellite halos. Indeed,
the identification in the same simulations, of an excess of
massive substructures with no observable counterparts, and
the implication that the brightest satellites of the Milky Way
appear to shun the most massive CDM substructures, con-
stitutes the “too-big-to-fail” problem (Boylan-Kolchin et al.
2011).

A simple characterization of the problem is given by the
number of satellite halos with maximum circular velocities,

vmax = max
⇣p

GM(< r)/r
⌘
, above ⇠ 30 km/s, where all

satellite halos are expected to be luminous (Okamoto et al.
2008; Sawala et al. 2014). Only three MW satellites are con-
sistent with halos more massive than this limit (the two
Magellanic Clouds and the Sagittarius dwarf), whereas dark
matter only (DMO) ⇤CDM simulations of MW-sized halos
produce two to three times this number. Indeed, as shown in
Fig. 4, when we consider the DMO counterparts of our LG
simulations, the MW and M31 halos each contain an average
of 7�8 satellites with Vmax > 30 km/s inside 300 kpc, more

than twice the observed number of luminous satellites. This
is despite the fact that, in order to match the most recent dy-
namical constraints (Gonzalez et al. 2013; Peñarrubia et al.
2014), the average halo masses of M31 and the MW in our
simulations are lower than those in which the problem was
first identified (Boylan-Kolchin et al. 2011).

The situation changes, however, when we consider the
hydrodynamic Local Group simulations: Each main galaxy
in our hydrodynamic simulation has on average only 3 � 4
luminous satellites with vmax > 30 km/s. Furthermore, the
average velocity function of the most massive substructures
across our LG simulations appears to be in excellent agree-
ment with the MW estimates, quoted by Peñarrubia et al.
(2008) and overplotted as red circles in Fig. 4.

Several factors contribute to the reduction in the mea-
sured satellite vmax function in our hydrodynamic simula-
tions compared to DMO simulations, including our own: (i)
a reduction in the mass of each subhalo due to baryonic
e↵ects as discussed below, (ii) the failure of a fraction of
subhalos of vmax < 30 km/s to form any stars, and (iii)
those halos of vmax < 30 km/s that actually contain ob-
servable dwarf galaxies being disproportionately a↵ected by
tidal stripping.

In Fig. 6, we compare the maximum circular velocity
of individual isolated halos matched between our hydro-
dynamic and DMO simulations. In agreement with Sawala
et al. (2013) and Schaller et al. (2015), we find that while the
more massive halos of vmax > 100 km/s that host the MW
and M31 are not significantly a↵ected, the halos of dwarf
galaxies are less massive than their DMO counterparts, with
the loss of baryons due to reionization and supernova feed-
back, and a reduced growth rate leading to a ⇠ 15% re-
duction in vmax. The average reduction in mass is similar

c� 2014 RAS, MNRAS 000, 1–13

Milky Way M31 Local volume 

Dark halos Dark halos 
Dark 
halos 

Observed 
Observed 

Observed 
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How about in WDM?  

The	satellites	of	the	MW	
(~50	discovered	so	far)	

Dark	ma'ter	subhalos	in	WDM	
(a	few	tens)	
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Luminosity Function of Local 
Group Satellites in WDM 

MW 

M31 

MW 

M31 

MW 

M31 

From “Warm Apostle:”   7keV sterile ν

Lovell et al. ‘16 
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Warm DM: different ν mass 

1.4keV	

1.6keV	2.0keV,	2.3keV	

z=3	

WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

WDM	

CDM	
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8 M. R. Lovell et al.

Figure 7. The surface that shows the values of Mh as a function
of sterile neutrino mass Ms and lepton asymmetry L6 that are
consistent with the Milky Way satellite data. The plot is cropped
such that the maximum permitted value of Mh = 4×1012M⊙. The
set of models that are excluded at at least 95 per cent confidence
by the X-ray limits of Watson et al. (2012) and Horiuchi et al.
(2014) are shaded in black.

halo mass as Mh; full details of the procedure can be found
in Kennedy et al. (2014) .

4 RESULTS

4.1 Constraints on sterile neutrino parameters

We begin the presentation of our results with a 3D plot of
Mh as a function of both sterile neutrino mass and lepton
asymmetry in Fig. 7. The range of sterile neutrino masses is
2-10 keV, and of L6 is 0-25. We also compare the results with
limits onMs-L6 from X-ray decay non-detections (95 per cent
confidence limit: Watson et al. 2012; Horiuchi et al. 2014).

