
University of Durham 

Institute for Computational Cosmology 

Are sterile neutrinos the dark matter? 
The way forward 

The  new Ogden 
Centre at Durham 



University of Durham 

Institute for Computational Cosmology 

The way forward 

Detect the sterile neutrino and measure its mass 

1. Direct production/detection  

If sterile neutrinos mix with active neutrinos 

Tritium β-decay – KATRIN  

Sensitive in ev range 



University of Durham 

Institute for Computational Cosmology 

The way forward 

2. Indirect detection  

Decay of keV particle produces an X-ray line 

Detect the sterile neutrino and measure its mass 

1. Direct production/detection  

If sterile neutrinos mix with active neutrinos 

Tritium β-decay – KATRIN  



University of Durham 

Institute for Computational Cosmology 

Detection of a 7 keV sterile 
neutrino?   

Florian Hofmann - Lorentz Center workshop, Leiden, 2018
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(Non)-Confirmation debate

Urban+2015

HITOMI Collaboration+2017
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Jeltema+2015
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Iakubovskyi+2015

The bananas debate: Potassium K,  
e.g. Jeltema&Profumo 2014

XMM Draco dwarf spheroidal galaxy

Gu+2015/Shah+2016: Charge exchange

Nature: dark matter evidence weakens

Conlon+2017: AGN absorption line

Neronov+2016: NuStar, COSMOS, ECDFS

Cappelluti+2017: Chandra Galactic halo

Recent additional debates +-+-

Malyshev+2014: dwarf spheroidal galaxies
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The way forward 

2. Indirect detection  

Future X-ray missions: 

XARM – 2021 (replacement of Hitomi (with soft/X-ray spectrometer 
0.3-12 keV – 5-7 ev spectral resolution) 

Athena – 2028 (0.5-12 keV; high resolution – 2.5 ev spectral resolution;        
large area) 

Detect the sterile neutrino and measure its mass 

1. Direct detection  

If sterile neutrinos mix with active neutrinos 

Tritium β-decay – KATRIN  

Decay of keV particle produces an X-ray line 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 
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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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The subhalo mass function 

• CDM • WDM 

Bose, CSF et al ‘16 
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at 109 Mo 

3x fewer at 2x108 Mo 
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“Evolution and assembly of galaxies and 
their environment” 



Trayford	et	al	‘15	



Comparison	to	semi-analy@c	models	

Galaxy stellar mass function 

EAGLE 

Schaye et al ‘15 
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Fraction of dark subhalos 

Vc =
GM
r

V max = max Vc 

All halos of mass < 5×108Mo  or Vmax < 7 km/s are dark (m*<104Mo)  

Sawala et al ‘16; Fattahi et al ‘16 

Dark matter content of MW satellites 5
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation

4

of the centrals.
The left panel of Fig. 3 shows that APOSTLE centrals

follow a tight galaxy-halo mass relation that deviates sys-
tematically from the AM predictions/extrapolations of Guo
et al. (2010); Moster et al. (2013). APOSTLE galaxies of
given stellar mass live in halos systematically less massive
than predicted by those models. This issue has been dis-
cussed by Sawala et al. (2013, 2015), who trace the disagree-

4 Specifically, we used rgal/kpc= 1.69 (Vmax/ km s−1)1.01

ment at least in part to the increasing prevalence of “dark”5

halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.

c⃝ 2016 RAS, MNRAS 000, 1–12
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation
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of the centrals.
The left panel of Fig. 3 shows that APOSTLE centrals

follow a tight galaxy-halo mass relation that deviates sys-
tematically from the AM predictions/extrapolations of Guo
et al. (2010); Moster et al. (2013). APOSTLE galaxies of
given stellar mass live in halos systematically less massive
than predicted by those models. This issue has been dis-
cussed by Sawala et al. (2013, 2015), who trace the disagree-
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ment at least in part to the increasing prevalence of “dark”5

halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation
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halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
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inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation
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halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
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One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
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I. The abundance of satellite galaxies in MW/M31 

II. Halo structure: cores vs cusps 

Iii. The abundance of dark halos and subhalos 

• Observational tests of CDM vs WDM  
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Most subhalos never make a galaxy!  

Because: 
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation

4

of the centrals.
The left panel of Fig. 3 shows that APOSTLE centrals

follow a tight galaxy-halo mass relation that deviates sys-
tematically from the AM predictions/extrapolations of Guo
et al. (2010); Moster et al. (2013). APOSTLE galaxies of
given stellar mass live in halos systematically less massive
than predicted by those models. This issue has been dis-
cussed by Sawala et al. (2013, 2015), who trace the disagree-

4 Specifically, we used rgal/kpc= 1.69 (Vmax/ km s−1)1.01

ment at least in part to the increasing prevalence of “dark”5

halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.
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offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.
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•  Reionization heats gas to 104K, preventing it from 
cooling and forming stars in small halos (Tvir < 104K) 

•    Supernovae feedback expels residual gas in slightly                
larger halos  
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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
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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-
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ABSTRACT

We present a synthesis of recent photometric and kinematic data for several of the most dark matter dominated
galaxies, the dwarf spheroidal Galactic satellites, and compare them to star clusters. There is a bimodal distribution
in half-light radii, with stable star clusters always being smaller than!30 pc, while stable galaxies are always larger
than !120 pc. We extend the previously known observational relationships and interpret them in terms of a more
fundamental pair of intrinsic properties of dark matter itself: dark matter forms cored mass distributions, with a core
scale length of greater than about 100 pc, and always has a maximum central mass density within a narrow range.
The dark matter in dSph galaxies appears to be clustered such that there is a mean volume mass density within the
stellar distribution which has the very low value of less than about 0.1M" pc#3 (about 5 GeV/c2 cm#3). All dSph’s
have velocity dispersions at the edge of their light distributions equivalent to circular velocities of !15 km s#1.
The maximum central dark matter density derived is model dependent but is likely to have a characteristic value
(averaged over a volume of radius 10 pc) of!0.1M" pc#3 for the favored cored dark mass distributions (where it is
similar to the mean value), or!60M " pc#3 (about 2 TeV/c2 cm#3) if the dark matter density distribution is cusped.
Galaxies are embedded in dark matter halos with these properties; smaller systems containing dark matter are not
observed. These values provide new information about the nature of the dominant form of dark matter.

