
Dark matter distribution 
Large and small scale structure

Shin’ichiro Ando 
GRAPPA, University of Amsterdam

Topical Lectures on DM@Nikhef

14 December 2017



Result from all the cosmology data
• CMB, galaxy power spectrum, 

weak lensing, supernova Ia, etc.


• 27% of the total energy / 85% of 
the total matter is made of dark 
matter


• Properties of dark matter


• Collisionless 
• Non-baryonic 
• Doesn’t interact with 

photons 
• Cold (or warm; hot dark matter 

erases too many structures)

Planck 2015
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Key questions to reveal nature of dark matter

• Does dark matter interact with standard 
model particles such as photons? Is “dark” 
matter really dark?


• Is dark matter collisionless with each other?


• How cold is dark matter?



⌦�h2 ' 3⇥ 10�27 cm3 s�1

h�annvi
h�annvi ⇠ ↵2(100 GeV)�2

⇠ 3⇥ 10�26 cm3 s�1

Dark matter candidate: WIMP

• Weakly Interacting Massive 
Particle (WIMP)


• Current dark matter density: 
determined by competition 
between Hubble expansion and 
annihilation


• Later, expansion becomes 
too fast for WIMPs to 
annihilate (thermal freeze-out)


• WIMP models can naturally 
explain the relic abundance


• E.g., neutralino predicted by 
supersymmetry



Three routes to dark matter

DM

DM SM

SM

Collider 
production of 
dark matter; e.g., 
LHC

Direct detection; 
e.g., XENON, LUX

Indirect detection; 
e.g., Fermi, CTA, 
IceCube



Dark matter annihilation
• WIMPs annihilate into 

standard model particles 
(photons, positrons, 
neutrinos, etc.)


• Each of these particles 
carry a fraction of WIMP 
mass energy (E ~ GeV–TeV)


• Annihilation rate is 
proportional to density 
squared and to annihilation 
cross section and relative 
velocity: σannv
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Rate of annihilation: Simple consideration

• Suppose you are a WIMP particle in a region of mass density ρχ


• Other WIMP particles are around you with velocity v, and if one 
of them hit you, you are both eliminated


• Incoming flux of the other WIMPs is 


• You encounter the others with the rate of


• If we look at this region of unit volume, such encounters 
happen at the rate of 

n�v =
⇢�v

m�

n��v

n2
��v

2
=

⇢2��v

2m�
: rate of annihilation per volume



Differential flux

h�vi⇢2�
2m2

�

Annihilation rate per volume

Differential gamma-ray luminosity

L(E) =
h�vi
2m2

�

dN�,ann

dE

Z
dV ⇢2�

F(E, z) =
L((1 + z)E)

4⇡r2
r: comoving distance to the halo

Gamma-ray flux from dark matter annihilation 
Case of single halos



Halo mass M at redshift z

All relevant parameters derived 
as a function of M and z

Gamma-ray flux from dark matter annihilation 
Case of single halos

NFW profile

Virial radius

Scale radius

Characteristic density

⇢ =
⇢s

(r/rs)(r/rs + 1)2

rvir =

✓
3M

4⇡�vir(z)⇢c(z)

◆1/3

rs =
rvir
cvir

⇢s =
M

4⇡r3s [ln(1 + cvir)� cvir/(1 + cvir)]



• Halo concentration-mass 
relation is well calibrated 
through simulations


• From largest to 
smallest halos


• From low to high 
redshifts (0 < z < 5)


• About 20-30% scatter 
from one halo to another

Sanchez-Conde, Prada, Mon. Not. R. Astron. Soc. 442, 2271 (2014)

Ludlow et al., Mon. Not. R. Astron. Soc. 460, 1214 (2016)

Gamma-ray flux from dark matter annihilation 
Case of single halos

Halo concentration

cvir =
rvir
rs



Halo mass M at redshift z

Gamma-ray flux from dark matter annihilation 
Case of single halos

NFW profile

Virial radius

Scale radius

Characteristic density

⇢ =
⇢s

(r/rs)(r/rs + 1)2

rvir =

✓
3M

4⇡�vir(z)⇢c(z)

◆1/3

rs =
rvir
cvir

⇢s =
M

4⇡r3s [ln(1 + cvir)� cvir/(1 + cvir)]

Z
dV ⇢2 =

4⇡⇢2sr
3
s

3


1� 1

(1 + cvir)3
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• A quick exercise: How many 
dark matter annihilations 
are happening per second in 
the entire Milky Way? 

Gamma-ray flux from dark matter annihilation 
Case of single halos

M = 1012M�

rvir =

✓
3M

4⇡�vir⇢c

◆1/3

⇠ 200 kpc

rs =
rvir
cvir

⇠ 20 kpc (cvir = 10)

⇠ 0.3 GeV cm�3

Milky Way halo:

⇢s =
M

4⇡r3s [ln(1 + cvir)� cvir/(1 + cvir)]

h�vi
2m2

�

Z
dV ⇢2� = 6⇥ 1037 s�1

✓
h�vi

3⇥ 10�26 cm3 s�1

◆⇣ m�

100 GeV

⌘�2

Annihilation rate:



Substructure boost

• Presence of dark matter 
substructure is predicted 
for CDM (including WIMPs)


• Tens of % of the total dark 
matter mass may be 
contained  in substructures


• Substructures make the 
density profile clumpy and 
hence will “boost” the 
annihilation rate

Aquarius Simulation@MPA Garching

Z
dV ⇢2 = (1 +Bsh)

Z
dV ⇢2host



Substructure boost

• Typical substructure 
boost: a few to ~10 for 
Milky Way size halos


• Depends on properties of 
subhalos such as mass 
function, tidal stripping, 
etc.