The allowed values of Mh decrease as the sterile neutrino
mass increases, in the same manner as one would expect for
a thermal relic. The non-monotonic behaviour with lepton
asymmetry is reflected in the fact that, for a given Ms, Mh
attains a minimum value for a specific value of L6, which
we denote L6,min. The value of L6,min decreases with ster-
ile neutrino mass, falling from L6,min = 16 at Ms =3 keV to
L6,min = 6 at Ms =10 keV, producing a characteristic winding
valley shape in the surface. ForMs >5 keV the position of the
valley floor happens to coincide with the constraints from X-
ray observations. Thus, further non-detections in this mass
range would force the sterile neutrinos to be ‘warmer’. We
also ran the same set of models for the fiducial value of αhot
– 3.2 – and found an increase of no more than 10 per cent in
Mh for any of our Ms– L6 combinations. Thus, we are confi-
dent that the choice of αhot calibration makes little difference
to the results.

We expand on our results in Fig. 8, in which we plot a
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Figure 8. The Milky Way halo mass required to account for the
observed number of Milky Way satellites, plotted as a function of
sterile neutrino mass. Regions above and to the right of a given
line are allowed; those below and to the left are disallowed. Colour
lines show constraints for different values of the lepton asymme-
try. Empty triangles denote Ms-L6 combinations that are excluded
by X-ray non-detections (black region in Fig. 7), as presented in
Boyarsky et al. (2014b), and filled circles those that are not ex-
cluded. The dashed black line is the constraint for trees generated
with the V05 thermal relic fitting function discussed in Section 2.
The thermal relic masses, calculated from Eqn 1, are shown on
the top axis.

separate Mh-Ms relation for each value of L6. We have also
generated merger trees for thermal relic power spectra using
the V05 transfer function for thermal relic masses in the
range [0.79-1.8] keV.

Spectra with L6 = 0 and L6 = 700 result in very similar
allowed values of Mh for a given sterile neutrino mass, as ex-
pected from their input matter power spectra. The minimum
acceptable value of Mh drops by over a factor of 2 between
the most extreme values of L6 and the optimal value L6 ∼ 10,
especially at the lowest masses where the results are predom-
inantly determined by the sterile neutrino transfer function
rather than by the galaxy formation physics.

We can seek to rule out models by making conserva-
tive assumptions about the mass of the Milky Way halo.
Estimates of the Milky Way halo mass have been made us-
ing a variety of methods, including the Local Hubble Flow
(Peñarrubia et al. 2014), dynamical tracers (Deason et al.
2012; Piffl et al. 2014; Wang et al. 2015), the kinemat-
ics of bright Milky Way satellites, (Sales et al. 2007a,b;
Busha et al. 2011; Wang et al. 2012; González et al. 2013;
Boylan-Kolchin et al. 2013; Cautun et al. 2014) and the tim-
ing argument (Kahn & Woltjer 1959; Li & White 2008); for
a more comprehensive list see Wang et al. (2015). Together
these studies allow a wide range of possible halo masses,

0.5×1012M⊙ <M200 < 2×1012M⊙ (4)

where M200 is the mass enclosed within the radius of over-

MNRAS 000, 1–12 (2015)
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The strucure of satellite halos 

The	satellites	of	the	MW	 Dark	ma'ter	subhalos	in	CDM	

• Why did these not make a 
galaxy? 

Vc =
GM
r

“Too-big-to-fail” problem:  

N-body CDM sims produce many massive subhalos 
(e.g. >20 with Vmax>25 km/s) 

BUT: Milky Way has few (e.g. ~7 with Vmax>25 km/s) 

V max = max Vc 
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spherical Jeans equation, Thomas et al. (2011) have shown
that this mass estimator accurately reflects the mass as de-
rived from axisymmetric orbit superposition models as well.
This result suggests that Eqns. (1) and (2) are also applica-
ble in the absence of spherical symmetry, a conclusion that
is also supported by an analysis of Via Lactea II subhalos
(Rashkov et al. 2012).

We focus on the bright MW dSphs – those with LV >
105 L� – for several reasons. Primary among them is that
these systems have the highest quality kinematic data and
the largest samples of spectroscopically confirmed member
stars to resolve the dynamics at r

1/2. The census of these
bright dwarfs is also likely complete to the virial radius of
the Milky Way (⇠ 300 kpc), with the possible exception of
yet-undiscovered systems in the plane of the Galactic disk;
the same can not be said for fainter systems (Koposov et al.
2008; Tollerud et al. 2008). Finally, these systems all have
half-light radii that can be accurately resolved with the high-
est resolution N -body simulations presently available.