Subject headinggs: dark matter — galaxies: dwarf — galaxies: kinematics and dynamics — Local Group —
stellar dynamics

Online material: color figures

1. INTRODUCTION

The distributions of total luminosity and of central stellar ve-
locity dispersion for star clusters and for dwarf galaxies overlap,
so that the faintest galaxies have approximately the same values of
these physical parameters as do star clusters, with galaxy lumi-
nosities extending as faint as!103 L", with line-of-sight central
velocity dispersions of !10 km s#1. The half-light radii (radius
containing one-half the total luminosity) of the galaxies, however,
are significantly larger (hundreds of parsecs) than those of star
clusters (at most tens of parsecs). This leads, through the virial
theorem, to significantly larger inferred masses for the dwarf gal-
axies, compared to star clusters of the same luminosity and ve-
locity dispersion. Indeed, the derived values of central and global
mass-to-light ratios for the gas-poor, low-luminosity, low surface
brightness satellite galaxies (classified as dwarf spheroidal gal-
axies, dSph) of theMilkyWay are high, up to several hundred in
solar units, making these systems the most dark matter dominated
galaxies in the local universe (see, e.g., Mateo 1998 for a con-
venient review of early work). As we discuss further below, they

are the ideal test beds for constraining the nature of the darkmatter
that dominates their gravity (Ostriker & Steinhardt 2003).
The dSph galaxies and star clusters share a further observed

property: organized orbital rotational energy of the member stars
is negligible compared to the energy in disordered motion, which
is measured by the stellar velocity dispersion at a given location.
Similarly to pressure gradients in a fluid, the stellar velocity dis-
persion provides the support against self-gravity, but unlike the
fluid case, stellar pressure can be anisotropic, generating galaxy
shapes which need not be spherical. Systems in which angular
momentum support against gravitational potential gradients
can be ignored when analyzing the kinematics of member stars
are designated as ‘‘hot.’’
It has been known for the past 20 years that there are well-

defined, and probably fundamental, scaling relations between
the half-light radius (or core radius), the central velocity disper-
sion, and the luminosity of hot stellar systems (e.g., Kormendy
1985; Bender et al. 1992; Zaritsky et al. 2006a, 2006b). It has
further been long established that the globular star clusters in
the halo of our Galaxy show distinctly different scalings from
the dSph galaxies, and that the dSph galaxies in turn have different
scalings from more luminous hot galaxies (e.g., Kormendy 1985,
his Fig. 3; Burstein et al. 1997). Dynamical effects over their long
lives have modified the size and luminosity distributions of the
Galactic globular clusters (e.g., Fall & Rees 1977; Gnedin &
Ostriker 1997), so it is important that robust studies include star
clusters of all ages and in all environments, including globular
star clusters in external galaxies, nuclear star clusters, and young
massive star clusters, significantly younger than globular clusters
(e.g., Walcher et al. 2005; Seth et al. 2006).
The specific combination of central velocity dispersion (!0) and

half-light radius (rh), r
#2
h !#1

0 / "h!#3
0 , is a convenient measure

of the phase-space density, where "h is the mean density within
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ABSTRACT

We present a synthesis of recent photometric and kinematic data for several of the most dark matter dominated
galaxies, the dwarf spheroidal Galactic satellites, and compare them to star clusters. There is a bimodal distribution
in half-light radii, with stable star clusters always being smaller than!30 pc, while stable galaxies are always larger
than !120 pc. We extend the previously known observational relationships and interpret them in terms of a more
fundamental pair of intrinsic properties of dark matter itself: dark matter forms cored mass distributions, with a core
scale length of greater than about 100 pc, and always has a maximum central mass density within a narrow range.
The dark matter in dSph galaxies appears to be clustered such that there is a mean volume mass density within the
stellar distribution which has the very low value of less than about 0.1M" pc#3 (about 5 GeV/c2 cm#3). All dSph’s
have velocity dispersions at the edge of their light distributions equivalent to circular velocities of !15 km s#1.
The maximum central dark matter density derived is model dependent but is likely to have a characteristic value
(averaged over a volume of radius 10 pc) of!0.1M" pc#3 for the favored cored dark mass distributions (where it is
similar to the mean value), or!60M " pc#3 (about 2 TeV/c2 cm#3) if the dark matter density distribution is cusped.
Galaxies are embedded in dark matter halos with these properties; smaller systems containing dark matter are not
observed. These values provide new information about the nature of the dominant form of dark matter.

Subject headinggs: dark matter — galaxies: dwarf — galaxies: kinematics and dynamics — Local Group —
stellar dynamics