• It is the only probe of 
micro-halos that formed 
the earliest

Bartels, Ando, Phys. Rev. D 92, 123508 (2015)



Annihilation in the whole Universe

There are very many dark matter 
halos along one line-of-sight

forming the diffuse 
gamma-ray background!

The Millennium Simulation@MPA Garching



Diffuse gamma-ray background

• No dark matter signals have been found around any 
sources (Galactic center, dwarf galaxies, etc.)


• Hints of dark matter might be hidden in this 
unresolved map

4

FIG. 1. Intensity maps (in cm−2s−1sr−1) in Galactic coordinates for energies between 1.0 and 2.0 GeV, shown unmasked (top)
and after applying the default mask removing sources in 3FGL, as described in Sec. III B (bottom). Data used here follow the
default processing (see Sec. II), but they include both front- and back-converting events. Both maps have been smoothed with
a gaussian beam with σ = 0.5◦ and their projection scheme is Mollweide.

FIG. 2. Same as the bottom panel of Fig. 1 but with our model for the Galactic foreground subtracted (see Sec. IIIC). The
residuals have been smoothed with a gaussian beam with σ = 1◦. The projection scheme is Mollweide.
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FIG. 1. Intensity maps (in cm−2s−1sr−1) in Galactic coordinates for energies between 1.0 and 2.0 GeV, shown unmasked (top)
and after applying the default mask removing sources in 3FGL, as described in Sec. III B (bottom). Data used here follow the
default processing (see Sec. II), but they include both front- and back-converting events. Both maps have been smoothed with
a gaussian beam with σ = 0.5◦ and their projection scheme is Mollweide.

FIG. 2. Same as the bottom panel of Fig. 1 but with our model for the Galactic foreground subtracted (see Sec. IIIC). The
residuals have been smoothed with a gaussian beam with σ = 1◦. The projection scheme is Mollweide.

Fermi-LAT



Energy spectrum of the gamma-ray background

Ackermann et al., Astrophys. J. 799, 86 (2015)



Gamma-ray flux from dark matter annihilation 
Contribution from all the halos

Number of halos between M 
and M+dM in this volume

Intensity (flux per unit solid angle) from all the halos

=
1

4⇡

Z
dr

Z
dM

dn(M, z)

dM
L((1 + z)E|M, z)

I(E) =

Z
dr

Z
dM

d3N

drdMd⌦

1

4⇡r2
L((1 + z)E|M, z)

d3N

drdMd⌦
drdM�⌦ = �⌦ r2dr

dn(M, z)

dM
dM



Gamma-ray background from WIMP annihilation

13
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FIG. 8: The left (right) panel: di↵erential �-ray flux for the unresolved (unresolved and resolved) BL Lac, FSRQ, MAGN, SF
galaxy populations and the DM contribution as fixed by the best fit to the IGRB (EGB) data, Model A (see Tab. IV). The
DM annihilates through bb̄ channel. Its flux is also splited into the prompt and the ICS emission. The red solid line displays
the sum of all the contributions.
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FIG. 9: Upper limits (at 2-� C.L.) on the DM annihilation cross section obtained from extragalactic DM (left and right panels
are for bb̄ and ⌧+⌧� annihilation channels, respectively). The uncertainties on the predicted flux translate into the cyan band
on h�vi. For reference, we also draw the upper bound found from the Galactic DM halo (same as in Fig. 4).

over two typical values for the minimum halo mass can
be taken into account: 10�6 or 10�9 M� (see [88, 89])
. The combination of these assumptions gives un un-
certainty of about a factor of about 60 in the final (at
redshift zero) �-ray flux from extragalactic DM. This un-
certainty is definitely overwhelming with respect to the
other possible variable ingredients, including the extra-
galactic background light absorption modeling (see [72]
for further details). We have computed the flux includ-
ing both prompt and ICS photons, choosing the ‘minimal
UV’ model for the intergalactic stellar light [72] (we have
verified that the ‘maximal UV’ option has negligible ef-
fects on our results). The upper bounds on h�vi derived
from extragalactic DM are shown in Fig. 9. The uncer-
tainties on the predicted flux translate into the cyan band
on the annihilation cross section, which spans almost two
order of magnitude (as noticed in [72], the computation
is performed within a NFW halo profile, and the analy-

sis of di↵erent halo density shapes would add a further
uncertainty of roughly an order of magnitude). From
Fig. 9, we can notice that the bounds set from the extra-
galactic DM encompass the ones derived from the mere
Galactic DM component. Given the huge uncertainty of
the extragalactic halo modeling, it is not possible to set
stronger bounds with respect to the ones obtained from
the smooth Galactic halo. Additional uncertainties on
the extragalactic DM component are due to the DM dis-
tribution at small scales and to the e↵ect of baryons in
DM simulations (see e.g. [90, 91]).