The Milky Way contains 10 known dwarf spheroidals
satisfying our luminosity cut of LV > 105 L�: the 9 clas-
sical (pre-SDSS) dSphs plus Canes Venatici I, which has a
V -band luminosity comparable to Draco (though it is sig-
nificantly more spatially extended). As in BBK, we remove
the Sagittarius dwarf from our sample, as it is in the pro-
cess of interacting (strongly) with the Galactic disk and is
likely not an equilibrium system in the same sense as the
other dSphs. Our final sample therefore contains 9 dwarf
spheroidals: Fornax, Leo I, Sculptor, Leo II, Sextans, Ca-
rina, Ursa Minor, Canes Venatici I, and Draco. All of these
galaxies are known to be dark matter dominated at r

1/2

(Mateo 1998): Wolf et al. (2010) find that their dynamical
mass-to-light ratios at r

1/2 range from ⇠ 10� 300.
The Large and Small Magellanic Clouds are dwarf ir-

regular galaxies that are more than an order of magnitude
brighter than the dwarf spheroidals. The internal dynamics
of these galaxies indicate that they are also much more mas-
sive than the dwarf spheroidals: V

circ

(SMC) = 50�60 km s�1

(Stanimirović et al. 2004; Harris & Zaritsky 2006) and
V
circ

(LMC) = 87 ± 5 km s�1 (Olsen et al. 2011). Abun-
dance matching indicates that galaxies with luminosities
equal to those of the Magellanic Clouds 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 subhalos that could host Magellanic Cloud-like galaxies
is therefore V

infall

> 60 km s�1 and V
max

> 40 km s�1. As in
BBK, subhalos obeying these two criteria will be considered
Magellanic Cloud analogs for the rest of this work.

3 COMPARING ⇤CDM SUBHALOS TO
MILKY WAY SATELLITES

3.1 A preliminary comparison

Density and circular velocity profiles of isolated dark mat-
ter halos are well-described (on average) by Navarro et al.
(1997, hereafter, NFW) profiles, which are specified by two
parameters – i.e., virial mass and concentration, or V

max

and r
max

. Average dark matter subhalos are also well-fitted
by NFW profiles inside of their tidal radii, though recent
work has shown that the 3-parameter Einasto (1965) profile

Figure 1. Observed V
circ

values of the nine bright dSphs
(symbols, with sizes proportional to log LV ), along with ro-
tation curves corresponding to NFW subhalos with V

max

=
(12, 18, 24, 40) km s�1. The shading indicates the 1� scatter in
r
max

at fixed V
max

taken from the Aquarius simulations. All of
the bright dSphs are consistent with subhalos having V

max


24 km s�1, and most require V

max

. 18 km s�1. Only Draco, the
least luminous dSph in our sample, is consistent (within 2�) with
a massive CDM subhalo of ⇡ 40 km s�1 at z = 0.

provides a somewhat better match to the profiles of both
simulated halos (Navarro et al. 2004; Merritt et al. 2006;
Gao et al. 2008; Ludlow et al. 2011) and subhalos (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, Figure 1 com-
pares the measured values of V

circ

(r
1/2) for the nine bright

MW dSphs to a set of dark matter subhalo rotation curves
based on NFW fits to the Aquarius subhalos; the shaded
bands show the 1� scatter from the simulations in r

max

at
fixed V

max

. More detailed modeling of subhalos’ density pro-
files will be presented in subsequent sections.

It is immediately apparent that all of the bright dSphs
are consistent with NFW subhalos of V

max

= 12�24 km s�1,
and only one dwarf (Draco) is consistent with V

max

>
24 km s�1. Note that the size of the data points is pro-
portional to galaxy luminosity, and no obvious trend exists
between L and V

circ

(r
1/2) or V

max

(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
(V

max

⇡ 18 � 20 km s�1). Each of the Aquarius simulations
contains between 10 and 24 subhalos with V

max

> 25 km s�1,
almost all of which are insu�ciently massive to qualify as
Magellanic Cloud analogs, indicating that models populat-
ing the most massive redshift zero subhalos with the bright-
est MW dwarfs will fail.
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Figure 5. Ratio between the maximum circular velocity, vmax,
of individual, isolated halos in the hydrodynamic simulation and

the DMO simulation of the same volume, as a function of vmax,

at resolution L1. The red line shows the binned median ratio. The
loss of baryons and the truncated growth leads to a reduction in

vmax for halos below vmax ⇠ 100km/s.

lations of MW-sized halos produce two to three times this
number.