Online material: color figures

1. INTRODUCTION

The distributions of total luminosity and of central stellar ve-
locity dispersion for star clusters and for dwarf galaxies overlap,
so that the faintest galaxies have approximately the same values of
these physical parameters as do star clusters, with galaxy lumi-
nosities extending as faint as!103 L", with line-of-sight central
velocity dispersions of !10 km s#1. The half-light radii (radius
containing one-half the total luminosity) of the galaxies, however,
are significantly larger (hundreds of parsecs) than those of star
clusters (at most tens of parsecs). This leads, through the virial
theorem, to significantly larger inferred masses for the dwarf gal-
axies, compared to star clusters of the same luminosity and ve-
locity dispersion. Indeed, the derived values of central and global
mass-to-light ratios for the gas-poor, low-luminosity, low surface
brightness satellite galaxies (classified as dwarf spheroidal gal-
axies, dSph) of theMilkyWay are high, up to several hundred in
solar units, making these systems the most dark matter dominated
galaxies in the local universe (see, e.g., Mateo 1998 for a con-
venient review of early work). As we discuss further below, they

are the ideal test beds for constraining the nature of the darkmatter
that dominates their gravity (Ostriker & Steinhardt 2003).
The dSph galaxies and star clusters share a further observed

property: organized orbital rotational energy of the member stars
is negligible compared to the energy in disordered motion, which
is measured by the stellar velocity dispersion at a given location.
Similarly to pressure gradients in a fluid, the stellar velocity dis-
persion provides the support against self-gravity, but unlike the
fluid case, stellar pressure can be anisotropic, generating galaxy
shapes which need not be spherical. Systems in which angular
momentum support against gravitational potential gradients
can be ignored when analyzing the kinematics of member stars
are designated as ‘‘hot.’’
It has been known for the past 20 years that there are well-

defined, and probably fundamental, scaling relations between
the half-light radius (or core radius), the central velocity disper-
sion, and the luminosity of hot stellar systems (e.g., Kormendy
1985; Bender et al. 1992; Zaritsky et al. 2006a, 2006b). It has
further been long established that the globular star clusters in
the halo of our Galaxy show distinctly different scalings from
the dSph galaxies, and that the dSph galaxies in turn have different
scalings from more luminous hot galaxies (e.g., Kormendy 1985,
his Fig. 3; Burstein et al. 1997). Dynamical effects over their long
lives have modified the size and luminosity distributions of the
Galactic globular clusters (e.g., Fall & Rees 1977; Gnedin &
Ostriker 1997), so it is important that robust studies include star
clusters of all ages and in all environments, including globular
star clusters in external galaxies, nuclear star clusters, and young
massive star clusters, significantly younger than globular clusters
(e.g., Walcher et al. 2005; Seth et al. 2006).
The specific combination of central velocity dispersion (!0) and

half-light radius (rh), r
#2
h !#1

0 / "h!#3
0 , is a convenient measure

of the phase-space density, where "h is the mean density within
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tively, where v is the modulus of the velocity vector and θ
is the angle between this vector and the star’s position vec-
tor relative to system centre. Given a static and spherically
symmetric gravitational potential well, any positive definite
function f(E, J) corresponds to the phase-space distribution
function of some stable, dynamically mixed and spherically
symmetric equilibrium for a stellar population. In this paper
we will consider only models in which the dependence on E
and J is separable,

f(E, J) = g(J)h(E), (4)

with both g(J) and h(E) positive definite and given by sim-
ple parametric forms. It would be easy to build more general,
non-separable models as a superposition of several individu-
ally separable components, but we will not pursue this fur-
ther here.

The stellar density profile and the radial and tangential
stellar velocity dispersion profiles of such models are given
by

ρ⋆(r) = 2π

∫ π

0

dθ sin θ

∫ vesc

0

dvv2g(J)h(E) (5)

ρ⋆σ
2
r (r) = 2π

∫ π

0

dθ cos2 θ sin θ

∫ vesc

0

dvv4g(J)h(E) (6)

ρ⋆σ
2
t (r) = π

∫ π

0

dθ sin2 θ sin θ

∫ vesc

0

dvv4g(J)h(E) (7)

where vesc =
√

2[Φlim − Φ(r)]. Note that with the definition
we are using here the total velocity dispersion at radius r is

σ2
tot(r) = σ2

r (r) + 2σ2
t (r). (8)

Eqns 5, 6, and 7 can be combined to give the projected
stellar density profile and stellar line-of-sight velocity dis-
persion profile at a fixed projected distance R:

I⋆(R) = 2

∫

∞

0

ρ⋆(r)dz, (9)

I⋆(R)σ2
los(R) = 2

∫

∞

0

ρ⋆(r)
z2σ2

r +R2σ2
t

z2 +R2
dz, (10)

where r2 = z2 +R2.
A particularly interesting and simple case occurs when

the angular momentum dependence is taken to be a power
law,

g(J) = Jb, (11)

where b > −2 is a constant. For this assumption, the in-
tegrals over v and θ separate in Eqns 5, 6 and 7, and the
ratio of the two velocity dispersions is independent both of
r and of h(E). The lower limit on b is required for the θ
integrals to converge for small θ. For this choice of g(J) the
orbital anisotropy of the stellar population model, usually
parametrized as

β(r) = 1− σ2
t (r)/σ

2
r(r), (12)

is independent of radius and depends on b alone, β = −b/2.
For an isotropic velocity distribution, β = b = 0. For near-
radial orbits β is close to unity and b approaches its lower
limit of −2, while for near-circular orbits b is very large and
positive while β is very large and negative.

In this paper we will investigate models where the or-
bital anisotropy varies with radius and we therefore need a

more general form for g(J). We consider the function,

g(J) =

⎡

⎣

(

J
Jβ

)

b0
α

+

(

J
Jβ

)

b1
α

⎤

⎦

α

, (13)

which interpolates between a power law of index b0 at J ≪
Jβ and a power law of index b1 at J ≫ Jβ . The parameter
α controls the rapidity of the transition between the two
regimes at the characteristic scale, Jβ , which corresponds to

a radius of order rβ = Jβ/Φ1/2
s . In addition, α is required

to be positive for b1 > b0 and to be negative in the opposite
case.

For simplicity when comparing with the Sculptor data,
we in most cases prefer to use a function with fewer free
parameters and to assume that the velocity distribution is
isotropic near the centre, as seems plausible on general the-
oretical grounds. We therefore set |α| = 1 and b0 = 0, re-
sulting in the simpler expression

g(J) =

{

[

1 + (J/Jβ)
−b

]−1
, for b ≤ 0

1 + (J/Jβ)
b, for b > 0.