The results shown in Fig. 5 improve the upper bounds
on the h�vi by a factor of ⇠3 at m� ⇠ 10 GeV and a
factor of at least 30 at m� ⇠ 10 TeV in the so-called
’best-fit’ scenario, while being comparable with the ’op-
timist 3s’ model. Our limits also improve significantly
the Fermi analysis for a Galactic halo of DM [39] both in
the absence or presence of background modeling. At low

– 16 –

Fig. 4.— Upper limits on the self-annihilation cross section for the bb̄ (top) and τ+τ−

(bottom) channels as derived in this work (see § 3) compared to the conservative and

sensitivity-reach limits reported in Ackermann et al. (2014c). The blue band reflects the
range of the theoretical predicted DM signal intensities, due to the uncertainties in the

description of DM subhalos in our Galaxy as well as other extragalactic halos, adopting a
cut-off minimal halo mass of 10−6M⊙. For comparison, limits reported in the literature are
also shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).

Di Mauro, Donato, Phys. Rev. D 91, 123001 (2015) Ajello et al., Astrophys. J. 800, L27 (2015)

Most, if not all, data can be explained by ordinary astrophysical sources

Stringent constraint on annihilation rate



Gamma-ray flux from dark matter annihilation 
Case of single halos

Differential flux

h�vi⇢2�
2m2

�

Annihilation rate per volume

Differential gamma-ray luminosity

L(E) =
h�vi
2m2

�

dN�,ann

dE

Z
dV ⇢2�

F(E, z) =
L((1 + z)E)

4⇡r2

decay

Decay
⇢�

m�⌧�

M

m�⌧�

dN�,decay

dE



I(E) =
⌦�⇢c

4⇡m�⌧�

Z
dr

dN�,decay

dE0

����
E0=(1+z)E

• Robust results independent of subhalo abundance

Gamma-ray flux from dark matter decay 
Contribution from all the halos

Figure 1. Gamma-ray fluxes from various decaying dark matter (mdm = 1 TeV, ⌧dm = 3⇥ 1027 s).
Plots give fluxes from decay channels: (a) ⌫eµ�

µ
+ (⌫̄eµ+

µ
�) and ⌫µe

�
µ
+ (⌫̄µe+µ�), (b) µ+

µ
�, (c)

⌧
+
⌧
�, (d) W

±
µ
⌥, (e) uds (ūd̄s̄), and (f) bb̄. Data points with error bar and a band of the EGRB

observed by Fermi-LAT is also shown [24] (see Sec. 3).

final sate quark:

dNi

dzi
= 12z2i (1� zi) ,

dNj

dzj
= 2z2j (3� 2zj) , (2.16)

in a single process ã ! uidjdk. The energy distribution for dk is the same as dj . These quarks
are hadronized to produce mesons, which decay to gamma rays and electrons/positrons,
and electrons/positrons become source of IC photons. In later numerical analysis, we also
compute a case of final state bb̄ for comparison, which would be useful for those who are
interested in.

2.3 Gamma-ray fluxes (examples)

In Fig. 1 gamma-ray fluxes in various decaying dark matter models are plotted. For lep-
tophilic case, result is shown for a case where only �

0
122 is relevant (dubbed as “⌫l+l�”) in

W̃
0 dark matter, while decay channels µ+

µ
� and ⌧

+
⌧
� are considered in ⌫̃R decay. It is seen

that the gamma-ray spectra from LLE
c and µ

+
µ
� are quite similar. On the other hand, in

⌧
+
⌧
�, the spectrum has double peaks. This is due to primary gamma rays produced from

cascade decay of tau, which gives another gamma-ray flux in high energy region. For hadron-
ically decaying dark matter, the axino decay via �

00
122 is considered (denoted as “uds”). The

spectrum shows similar behavior to ⌧
+
⌧
� case and bb̄ channel as well. Finally, the flux from

decaying gravitino to W
±
µ
⌥ is expected to have a property in the middle of leptophilic and

hadrophilic cases, which is in fact seen in the figure.

– 7 –

Figure 3. 95% credible lower limits on dark matter lifetime ⌧dm as function of dark matter mass mdm,
for decay channels: (a) ⌫eµ�

µ
+ (⌫̄eµ+

µ
�) and ⌫µe

�
µ
+ (⌫̄µe+µ�), (b) µ+

µ
�, (c) ⌧+⌧�, (d)W±

µ
⌥, (e)

uds (ūd̄s̄), (f) bb̄. Astrophysical background models with Normal priors are adopted (Table 1). Thick
solid, dashed, and dotted curves correspond to the EGRB data with di↵erent foreground modeling
discussed in Ref. [24] (their models A, B, and C, respectively). Thin solid curve shows the lower limits
obtained with the 10-month Fermi-LAT data [34] and the phenomenological power-law background
modeling.

di↵erent foreground models, B and C adopted also in Ref. [24]. Models A–C nicely covers
regions shown as uncertainty band in Fig. 2. The dashed and dotted curves are the results
corresponding to models B and C, respectively. This shows that the foreground modelings
give uncertainty on lifetime constraints by about a factor of a few.

The results of more conservative approach with Flat priors in Table 1 are shown in
Fig. 4. As expected, in most cases, they are weaker than the ones with Normal priors (as
shown in Fig. 3) by about a factor of a few. Exceptions are at high dark matter masses
for (c)–(f), where they give stronger constraints; this is likely caused by interplay between
di↵erent choices of priors and the data (the total EGRB data for the Normal priors, while
the unresolved EGRB data for the Flat priors).