Indeed, as shown in Fig. 4, when we consider the DMO
counterparts of our LG simulations, the MW and M31 halos
each contain an average of 7 � 8 satellites with vmax > 30
km/s inside 300 kpc, more than twice the observed number
of luminous satellites. This is despite the fact that, in order
to match the most recent dynamical constraints (González
et al. 2014; Peñarrubia et al. 2014), the average halo masses
of M31 and the MW in the Apostle simulations are lower
than those in which the problem was first identified (Boylan-
Kolchin et al. 2011).

The situation changes, however, when we consider the
hydrodynamic simulations: each main galaxy in our hydro-
dynamic simulation has on average only 3�4 luminous satel-
lites with vmax > 30 km/s. Furthermore, the average veloc-
ity function of the most massive substructures across the
Apostle simulations appears to be in excellent agreement
with the MW estimates quoted by Peñarrubia et al. (2008)
and overplotted as red circles in Fig. 4. It should be noted
that the true vmax values of dwarf spheroidal galaxies cannot
easily be measured, and their estimates rely on additional as-
sumptions. For Fig. 4, we have chosen to use measurements
obtained independently from our own simulations, but we
revisit this topic in Section 3.5 where we provide ranges of
the likely vmax values of nine MW dwarf spheroidals with
measured stellar masses and velocity dispersions.

Several factors contribute to the reduction in the mea-
sured satellite vmax function in our hydrodynamic simu-
lations compared to DMO simulations: (i) a reduction in
the mass of each subhalo due to baryonic e↵ects as dis-
cussed below, (ii) the failure of a fraction of subhalos of
vmax < 30 km/s to form any stars, and (iii) those halos

Figure 6. Left: circular velocity profiles of all satellites with

vmax > 12 km/s and within 300 kpc from the halo centre, in four
individual LG halos from two Apostle simulations at resolution

L1. Right: as above, for the satellite galaxies in the correspond-

ing hydrodynamic simulations. Overplotted in red on each panel
are the half-mass radii and corresponding circular velocities of

nine observed MW dwarf spheroidal satellites adopted from Wolf

et al. (2010). While three of the four halos in the DMO simula-
tions have multiple massive subhalos without observable counter-

parts, the discrepancy is resolved in the hydrodynamic simula-

tions. As the LMC, SMC and the Sagittarius dSph, all consistent
with vmax > 30 km/s, are excluded from this sample, we have

also removed the three satellites with the highest vmax values
from each panel.

of vmax < 30 km/s today that actually contain observable
dwarf galaxies having been a↵ected by tidal stripping, even
more strongly than typical satellite halos of the same mass
today.

In Fig. 5, we compare the maximum circular velocity of
individual isolated halos matched in our hydrodynamic and

c� 2015 RAS, MNRAS 000, 1–15
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Figure 5. Ratio between the maximum circular velocity, vmax,
of individual, isolated halos in the hydrodynamic simulation and

the DMO simulation of the same volume, as a function of vmax,

at resolution L1. The red line shows the binned median ratio. The
loss of baryons and the truncated growth leads to a reduction in

vmax for halos below vmax ⇠ 100km/s.

lations of MW-sized halos produce two to three times this
number.

Indeed, as shown in Fig. 4, when we consider the DMO
counterparts of our LG simulations, the MW and M31 halos
each contain an average of 7 � 8 satellites with vmax > 30
km/s inside 300 kpc, more than twice the observed number
of luminous satellites. This is despite the fact that, in order
to match the most recent dynamical constraints (González
et al. 2014; Peñarrubia et al. 2014), the average halo masses
of M31 and the MW in the Apostle simulations are lower
than those in which the problem was first identified (Boylan-
Kolchin et al. 2011).

The situation changes, however, when we consider the
hydrodynamic simulations: each main galaxy in our hydro-
dynamic simulation has on average only 3�4 luminous satel-
lites with vmax > 30 km/s. Furthermore, the average veloc-
ity function of the most massive substructures across the
Apostle simulations appears to be in excellent agreement
with the MW estimates quoted by Peñarrubia et al. (2008)
and overplotted as red circles in Fig. 4. It should be noted
that the true vmax values of dwarf spheroidal galaxies cannot
easily be measured, and their estimates rely on additional as-
sumptions. For Fig. 4, we have chosen to use measurements
obtained independently from our own simulations, but we
revisit this topic in Section 3.5 where we provide ranges of
the likely vmax values of nine MW dwarf spheroidals with
measured stellar masses and velocity dispersions.