(14)

The upper and lower cases here correspond to radially and
tangentially biased orbits at large angular momentum, re-
spectively. Both produce isotropy at small angular momenta
and so also at small radii. This simplified model retains
only two parameters, Jβ which sets the extent of the in-
ner isotropic region and b which determines the velocity
anisotropy at larger angular momenta.

For the energy distribution, h(E), we have found the
following form to be sufficiently general for our purposes:

h(E) =

{

NEa(Eq + Eq
c )

d/q(Φlim − E)e for E < Φlim

0 forE ≥ Φlim,
(15)

where the restriction Φlim ≤ Φs is required because orbits
with E ≥ Φs are unbound. The normalisation, N , in this
expression sets the amplitude of the stellar density profile,
while the exponent a determines the behaviour at small en-
ergies, hence as r → 0. Comparison with the simple scale-
free distribution functions explored by White (1981) shows
that at sufficiently small radii (where Φ ≪ Φs, E ≪ Ec

and J ≪ Jβ)) Eqns 2, 13 and 15 imply a power-law stellar
density profile, ρ⋆ ∝ r−γ , where

γ =

{

−a− 3(b0 + 1)/2, for 2a+ b0 < −3,

−b0, for 2a+ b0 > −3.
(16)

In the first of these two cases, the density in the innermost
regions is dominated by stars on orbits which are confined to
those regions, while in the second it is dominated by stars on
orbits which extend well beyond them. Our model for h(E)
thus produces a central cusp in the stellar density profile
when Eqn. 16 gives γ > 0.

At somewhat larger energies, E > Ec (hence at radii
larger than rc, where Φ(rc) = Ec) the density profile steep-
ens to a new slope, γ′, which is given by Eqn 16 with a
replaced by a + d where we assume d < 0. The rapidity
of the transition around rc is controlled by the parameter
q > 0. The final factor in Eqn 15 allows for truncation of the
stellar density at a radius, rlim, defined by Φ(rlim) = Φlim,
which is directly analogous to the “tidal radius” in the clas-
sic King models for globular clusters (King 1966). The shape
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tively, where v is the modulus of the velocity vector and θ
is the angle between this vector and the star’s position vec-
tor relative to system centre. Given a static and spherically
symmetric gravitational potential well, any positive definite
function f(E, J) corresponds to the phase-space distribution
function of some stable, dynamically mixed and spherically
symmetric equilibrium for a stellar population. In this paper
we will consider only models in which the dependence on E
and J is separable,

f(E, J) = g(J)h(E), (4)

with both g(J) and h(E) positive definite and given by sim-
ple parametric forms. It would be easy to build more general,
non-separable models as a superposition of several individu-
ally separable components, but we will not pursue this fur-
ther here.
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law,

g(J) = Jb, (11)

where b > −2 is a constant. For this assumption, the in-
tegrals over v and θ separate in Eqns 5, 6 and 7, and the
ratio of the two velocity dispersions is independent both of
r and of h(E). The lower limit on b is required for the θ
integrals to converge for small θ. For this choice of g(J) the
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is independent of radius and depends on b alone, β = −b/2.
For an isotropic velocity distribution, β = b = 0. For near-
radial orbits β is close to unity and b approaches its lower
limit of −2, while for near-circular orbits b is very large and
positive while β is very large and negative.

In this paper we will investigate models where the or-
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case.
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parameters and to assume that the velocity distribution is
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tangentially biased orbits at large angular momentum, re-
spectively. Both produce isotropy at small angular momenta
and so also at small radii. This simplified model retains
only two parameters, Jβ which sets the extent of the in-
ner isotropic region and b which determines the velocity
anisotropy at larger angular momenta.

For the energy distribution, h(E), we have found the
following form to be sufficiently general for our purposes:

h(E) =

{

NEa(Eq + Eq
c )

d/q(Φlim − E)e for E < Φlim

0 forE ≥ Φlim,
(15)

where the restriction Φlim ≤ Φs is required because orbits
with E ≥ Φs are unbound. The normalisation, N , in this
expression sets the amplitude of the stellar density profile,
while the exponent a determines the behaviour at small en-
ergies, hence as r → 0. Comparison with the simple scale-
free distribution functions explored by White (1981) shows
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density profile, ρ⋆ ∝ r−γ , where

γ =
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In the first of these two cases, the density in the innermost
regions is dominated by stars on orbits which are confined to
those regions, while in the second it is dominated by stars on
orbits which extend well beyond them. Our model for h(E)
thus produces a central cusp in the stellar density profile
when Eqn. 16 gives γ > 0.

At somewhat larger energies, E > Ec (hence at radii
larger than rc, where Φ(rc) = Ec) the density profile steep-
ens to a new slope, γ′, which is given by Eqn 16 with a
replaced by a + d where we assume d < 0. The rapidity
of the transition around rc is controlled by the parameter
q > 0. The final factor in Eqn 15 allows for truncation of the
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tively, where v is the modulus of the velocity vector and θ
is the angle between this vector and the star’s position vec-
tor relative to system centre. Given a static and spherically
symmetric gravitational potential well, any positive definite
function f(E, J) corresponds to the phase-space distribution
function of some stable, dynamically mixed and spherically
symmetric equilibrium for a stellar population. In this paper
we will consider only models in which the dependence on E
and J is separable,

f(E, J) = g(J)h(E), (4)

with both g(J) and h(E) positive definite and given by sim-
ple parametric forms. It would be easy to build more general,
non-separable models as a superposition of several individu-
ally separable components, but we will not pursue this fur-
ther here.
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stellar velocity dispersion profiles of such models are given
by

ρ⋆(r) = 2π

∫ π

0

dθ sin θ

∫ vesc

0

dvv2g(J)h(E) (5)

ρ⋆σ
2
r (r) = 2π

∫ π

0

dθ cos2 θ sin θ

∫ vesc

0

dvv4g(J)h(E) (6)