In order to compare our results with the previous ones in the literature (e.g., Ref. [32]),
we also computed the lifetime constraints by using the 10-month Fermi-LAT data [34]. Here
we modeled the other background component as a single power law (Table 2), and the re-
sults are shown as a thin curve in each panel of Figs. 3,4 and 5 for reference. Although the
statistics adopted here is di↵erent than that in Ref. [32] (Beyesian versus frequentist), our
results are in good agreement with theirs, proving the consistency of both the approaches.8

8
The result for ⌧+⌧�

in high mass region is di↵erent from Ref. [32]. This is because they used both

published and preliminary data for E� > 100 GeV (at that time) while we use the published 10-month data

only. In ⌧+⌧�
case, gamma-ray spectrum from cascade decay is hard and the peak of the intensity is out of

– 12 –

Ando, Ishiwata, JCAP 1506, 024 (2015)



Multipole expansion

4

FIG. 1. Intensity maps (in cm−2s−1sr−1) in Galactic coordinates for energies between 1.0 and 2.0 GeV, shown unmasked (top)
and after applying the default mask removing sources in 3FGL, as described in Sec. III B (bottom). Data used here follow the
default processing (see Sec. II), but they include both front- and back-converting events. Both maps have been smoothed with
a gaussian beam with σ = 0.5◦ and their projection scheme is Mollweide.

FIG. 2. Same as the bottom panel of Fig. 1 but with our model for the Galactic foreground subtracted (see Sec. IIIC). The
residuals have been smoothed with a gaussian beam with σ = 1◦. The projection scheme is Mollweide.

I(n̂) =
1X

`=0

X̀

m=�`

a`mY`m(n̂)

Spherical harmonic expansion 
of intensity map:

Expansion coefficients:
a`m =

Z
dn̂ I(n̂)Y ⇤

`m(n̂)

Angular power spectrum (estimator):

C` =
1

2`+ 1

X̀

m=�`

|a`m|2



Monopole: Mean (energy spectrum)

a00 =
p
4⇡hI(n̂)i, C0 = 4⇡hI(n̂)i2

This is equivalent to mean intensity

Di Mauro, Donato, Phys.Rev. D 91, 123001 (2015)
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FIG. 8: The left (right) panel: di↵erential �-ray flux for the unresolved (unresolved and resolved) BL Lac, FSRQ, MAGN, SF
galaxy populations and the DM contribution as fixed by the best fit to the IGRB (EGB) data, Model A (see Tab. IV). The
DM annihilates through bb̄ channel. Its flux is also splited into the prompt and the ICS emission. The red solid line displays
the sum of all the contributions.
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FIG. 9: Upper limits (at 2-� C.L.) on the DM annihilation cross section obtained from extragalactic DM (left and right panels
are for bb̄ and ⌧+⌧� annihilation channels, respectively). The uncertainties on the predicted flux translate into the cyan band
on h�vi. For reference, we also draw the upper bound found from the Galactic DM halo (same as in Fig. 4).

over two typical values for the minimum halo mass can
be taken into account: 10�6 or 10�9 M� (see [88, 89])
. The combination of these assumptions gives un un-
certainty of about a factor of about 60 in the final (at
redshift zero) �-ray flux from extragalactic DM. This un-
certainty is definitely overwhelming with respect to the
other possible variable ingredients, including the extra-
galactic background light absorption modeling (see [72]
for further details). We have computed the flux includ-
ing both prompt and ICS photons, choosing the ‘minimal
UV’ model for the intergalactic stellar light [72] (we have
verified that the ‘maximal UV’ option has negligible ef-
fects on our results). The upper bounds on h�vi derived
from extragalactic DM are shown in Fig. 9. The uncer-
tainties on the predicted flux translate into the cyan band
on the annihilation cross section, which spans almost two
order of magnitude (as noticed in [72], the computation
is performed within a NFW halo profile, and the analy-

sis of di↵erent halo density shapes would add a further
uncertainty of roughly an order of magnitude). From
Fig. 9, we can notice that the bounds set from the extra-
galactic DM encompass the ones derived from the mere
Galactic DM component. Given the huge uncertainty of
the extragalactic halo modeling, it is not possible to set
stronger bounds with respect to the ones obtained from
the smooth Galactic halo. Additional uncertainties on
the extragalactic DM component are due to the DM dis-
tribution at small scales and to the e↵ect of baryons in
DM simulations (see e.g. [90, 91]).

The results shown in Fig. 5 improve the upper bounds
on the h�vi by a factor of ⇠3 at m� ⇠ 10 GeV and a
factor of at least 30 at m� ⇠ 10 TeV in the so-called
’best-fit’ scenario, while being comparable with the ’op-
timist 3s’ model. Our limits also improve significantly
the Fermi analysis for a Galactic halo of DM [39] both in
the absence or presence of background modeling. At low

Figure 1. Gamma-ray fluxes from various decaying dark matter (mdm = 1 TeV, ⌧dm = 3⇥ 1027 s).
Plots give fluxes from decay channels: (a) ⌫eµ�

µ
+ (⌫̄eµ+

µ
�) and ⌫µe

�
µ
+ (⌫̄µe+µ�), (b) µ+

µ
�, (c)

⌧
+
⌧
�, (d) W

±
µ
⌥, (e) uds (ūd̄s̄), and (f) bb̄. Data points with error bar and a band of the EGRB

observed by Fermi-LAT is also shown [24] (see Sec. 3).

final sate quark:

dNi

dzi
= 12z2i (1� zi) ,

dNj

dzj
= 2z2j (3� 2zj) , (2.16)

in a single process ã ! uidjdk. The energy distribution for dk is the same as dj . These quarks
are hadronized to produce mesons, which decay to gamma rays and electrons/positrons,
and electrons/positrons become source of IC photons. In later numerical analysis, we also
compute a case of final state bb̄ for comparison, which would be useful for those who are
interested in.