Several factors contribute to the reduction in the mea-
sured satellite vmax function in our hydrodynamic simu-
lations compared to DMO simulations: (i) a reduction in
the mass of each subhalo due to baryonic e↵ects as dis-
cussed below, (ii) the failure of a fraction of subhalos of
vmax < 30 km/s to form any stars, and (iii) those halos

Figure 6. Left: circular velocity profiles of all satellites with

vmax > 12 km/s and within 300 kpc from the halo centre, in four
individual LG halos from two Apostle simulations at resolution

L1. Right: as above, for the satellite galaxies in the correspond-

ing hydrodynamic simulations. Overplotted in red on each panel
are the half-mass radii and corresponding circular velocities of

nine observed MW dwarf spheroidal satellites adopted from Wolf

et al. (2010). While three of the four halos in the DMO simula-
tions have multiple massive subhalos without observable counter-

parts, the discrepancy is resolved in the hydrodynamic simula-

tions. As the LMC, SMC and the Sagittarius dSph, all consistent
with vmax > 30 km/s, are excluded from this sample, we have

also removed the three satellites with the highest vmax values
from each panel.

of vmax < 30 km/s today that actually contain observable
dwarf galaxies having been a↵ected by tidal stripping, even
more strongly than typical satellite halos of the same mass
today.

In Fig. 5, we compare the maximum circular velocity of
individual isolated halos matched in our hydrodynamic and

c� 2015 RAS, MNRAS 000, 1–15

Apostle dark-matter only 

Sawala et al ‘16 
r/kpc 

8 Sawala et al.

Figure 5. Ratio between the maximum circular velocity, vmax,
of individual, isolated halos in the hydrodynamic simulation and

the DMO simulation of the same volume, as a function of vmax,

at resolution L1. The red line shows the binned median ratio. The
loss of baryons and the truncated growth leads to a reduction in

vmax for halos below vmax ⇠ 100km/s.

lations of MW-sized halos produce two to three times this
number.

Indeed, as shown in Fig. 4, when we consider the DMO
counterparts of our LG simulations, the MW and M31 halos
each contain an average of 7 � 8 satellites with vmax > 30
km/s inside 300 kpc, more than twice the observed number
of luminous satellites. This is despite the fact that, in order
to match the most recent dynamical constraints (González
et al. 2014; Peñarrubia et al. 2014), the average halo masses
of M31 and the MW in the Apostle simulations are lower
than those in which the problem was first identified (Boylan-
Kolchin et al. 2011).

The situation changes, however, when we consider the
hydrodynamic simulations: each main galaxy in our hydro-
dynamic simulation has on average only 3�4 luminous satel-
lites with vmax > 30 km/s. Furthermore, the average veloc-
ity function of the most massive substructures across the
Apostle simulations appears to be in excellent agreement
with the MW estimates quoted by Peñarrubia et al. (2008)
and overplotted as red circles in Fig. 4. It should be noted
that the true vmax values of dwarf spheroidal galaxies cannot
easily be measured, and their estimates rely on additional as-
sumptions. For Fig. 4, we have chosen to use measurements
obtained independently from our own simulations, but we
revisit this topic in Section 3.5 where we provide ranges of
the likely vmax values of nine MW dwarf spheroidals with
measured stellar masses and velocity dispersions.

Several factors contribute to the reduction in the mea-
sured satellite vmax function in our hydrodynamic simu-
lations compared to DMO simulations: (i) a reduction in
the mass of each subhalo due to baryonic e↵ects as dis-
cussed below, (ii) the failure of a fraction of subhalos of
vmax < 30 km/s to form any stars, and (iii) those halos

Figure 6. Left: circular velocity profiles of all satellites with

vmax > 12 km/s and within 300 kpc from the halo centre, in four
individual LG halos from two Apostle simulations at resolution

L1. Right: as above, for the satellite galaxies in the correspond-

ing hydrodynamic simulations. Overplotted in red on each panel
are the half-mass radii and corresponding circular velocities of

nine observed MW dwarf spheroidal satellites adopted from Wolf

et al. (2010). While three of the four halos in the DMO simula-
tions have multiple massive subhalos without observable counter-

parts, the discrepancy is resolved in the hydrodynamic simula-

tions. As the LMC, SMC and the Sagittarius dSph, all consistent
with vmax > 30 km/s, are excluded from this sample, we have

also removed the three satellites with the highest vmax values
from each panel.

of vmax < 30 km/s today that actually contain observable
dwarf galaxies having been a↵ected by tidal stripping, even
more strongly than typical satellite halos of the same mass
today.