ρ⋆σ
2
t (r) = π

∫ π

0

dθ sin2 θ sin θ

∫ vesc

0

dvv4g(J)h(E) (7)

where vesc =
√

2[Φlim − Φ(r)]. Note that with the definition
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law,
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where b > −2 is a constant. For this assumption, the in-
tegrals over v and θ separate in Eqns 5, 6 and 7, and the
ratio of the two velocity dispersions is independent both of
r and of h(E). The lower limit on b is required for the θ
integrals to converge for small θ. For this choice of g(J) the
orbital anisotropy of the stellar population model, usually
parametrized as

β(r) = 1− σ2
t (r)/σ

2
r(r), (12)

is independent of radius and depends on b alone, β = −b/2.
For an isotropic velocity distribution, β = b = 0. For near-
radial orbits β is close to unity and b approaches its lower
limit of −2, while for near-circular orbits b is very large and
positive while β is very large and negative.

In this paper we will investigate models where the or-
bital anisotropy varies with radius and we therefore need a

more general form for g(J). We consider the function,

g(J) =

⎡

⎣

(

J
Jβ

)

b0
α

+

(

J
Jβ

)

b1
α

⎤

⎦

α

, (13)

which interpolates between a power law of index b0 at J ≪
Jβ and a power law of index b1 at J ≫ Jβ . The parameter
α controls the rapidity of the transition between the two
regimes at the characteristic scale, Jβ , which corresponds to

a radius of order rβ = Jβ/Φ1/2
s . In addition, α is required

to be positive for b1 > b0 and to be negative in the opposite
case.

For simplicity when comparing with the Sculptor data,
we in most cases prefer to use a function with fewer free
parameters and to assume that the velocity distribution is
isotropic near the centre, as seems plausible on general the-
oretical grounds. We therefore set |α| = 1 and b0 = 0, re-
sulting in the simpler expression

g(J) =

{

[

1 + (J/Jβ)
−b

]−1
, for b ≤ 0

1 + (J/Jβ)
b, for b > 0.

(14)

The upper and lower cases here correspond to radially and
tangentially biased orbits at large angular momentum, re-
spectively. Both produce isotropy at small angular momenta
and so also at small radii. This simplified model retains
only two parameters, Jβ which sets the extent of the in-
ner isotropic region and b which determines the velocity
anisotropy at larger angular momenta.

For the energy distribution, h(E), we have found the
following form to be sufficiently general for our purposes:

h(E) =

{

NEa(Eq + Eq
c )

d/q(Φlim − E)e for E < Φlim

0 forE ≥ Φlim,
(15)

where the restriction Φlim ≤ Φs is required because orbits
with E ≥ Φs are unbound. The normalisation, N , in this
expression sets the amplitude of the stellar density profile,
while the exponent a determines the behaviour at small en-
ergies, hence as r → 0. Comparison with the simple scale-
free distribution functions explored by White (1981) shows
that at sufficiently small radii (where Φ ≪ Φs, E ≪ Ec

and J ≪ Jβ)) Eqns 2, 13 and 15 imply a power-law stellar
density profile, ρ⋆ ∝ r−γ , where

γ =

{

−a− 3(b0 + 1)/2, for 2a+ b0 < −3,

−b0, for 2a+ b0 > −3.
(16)

In the first of these two cases, the density in the innermost
regions is dominated by stars on orbits which are confined to
those regions, while in the second it is dominated by stars on
orbits which extend well beyond them. Our model for h(E)
thus produces a central cusp in the stellar density profile
when Eqn. 16 gives γ > 0.

At somewhat larger energies, E > Ec (hence at radii
larger than rc, where Φ(rc) = Ec) the density profile steep-
ens to a new slope, γ′, which is given by Eqn 16 with a
replaced by a + d where we assume d < 0. The rapidity
of the transition around rc is controlled by the parameter
q > 0. The final factor in Eqn 15 allows for truncation of the
stellar density at a radius, rlim, defined by Φ(rlim) = Φlim,
which is directly analogous to the “tidal radius” in the clas-
sic King models for globular clusters (King 1966). The shape

For each population: 

Parametrize: 

Find best-fit parameters using MCMC 

Assume pops in equil. in NFW halo: 

2 Strigari et al.

of techniques but treating the available stellar data as sam-
pled from a single stellar population and assuming spherical
symmetry has shown that the kinematic data are consistent
with an NFW halo potential, but also allow a core (Strigari
et al. 2010; Breddels et al. 2013; Richardson & Fairbairn
2014). These studies suggest a dark matter halo mass of
≃ 109 M⊙ for Sculptor (!Lokas 2009; Strigari et al. 2010;
Breddels et al. 2013).

The data for Sculptor are of sufficient quality that two
distinct stellar populations of differing metallicity can be
identified: a centrally concentrated metal-rich (MR) pop-
ulation and a more extended metal-poor (MP) popula-
tion (Battaglia et al. 2008, B08). The presence of two popu-
lations makes it possible to carry out more refined dynamical
analyses. Thus, applying the Jeans equation to each popula-
tion separately, B08 showed that their data could be fit by a
model in which the orbital distribution of each population is
isotropic near the centre and becomes radially biased in the
outer regions. They found a best fit for a model potential
with a core but also found the data to be consistent with
an NFW potential. Using Michie-King models for the stellar
distribution function, Amorisco & Evans (2012) also found
that while an NFW model provides an acceptable χ2 fit to
the data, models with a core seem to be preferred. On the
other hand, applying the projected virial theorem, Agnello
& Evans (2012) concluded that it is not possible to fit both
the MR and the MP populations with a single NFW model.