2.3 Gamma-ray fluxes (examples)

In Fig. 1 gamma-ray fluxes in various decaying dark matter models are plotted. For lep-
tophilic case, result is shown for a case where only �

0
122 is relevant (dubbed as “⌫l+l�”) in

W̃
0 dark matter, while decay channels µ+

µ
� and ⌧

+
⌧
� are considered in ⌫̃R decay. It is seen

that the gamma-ray spectra from LLE
c and µ

+
µ
� are quite similar. On the other hand, in

⌧
+
⌧
�, the spectrum has double peaks. This is due to primary gamma rays produced from

cascade decay of tau, which gives another gamma-ray flux in high energy region. For hadron-
ically decaying dark matter, the axino decay via �

00
122 is considered (denoted as “uds”). The

spectrum shows similar behavior to ⌧
+
⌧
� case and bb̄ channel as well. Finally, the flux from

decaying gravitino to W
±
µ
⌥ is expected to have a property in the middle of leptophilic and

hadrophilic cases, which is in fact seen in the figure.

– 7 –

Ando, Ishiwata, JCAP 1506, 024 (2015)



Angular power: Beyond monopole
Measured Cl

Shot noise of photons

Shot noise due to discreteness of sources

`max =
180�

✓PSF

/ hI(n̂)i2/Nevent

/ 1/Nsource

Intrinsic clustering of sources

One can use information of all the multipoles up to

Ctotal
` = CN + CP + Ccorrelation

`

NOISE (1p)

SIGNAL (1p)

SIGNAL (2p)



Angular power: Beyond monopole
Measured Cl

Ctotal
` = CN + CP + Ccorrelation

`

Example 1: Blazars (point sources) for Fermi γ background

4

FIG. 1. Intensity maps (in cm−2s−1sr−1) in Galactic coordinates for energies between 1.0 and 2.0 GeV, shown unmasked (top)
and after applying the default mask removing sources in 3FGL, as described in Sec. III B (bottom). Data used here follow the
default processing (see Sec. II), but they include both front- and back-converting events. Both maps have been smoothed with
a gaussian beam with σ = 0.5◦ and their projection scheme is Mollweide.

FIG. 2. Same as the bottom panel of Fig. 1 but with our model for the Galactic foreground subtracted (see Sec. IIIC). The
residuals have been smoothed with a gaussian beam with σ = 1◦. The projection scheme is Mollweide.

7

FIG. 3: Angular power spectrum of the CGB from unresolved
blazars expected from the EGRET data. Contributions from
Poisson term, CP

l , and the correlation term, CC
l with bB = 1

(bB = bQ(z)), are shown by the dotted and dashed (dot-
dashed) curves, respectively. The total contribution is shown
as the solid curve for bB = 1

FIG. 4: The same as Fig. 3 but for the CGB anisotropy ex-
pected from GLAST data.

Figs. 3 and 4. We find that these results are quite sim-
ilar to the case of bB = 1. This is because at low red-
shift, z ! 0.5, the quasar bias is close to 1, and the main
contribution to the CGB from blazars comes also from
relatively low-redshift range. Once again, we note that
the quasar bias [Eq. (21)] is significantly different from
the bias inferred from the X-ray AGN observation, which
indicated stronger clustering [53, 54, 55]. Therefore, one
should keep in mind that a wide range of the blazar bias,
possibly up to ∼ 5, is still allowed. Hereafter, we adopt
bB = 1 as our canonical model, and note that CC

l simply
scales as b2

B.

V. DISTINGUISHING DARK MATTER
ANNIHILATION AND BLAZARS

The main goal in this paper is to study how to dis-
tinguish CGB anisotropies from dark matter annihila-
tion and from blazars. The current uncertainty in the
blazar bias would be the source of systematic errors, but
this can be reduced significantly by several approaches,
such as the upgraded and converged bias estimations of
AGNs from the other wavebands, direct measurement
of the blazar bias from the detected point sources by
GLAST [46], and the CGB anisotropy at different ener-
gies where the contribution from dark matter annihila-
tion is likely to be small.