In Fig. 5, we compare the maximum circular velocity of
individual isolated halos matched in our hydrodynamic and
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• cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Theuns  ‘12 

The core-cusp problem 

Halos and subhalos in CDM & WDM have 
cuspy NFW profiles 

ρ(r)
ρcrit

=
δc

(r / rs )(1+ r / rs )
2
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The DM halo of the Sculptor dwarf  

Sculptor has two  stellar pops:   

(i) centrally concentrated, high 
[Fe/H] 

(ii) extended, low [Fe/H] 

High [Fe/H] 

Low [Fe/H] 
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M(< r) = µ
r <σ los

2 >
G

Walker ‘10; Wolf et al ‘10à 
if r=r1/2 , µ=2.5, independently of 

model assumptions! 

Core 
Cusp 

Sculptor data seem 
to require a core! 
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The DM  density profile of Sculptor   
include scatter of 20% on each mass 
and assume the 2 pops are independent 
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The diversity of gal rotation curves 

Four rotation 
curves that 

are NOT well 
fit by ΛCDM 

(from dwarfs 
to ~L*) 

Oman et al. ‘15 
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Rotation curves of APOSTLE dwarfs 
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Rapid ejection of gas 
during starburst à a 
core in the halo dark 
matter density profile  

Baryon effects in the MW satellites  

Let gas cool and 
condense to the 
galactic centre   

à gas self-gravitating 
à star formation/burst 

 

Navarro, Eke, Frenk ‘96 

Pontzen & Governato ‘12 
Brooks et al. ‘12 

Governato et al. ‘12 

Navarro, Eke, Frenk ‘96 
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Governato et al. ’10 
Pontzen et al. ‘11 

Cores in dwarf galaxy 
simulations   

DM 
simulation 

Gas simulations 

Governato et al. assume 
high density threshold for 

star formation  

 EAGLE does not 

à  High threshold allows 
large gas mass to 

accumulate in centre 

à  Sudden repeated 
removal of gas transfers 

binding energy   
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cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

Core/cusp will not tell us anything 
about the nature of the dark matter  
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cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

Not by the number of satellites 

nor by their structure!  

How can we distinguish between these? 
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I. The abundance of satellite galaxies in MW/M31 

II. The structure of galactic satellites (too-big-to-fail)  

III. The abundance of dark halos and subhalos 

Observational tests of CDM vs WDM  
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Observational tests of CDM vs WDM  
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cold dark matter 

Can we distinguish CDM/WDM?  

1. Dark subhalos (gravitational lensing)? 
2. Stellar streams (stellar surveys – PAndAS, GAIA)? 

warm dark matter  
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Gravitational lensing: Einstein rings 

Substructures distort 
Einstein rings 

Vegetti & Koopmans ‘09 

If WDM is right, should find 
NO small subhalos 

If CDM is right, should find 
MANY small subhalos 
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Detecting substructures with 
strong lensing 

Vegetti & Koopmans ‘09 

msub = 108 Mo 
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Detecting substructures with 
strong lensing 

COCO-cold 

Li et al ‘16 

fE	=	fracKon	of	mass	in	
subhalos	at	projected	
Einstein	radius,	RE	

mc	=	cutoff	mass	in	
WDM	mass	fn			

mc~	108	h-1Mo	
for	COCO-
warm	

•  If cutoff in mass function is 
detected à rule out CDM 

•  If small subhaloes are detected 
à rule out WDM 

100 Einstein ring systems and  
detection limit: mlow = 107 h-1Mo 

fE = fraction of mass in subs 
 within Einstein ring 

mc= characteristic subhalo mass  

mc= 1.3 ×108 h-1Mo for coldest
  7 keV sterile neutrino  
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Conclusions  

•  ΛCDM: great success on scales > 1Mpc: CMB, LSS, gal evolution 

•  But on these scales ΛCDM cannot be distinguished from WDM 

•  The identity of the DM makes a big difference on small scales 

1. The satellites luminosity function 

2. The Vmax fn (“too-big-to-fail”) 

3. Core or cusps in halos 

4. Subhalo mass fn– strong  lensing 

CDM       WDM 

✓           ✓

✓         ✓

–         –  

?          ? 

 