An independent dynamical analysis of Sculptor using
a larger sample of stars was carried out by (Walker & Pe-
narrubia 2011, WP11). Rather than simply separating the
observed stars into two populations according to their esti-
mated metallicity, they devised a statistical method which
fits the full dataset simultaneously with two constant ve-
locity dispersion, Plummer-profile populations of differing
metallicity, together with a contaminating Galactic compo-
nent. They then inserted the half-light radius and velocity
dispersion estimated for each population into the mass esti-
mator proposed by Walker et al. (2009). This allowed them
to infer the mass contained within each half-light radius and
thus the slope of the density profile between the two half-
light radii. They concluded that the slope is flatter than
predicted for an NFW profile at the 99% c.l.

In this study we carry out a new analysis of Sculptor
in an attempt to clarify the conflicting claims in the lit-
erature. The specific statistical question we ask is whether
the kinematic and photometric data for this galaxy exclude
potentials of the type predicted by ΛCDM. We re-examine
both the B08 and WP11 datasets from a different theoretical
perspective and discuss how they compare. There are both
similarities and differences between our analysis and those
that have been undertaken previously. Like B08 and Amor-
isco & Evans (2012), but unlike Agnello & Evans (2012)
and WP11, we exploit the full information contained within
the line-of-sight velocity dispersion and photometry profiles.
Like Amorisco & Evans (2012), but unlike B08, we build
models based on distribution functions. Our analysis differs
from that of Amorisco & Evans (2012) primarily in that we
use a more flexible form for the distribution function which
allows a wider range of energy distributions and velocity
anisotropies for the stars.

We conclude, in agreement with B08 and Amorisco &
Evans (2012), that NFW potentials are not excluded by the

B08 data. In addition, we show that the half-light radii and
velocity dispersions derived by WP11 from their data and
used by them to exclude NFW potentials, can, in fact, be
reproduced by equilibrium populations within such a po-
tential. For our more general models the constraints used
by Agnello & Evans (2012) are also no longer sufficient to
exclude NFW potentials. Indeed, the implied peak circular
velocity of the Sculptor dark matter halo and its concentra-
tion are consistent with the values predicted from ΛCDM
simulations. While an NFW potential gives an acceptable
fit to the Sculptor data, our analysis cannot exclude poten-
tials with a core, which, based on earlier work, we would
expect to give an equally good or even better fit.

This paper is organized as follows. In Section 2 we in-
troduce our model for the stellar distribution function. In
Section 3 we briefly discuss our methodology for fitting the
theoretical model to the data. In Section 4 we present our
results and, in Section 5, we compare them to previous stud-
ies, highlighting discrepancies where they exist.

2 MODELS

In this section we introduce the dynamical models we use to
interpret the observed stellar populations in Sculptor. We
assume each population to be spherically symmetric and
to be in dynamical equilibrium within a static and spher-
ically symmetric potential well. These are strong assump-
tions which should be treated as approximations. The ob-
served stellar distribution is clearly non-circular on the sky,
and Sculptor orbits within the potential of the Milky Way,
so the effective potential seen by its stars is time varying.
Some aspects of the effects of flattened potentials on the
dynamical analysis of dSph data are considered by Laporte
et al. (2013).

2.1 Dark matter

For the total mass density profile of the system we adopt an
NFW model,

ρ(r) =
ρs

x(1 + x)2
, (1)

with corresponding gravitational potential

Φ(r) = Φs

[

1− ln(1 + x)
x

]

, (2)

where we define Φs = 4πGρsr2s and x = r/rs. This sim-
ple model is determined by just two scale parameters, the
characteristic radius, rs, and the characteristic density, ρs.
Note that we define the potential to be zero at the centre
of the system and to be Φs at infinity. NFW models are of-
ten parametrized in terms of the maximum circular velocity,
Vmax, and the radius, rmax, at which this is attained. These
are related to rs and Φs through:

rmax = 2.16 rs; Vmax = 0.465
√

Φs. (3)

2.2 Stellar distribution function

We define the specific energy and specific angular momen-
tum of a star as E = v2/2 + Φ(r) and J = vr sin θ, respec-
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then insert the half-light radius and velocity dispersion ob-
tained for each population into the mass estimator proposed
by Walker et al. (2009):

Mh = M(Rh) = 2.5⟨σ2
los⟩Rh/G, (21)

which gives the mass, Mh, inside a sphere with radius equal
to the projected half-light radius, Rh, in terms of the mea-
sured velocity dispersion, σ2

los, and Rh
1. The derived in-

crease in estimated mass between the two values of Rh ap-
pears too large to be consistent with an NFW profile and
is close to that expected for a constant density core. WP11
conclude that NFW is excluded at the 99% c.l.

This conclusion is incompatible with our own, based
on the B08 data. In Fig. 4 we show the results of WP11
in the (Rh, Mh) plane, together with lines corresponding
to M ∝ rγ , with γ = 2 and γ = 3. Clearly, these results
agree much better with the dotted line representing a core
than with the dashed line representing an NFW cusp. Our
distribution function based MCMC analysis allows us to re-
construct Rh and Mh for all models consistent with the B08
data and residing in an NFW potential. Solid red and blue
contours in Fig. 4 give the 68% and 90% confidence regions
for the metal-rich and metal-poor populations respectively.
As expected, the centre points of these contours define a
slightly shallower slope than the dashed line since γ = 2
only in the innermost regions of an NFW profile. The half-
light radii found for the MR and MP populations in the two
analyses agree well but there is a clear offset in the derived
Mh values, although the contours do overlap. Hence, fitting
our models to the B08 data has resulted in lower velocity
dispersions for the MP and higher velocity dispersions for
the MR than estimated by WP11 from their own data.