A. Formulation for the two-component case

The total CGB intensity is the sum of dark matter
annihilation and blazars:

ICGB(E, n̂) = IB(E, n̂) + ID(E, n̂), (22)

⟨ICGB(E)⟩ = ⟨IB(E)⟩ + ⟨ID(E)⟩, (23)

where the subscripts B and D denote blazar and dark
matter components, respectively. The expansion coeffi-
cients of the spherical harmonics are given by

aCGB
lm =

!

dΩn̂

ICGB(E, n̂) − ⟨ICGB(E)⟩

⟨ICGB(E)⟩
Y ∗

lm(n̂)

=

!

dΩn̂

δIB(E, n̂) + δID(E, n̂)

⟨ICGB(E)⟩
Y ∗

lm(n̂)

≡ fBaB
lm + fDaD

lm, (24)

where δIB,D ≡ IB,D − ⟨IB,D⟩, fB,D ≡ ⟨IB,D⟩/⟨ICGB⟩.
These fB and fD are the fraction of contribution from the
blazars and dark matter annihilation to the total CGB
flux, and we have the relation fB + fD = 1. There-
fore, aB,D

lm is defined as the coefficient of the spherical
harmonic expansion if each component is the only con-
stituent of the CGB flux, the same definition as in the
previous sections or of AK06. The total angular power
spectrum, CCGB

l = ⟨|aCGB
lm |2⟩, is therefore written as

CCGB
l = f2

BCl,B + f2
DCl,D + 2fBfDCl,BD, (25)

Ando et al., Phys. Rev. D 75, 063519 (2007)
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Figure 3. All-sky maps of the gamma-ray intensity (in units of cm−2s−1sr−1GeV−1) at 4 GeV from DM annihilation (left panels) and DM decay (right panels).
The figure shows the emission of all DM (sub)halos down to the resolution limit of the MS-II (EG-MSII component). In the upper row only nearby structures
(z < 0.01) are considered, while in the second row the emission up to z = 2 is considered. In the last row we plot the emission from all extragalactic (sub)halos
(resolved and unresolved) down to Mmin = 10−6M⊙/h with the LOW subhalo boost (see text for details). In all cases, annihilation or decay into b quarks is
assumed: for annihilating DM, mχ = 200 GeV with a cross section of 3× 10−26cm3s−1, while for decaying DM, mχ = 2 TeV with a lifetime of 2 × 1027s. The
photon yield receives contributions from prompt emission and IC off the CMB photons (see Sec. 2). In each map we subtract the all-sky average intensity of
that component, after moving to a logarithmic scale. Note the different scales in the first row.

where rs is the scale radius of the host halo given in kpc7. We note
that this implies that halos of all masses have the same radial de-
pendence of fs, only rescaling it to the particular size of the halo.
This is partially supported by the mass-independent radial distri-
bution of subhalos found in simulations (e.g. Angulo et al. 2008).
Using Eq. 10, Sánchez-Conde et al. (2011) found that Bann < 2 for
the MW dwarf spheroidals, while Bann ∼ 30 − 60 for galaxy clus-
ters (integrating up to the tidal and virial radius, respectively). In
both cases, the morphology of the total gamma-ray emission com-
ing from the halo is modified since the subhalo contribution makes
the brightness profile flatter and more extended.

For the case of annihilating DM, we account for the contri-
bution of unresolved subhalos by implementing the procedure of
Sánchez-Conde et al. (2011) in two different ways:

7 The value of 3.56 is chosen so that, for the MW halo in Via Lactea II,
Eqs. 10 and 9 are identical.

• for the subhalos of unresolved main halos we integrate
Fann(M)Bann(M) to compute the total luminosity from Mmin to Mres.
The result of this integral is then used to boost up the emission
of main halos in the MS-II with a mass between 1.39 × 108 and
6.89 × 109M⊙/h.

• for subhalos belonging to main halos that are resolved in the
simulation we boost up the luminosity of each halo by the mass-
dependent boost Bann(M) (i.e. the integral of Bann(M, r) up to the
virial radius). If the halo is extended, in addition to a total lumi-
nosity boost, we assume a surface brightness profile as given by
Bann(M, r). We need to apply a correction to this procedure since
these equations account for subhalos from a minimum mass Mmin
up to the mass of the main halo M, whereas subhalos with masses
above Mres are resolved and already accounted for in the simula-
tion (they belong to the EG-MSII component). To correct for this
double-counting, we simply compute (and subtract) the emission
due to subhalos down to a minimal mass equal to Mmin = Mres.

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 4. All-sky map of the galactic gamma-ray intensity (in units of cm−2s−1sr−1GeV−1) at 4 GeV from DM annihilation (left panels) and decay (right
panels). In the first row, we show the emission from the smooth MW halo, while the contribution of resolved subhalos in the Aquarius Aq-A-1 halo (GAL-AQ
component) is shown in the second row. The maps on the last row indicate the total galactic emission accounting for the MW smooth halo and its (resolved and
unresolved) subhalos down to Mmin = 10−6M⊙/h (for the LOW subhalo boost). As in Fig. 3, mχ = 200 GeV, the cross section is 3 × 10−26cm3s−1 and Bb = 1
for the left panels, while mχ = 2 TeV with a lifetime of 2× 1027s and Bb = 1 for the right ones. The intensity includes contributions from prompt emission and
IC with the CMB photons (see Sec. 2). For the emission of the MW smooth halo we also consider IC with the complete ISRF, as well as hadronic emission.
The non-prompt emission alone is shown in the smaller panels overlapping with the maps of the first row. In each map we subtract the all-sky average intensity
of that component, after moving to a logarithmic scale. Note the different scale in the different panels.

along the line of sight up to a distance of 583 kpc (∼ 2.5 r200 of Aq-
A-1). This distance marks the transition between our galactic and
extragalactic regimes and it is selected because the Aq-A-1 halo is
still simulated with high resolution up to this radius, and it there-
fore provides a better representation of the outermost region of the
MW halo than the MS-II. For the smooth component, in addition
to the prompt emission and secondary emission from IC scatter-
ing with the CMB photons, we also consider the emission due to
IC scattering with the complete InterStellar Radiation Field (ISRF)
provided in Moskalenko et al. (2006) as well as hadronic emission
from interactions with the interstellar gas (see Appendices A and
B for details). The first row in Fig. 4 shows the gamma-ray emis-
sion from DM annihilation (left panel) and decay (right panel) in
the smooth MW halo. The secondary emission correlated with the
MW ISRF and the interstellar gas can be seen along the galactic
plane and is plotted independently in the small panels overlapping
with the maps of the first row.