This discrepancy could reflect differences in analysis or
between the B08 and WP11 datasets. To investigate this
further we compare in Fig. 5 the (Rh,σlos) values inferred for
the two underlying populations byWP11 with those inferred
directly for the observed populations from the B08 data. We
obtain the latter by numerically integrating the count and
velocity dispersion data shown in Fig. 1. Although the values
of Rh obtained from the two datasets agree well, the value
of σlos in WP11 is noticeably lower for the MR population,
and is noticeably higher for the MP population than in B08.
The shifts, however, are at the 1σ level. Some shift may be
expected because the two observed populations of B08 may
mix the two underlying populations of WP11, but it cannot
be large given the excellent agreement in the characteristic
radii inferred from the two studies.

Fig. 5 also shows contours from our MCMC analysis
constrained to fit both B08 populations in a single NFW
potential. The prior imposed by this constraint biases the
σlos estimate high by about 0.5σ for the MR population
and low by about 1σ for the MP population, thus enhancing
the offset from the WP11 estimates. Hence, the differing
conclusions in WP11 and in this paper are due, in part, to
differences in the data analyzed and, in part, to a difference
in the statistical question addressed: WP11 ask which profile
slope best fits their estimated (Rh,σlos) values, whereas we

1 This estimator is constructed to be only weakly sensitive to
the details of the density and velocity anisotropy profiles (see
also Wolf et al. 2010)
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Figure 4. Constraints from WP11 and from the models of this
paper in the (Rh,Mh) plane. The two straight lines and the con-
tours traced by open circles are taken directly from Figure 10
of WP11 and indicate M ∝ rα with α = 2, 3 and the 50% c.l.
regions given by their MCMC analysis for the parameters of the
two underlying populations. For comparison, the solid contours
show 68% and 90% c.l. regions from our own MCMC chains con-
strained by the B08 data and assuming both populations to be
in equilibrium within a single NFW potential.
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Figure 5. Overall light-weighted line-of-sight velocity dispersion
vs projected half-light radius. The dots linked by a solid line cor-
respond to the B08 MR and MP populations and the dots linked
by a dotted line to the two WP11 populations. The contours are
68% and 90% c.l. from MCMC chains for our stellar distribution
function models constrained by the B08 data and required to be
in equilibirum in a single NFW potential.

ask whether the B08 observations are able to exclude an
NFW potential.

An additional uncertainty in the approach of WP11
comes from the assumption that the coefficient in Eqn. 21
is independent of the detailed structure of each compo-
nent. We checked the relation between Mh, Rh, and σlos

for the MR and MP populations in the model of Fig. 1,
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Figure 1. Projected dark matter density at z = 0 in the MW-mass halo AP-1-1 at resolution L1, in matched DMO (left) and
hydrodynamic (right) simulations inside r200. Red circles indicate the positions of subhaloes with masses above 106.5M� inside the
respective regions. The hydrodynamic simulation contains fewer subhaloes, and the dark matter in the central region is visibly rounder.

2.2 Halo and subhalo selection

Structures (haloes) are identified using a Friends-of-Friends
algorithm (Davis et al. 1985), and substructures (subhaloes)
are identified using the Subfind algorithm (Springel et al.
2001, with the extension of Dolag et al. 2009) for 18 snap-
shots up to a lookback time of 5 Gyr (z ⇠ 0.5). We identify
haloes and subhaloes at each snapshot, and find their pro-
genitors at earlier times using a subhalo merger tree (as
described in the appendix of Jiang et al. 2014).

We denote the radius inside which the mean density is
200 times the critical density at the time as r200, and the
enclosed mass as M200. For substructures, we quote the total
mass bound to a subhalo: in the hydrodynamic simulation,
this includes dark matter, stellar and gas particles, although
in the mass range 106.5 � 108.5M� we study here, subhaloes
are almost entirely devoid of baryons.

The number of identified subhaloes and the assigned
masses depend on the substructure identification algorithm
(see Onions et al. 2012 for a comparison). For subhaloes of
104 particles, Springel et al. (2008) find that the mass as-
signed by the Subfind algorithm closely follows the mass
enclosed within the tidal radius, while Onions et al. (2012)
find that substructures can be reliably identified with at
least 20 particles and their basic properties recovered with
at least 100 particles. As discussed in Section 3.1, we find
that the subhalo mass function converges with resolution in
both the hydrodynamic and DMO simulations. It should be
noted that even if the subhalo mass function is numerically
converged, by construction, the subfind mass depends on
the local overdensity. Part of the central decline in subhalo
number density within a given mass interval is therefore at-
tributable not directly to stripping, but to the increasing
background density. However, to first order, as long as the
background densities are similar, this should not a↵ect the
relative di↵erence in subhalo number density between the
DMO and hydrodynamic simulations.

In this work we limit our analysis to subhaloes with
mass above 106.5M�, corresponding to at least 50 particles

in the L1 DMO simulation. With a gravitational softening
length limited to < 134 pc at resolution L1, the main haloes
are una↵ected by softening in the regions of interest here.
The dark matter mass profiles of the main haloes and their
relation to the disk are discussed further in Schaller et al.
(2016).

2.3 Orbits

All three observational probes introduced in Section 1 are
sensitive to substructures within the central ⇠ 10� 20 kpc,
equivalent to ⇠ 0.05 � 0.1 ⇥ r200 of the host halo at z = 0.
Throughout this work, we use the minimum of the host halo
potential to define the origin of our reference frame, and the
minimum of each satellite’s potential to define its position.

Because most subhaloes found near the halo centre at
any time have orbits with large apocentres and cross the
central regions at high speed (see Section 4.2), any single
snapshot only captures a small fraction of all the subhaloes
that come near the halo centre. To obtain a complete mea-
surement of the expected subhalo distribution, we therefore
interpolate all orbits using cubic splines, and integrate all
quantities over time to determine their expected probability
density during a given finite time interval.

Subhalo velocities are commonly measured using a
mass-weighted average of the particle velocities, and thus
defined relative to the centre-of-mass frame. However, be-
cause the host halo potential can be o↵set from the centre
of mass by ⇠ 10 kpc, subhalo velocities measured in this
way cannot be used directly for our purpose. Instead, we
establish velocities consistent with our centre-of-potential
reference frame from the interpolated positions. Details are
described in Appendix A.