4.2 The Milky Way subhalos (GAL-AQ and GAL-UNRES)

This section focuses on the contribution of galactic subhalos, deal-
ing with i) subhalos that are resolved in the Aq-A-1 halo, (which we
refer to as the GAL-AQ component) and ii) subhalos with masses
below the mass resolution of AQ (which we call the GAL-UNRES
component). As we did in Sec. 3.1, we use the subhalo catalog to
compute the luminosity of each object from its Vmax and rmax val-
ues10. Only subhalos with more than 100 particles are considered,
resulting in an “effective” AQ mass resolution of 1.71 × 105M⊙.
The gamma-ray intensity in a given direction Ψ is then obtained by
summing up the contribution from all subhalos encountered along
the line of sight, up to a distance of 583 kpc. The GAL-AQ compo-

10 As in the case of extragalactic (sub)halos, we correct the values of Vmax
and rmax for numerical effects (see Sec. 3.1).

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 7. Upper panels: Fluctuation APS of the template gamma-ray maps at an observed energy of 4 GeV for annihilating DM (left) and decaying DM
(right). The particle physics parameters (including Mmin) as well as the color coding are the same as those in Figs. 5 and 6. Solid (dashed) lines indicate
the extragalactic (galactic) emission. Bottom panels: The same as the upper panels but for the intensity APS (see Eq. 13). The upper panels give a measure
of the relative anisotropies of the different components, whereas the bottom panels are an absolute measurement of the anisotropies and clearly show which
components dominate the APS. The grey dashed line (with arbitrary normalization) indicates a Poissonian APS independent on multipole.

resolved structures generate anisotropies that only contribute to a
small fraction of the total emission (the fi factor in Eq. 14).

In the lower panels of Fig. 7 we show the intensity APS, which
allow us to estimate the absolute contribution of the different com-
ponents. Large values of the intensity APS can be obtained from a
particularly anisotropic component or from a very bright one. The
angular dependence for all components is the same as in the fluctu-
ation APS, but now, due to a very small average intensity, the EG-
MSII component has the lowest intensity APS (black solid line),
followed by the solid green line, corresponding to the sum of the
EG-MSII and EG-UNRESMain components (even if the fluctua-
tion APS is larger for the former than for the latter). Once the full

extragalactic emission is considered (solid red and blue lines), the
intensity APS is between a factor of 100 and 5× 104 larger than the
intensity APS of EG-MSII, depending on the subhalo boost used.
Notice that the solid yellow and purple lines (that only include re-
solved (sub)halos and the subhalo boost to the resolved main halos)
have essentially the same intensity APS as the solid red and blue
lines, which implies that the total intensity APS of the DM annihi-
lation signal is dominated by the extragalactic unresolved subhalos
of the massive main halos.

In the case of DM decay (right panels), we can see that the
fluctuation APS of the EG-MSII component (solid black line) has
the same shape as the solid green line (which adds the contribution

c⃝ 0000 RAS, MNRAS 000, 000–000

• Characteristic angular pattern 
due to ρ2 dependence

Fornasa et al., Mon. Not. R. Astron. Soc. 429, 1529 (2013)
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FIG. 28. Exclusion limits on annihilating and decaying DM from the fit to the binned Cℓ in terms of the 2-component model.
Left: The solid lines show the upper limits that can be derived on ⟨σannv⟩ as a function of mχ (for annihilations into bb̄ quarks
and Mmin = 10−6M⊙) by fitting the Fermi LAT data with a 2-component model that includes astrophysical sources and DM
(see text for details). The black, blue and red lines correspond to the REF, MIN and MAX scenario. The blue and red shaded
areas indicate how the MIN and MAX upper limits change when leaving Mmin free to vary between 10−12M⊙ and 1 M⊙. The
black dashed line is the REF upper limit in the conservative case, from Fig. 25, while the long-dashed grey line is the thermal
annihilation cross section from Ref. [94]. The dot-dashed grey line is the upper limits derived in Ref. [95] from the combined
analysis of 15 dwarf spheroidals, while the short-dashed grey line comes from the analysis of the IGRB intensity performed in
Ref. [98]. Right: The same as in the left panel but for the lower limits on τ , in the case of decaying DM. The short-dashed
grey line represents the lower limit obtained in Ref. [96] from the IGRB intensity. The line is taken from Fig. 5 of Ref. [96],
where the IGRB is interpreted in terms of a component with a power-law emission spectrum and a DM contribution. Finally,
the dot-dashed grey line is the upper limit from the analysis of 15 dwarf spheroidal galaxies performed in Ref. [97].

the ones showed in Fig. 28 and, therefore, we decided not
to show them.