Where we average our results over the haloes listed in
Table 2.1, we first compute the properties of subhaloes rel-
ative to the individual host halo’s properties such as r200,
potential, where appropriate, and then combine the results
of all orbits from all haloes to compute the arithmetic mean.
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Figure 3. Large panels: cumulative substructure mass functions in spherical shells, in the DMO and hydrodynamic simulations. Blue
and red solid lines indicate results from the DMO and hydrodynamic simulations over successive 1 Gyr time intervals, respectively, while
dotted and dashed lines show the results averaged over the entire 5 Gyr period. Dark grey lines are power-law fits to the mass functions
over the mass interval shown. Small panels: ratio between the cumulative substructure mass functions in the DMO and hydrodynamic
simulations. Solid dark grey lines show the ratios between the power-law fits to the DMO and hydrodynamic mass functions, solid light
grey lines are constant values. Di↵erences between the hydrodynamic and DMO simulation are present at all radii, but increase towards
the centre. For substructures in the range 106.5 � 108.5M�, there is little evidence of a mass or time dependence.
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Figure 3. Large panels: cumulative substructure mass functions in spherical shells, in the DMO and hydrodynamic simulations. Blue
and red solid lines indicate results from the DMO and hydrodynamic simulations over successive 1 Gyr time intervals, respectively, while
dotted and dashed lines show the results averaged over the entire 5 Gyr period. Dark grey lines are power-law fits to the mass functions
over the mass interval shown. Small panels: ratio between the cumulative substructure mass functions in the DMO and hydrodynamic
simulations. Solid dark grey lines show the ratios between the power-law fits to the DMO and hydrodynamic mass functions, solid light
grey lines are constant values. Di↵erences between the hydrodynamic and DMO simulation are present at all radii, but increase towards
the centre. For substructures in the range 106.5 � 108.5M�, there is little evidence of a mass or time dependence.
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Destruction of dark substructures 
by galactic baryons  

DM 

Hydro 

•  40% of subhalos in 0-10 kpc destroyed by interaction w. galaxy 
•  20%          “          50-200 kpc                    “ 
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106.5 - 108.5 M⊙

• By comparing DMO and 
hydro results we can 
isolate the effects of the 
choice of baryonic 
physics implementation


• Calculate number of 
subhalos in different 
radial bins for each halo


• For each radial bins, 
compare the number of 
subhalos in the Hydro 
and DMO version of the 
halo

102

103

104

n(
r)

10�1

100

dN
(m

)/
dm

Apostle Hydro

Apostle DMO

Auriga Hydro

Auriga DMO

10�2 10�1

r = R / R200

0.25

0.50

0.75

1.00

N
H

yd
ro

/
N

D
M

O

10�5 10�4

m = M / M200

0.25

0.50

0.75

1.00

N
H

yd
ro

/
N

D
M

O

APOSTLE/AURIGA J. Richings+ ‘18 



102

103

104

n(
r)

10�1

100

dN
(m

)/
dm

Apostle Hydro

Apostle DMO

Auriga Hydro

Auriga DMO

10�2 10�1

r = R / R200

0.25

0.50

0.75

1.00

N
H

yd
ro

/
N

D
M

O

10�5 10�4

m = M / M200

0.25

0.50

0.75

1.00

N
H

yd
ro

/
N

D
M

O

106.5 - 108.5 M⊙

• By comparing DMO and 
hydro results we can 
isolate the effects of the 
choice of baryonic 
physics implementation


• Calculate number of 
subhalos in different 
radial bins for each halo


• For each radial bins, 
compare the number of 
subhalos in the Hydro 
and DMO version of the 
halo
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• Same again but this time 
comparing the effect of 
different DM models.


• Same volumes, same 
hydro code (Apostle), but 
in one case CDM is 
replaced with a 7 keV 
sterile neutrino WDM.


• No significant difference 
in destruction ratios (but 
noise in WDM case is 
large).
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• Same again but this time 
comparing the effect of 
different DM models.


• Same volumes, same 
hydro code (Apostle), but 
in one case CDM is 
replaced with a 7 keV 
sterile neutrino WDM.


• No significant difference 
in destruction ratios (but 
noise in WDM case is 
large).
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CDM 

7 keV sterile ν 



University of Durham 

Institute for Computational Cosmology 

Detecting substructures with 
strong lensing 

Li, CSF et al ‘16 

Detec@on	limit		=	107	h-1Mo	

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

•  If DM is 7 keV sterile ν à 
exclude CDM at >>σ!  

•  If DM is CDM à exclude 
7 keV sterile ν at >>σ

mc	=	cutoff	mass		

Forecast

Σ
to

t >
 M

lim
) 

log(mc/h-1Mo) log(mc/h-1Mo) 

CDM	 WDM	

Σtot= projected halo number 
density within Einstein ring 

mc= halo cutoff mass  

mc= halo cutoff mass  

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



University of Durham 

Institute for Computational Cosmology 

The way forward 
1. Confirm the 3.5 keV line 

à  Micro-X or XARM may do it 

2. Detect mass function cutoff  

à  Einstein ring distortions may do it 

à  Gaps in streams                           

à Lyman-α forest may also do it 

3. Produce/detect particles in lab 

SHIP (CERN) 

Timeline 

à  2021 

 

à  2020 

à  2020 

? 

à   2025 



University of Durham 

Institute for Computational Cosmology 

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.  Counting faint galaxies cannot distinguish CDM/WDM 

2.   Halos < ~5.108M0 are dark; halos >1010M0 are  bright      
               (abundance matching fails for halos <1010M0)   
3. No evidence for cores but baryon effects can make them 
4. Distortions of strong gravitational lenses offer a clean 
test of CDM vs WDM à and can potentially rule out CDM! 