IX. DISCUSSION AND CONCLUSION

In this paper we measure the auto-correlation and
cross-correlation angular power spectrum (APS) of the
diffuse gamma-ray emission detected by Fermi LAT at
high Galactic latitudes in 81 months of observation. The
measurement builds on a similar analysis based on 22
months of data and published in Ref. [1]. With respect
to the latter, this work takes advantage of the larger
statistics, as well as of the improved event reconstruction
achieved for Pass 7 Reprocessed events and instrument
response functions. Other improvements, with respect to
Ref. [1], consist of a revised method for binning the data
in multipole and to compute the Poissonian auto- and
cross-APS. We also correct the estimate of the photon
noise and we employ a different method to account for
the effect of the mask. Finally, we consider a more recent
model of the diffuse Galactic foreground associated with
the Milky Way (MW) disk.
The second part of the paper focuses on the auto-

and cross-APS expected from annihilation or decay
of DM. We employ a hybrid approach to model the
distribution of DM, making use of catalogs of DM halos

and subhalos from state-of-the-art N -body simulations
and combining them with analytical recipes to account
for DM structures below the mass resolution of the
simulations. The methodology follows what was done in
Ref. [34]. Compared to the latter, this work discards the
possibility of very large subhalo boost factors induced
by näıve power-law extrapolations of the concentration
parameter to low halo masses. We also account for the
uncertainty associated with the mass of the MW, and we
correct for the possibility of having very bright Galactic
DM subhalos that would be individually resolved as
gamma-ray sources.

The main results of this papers are summarized in the
following list.

• Detection of auto- and cross-APS: because of the
instrumental improvements and of the refinements
in the analysis mentioned before, the measurement
presented here probes a larger energy range
(compared to the original analysis in Ref. [1]),
between 0.5 and 500 GeV, divided in 13 energy
bins. We also compute, for the first time, the
cross-APS between different energy bins. We detect
significant auto-APS in almost all the energy bins
below 21.83 GeV. Significant cross-APS is also
measured in most combinations of energy bins (see
Tabs. I and II).

Fornasa et al. Phys. Rev. D 94, 123005 (2016)
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FIG. 24. Left: Auto-APS in the energy bin between 1.38 and 1.99 GeV, for a DM candidate with a mass of 212 GeV,
⟨σannv⟩ = 3× 10−26cm3s−1 and annihilation into bb̄. The auto-APS is divided by fsky to correct for the presence of the mask
described in Sec. III B. The black solid line and the grey band indicate the Poissonian auto-APS measured in this energy bin
and for the mask around 3FGL sources (see Sec. V). The solid blue line is the median of the auto-APS for GAL-AQ over the
100 realizations with different positions for the observer and the blue band shows the variability between the 10% and 90%
quantiles. The uncertainty band on GAL-AQ extends downwards (shaded blue area) if we account for an uncertainty of a factor
4 in the value of the mass of MW DM halo. The red and purple lines show the auto-APS for EG-LOW and EG-HIGH, for
Mmin = 10−6M⊙. The green line stands for the GAL-MWsmooth component and the green band accounts for an uncertainty
of a factor 4 in the mass of MW DM halo. The wiggles in this component are due to the mask applied to cover the Galactic
plane (see text for details). Right: The same as in the left panel but for a decaying DM particle with a mass of 212 GeV and a
decaying lifetime of 2 × 1027 s. The red and and purple lines overlap.

we note that, in the signal region defined in Sec. III,
the GAL-MWsmooth component is not responsible for
the majority of the signal and, therefore, using the
reconstructed auto-APS of GAL-MWsmooth would not
considerably change our results. Therefore, for both the
GAL-AQ and the GAL-MWsmooth, we simply apply the
1/fsky correction.

In the left panel of Fig. 24 we note that the dominant
contribution is GAL-AQ: the solid blue line is the median
over the 100 realizations with different observers (in the
case of a MW DM halo with the same mass as Aq-
A-1), while the filled blue band shows the variabilty
between the 10% and 90% quantiles. If we also include
the possibility that the MW DM halo may be up to 4
times lighter (see Sec. VII E and Fig. 20), the uncertainty
band extends downwards to include the shaded blue
band. Over the signal region, GAL-AQ is not constant
and it decreases by approximately a factor of 10. The
extragalactic signal is plotted in red and purple, for
a LOW and HIGH subhalo boost, respectively. This
uncertainty gives rise to the pink band that covers
approximately one order of magnitude. The extragalactic
component becomes nearly constant for ℓ >∼ 300 but, over
the whole signal region, it decreases by a factor of 10.
Finally, the GAL-MWsmooth is plotted in green and the
green band indicates how much the signal decreases when
the mass of MW DM halo is allowed to decrease by up
to a factor of 4 with respect to the value of Aq-A-1.

If we had considered Mmin = 10−12M⊙/h instead,
the intensity of EG-LOW and EG-HIGH would have
been approximately 4 times larger, while it would have
decreased by a factor 50 if we had considered Mmin =
1 M⊙/h. However, since the EG-LOW and EG-HIGH
are not dominant components, the effect of changing
Mmin on the total DM signal will not be as large.
In the right panel we follow the same color coding: the

main difference with respect to the case of annihilating
DM is the fact that the extragalactic contribution
dominates the signal for most of the measured signal
region. There is no uncertainty associated with the boost
factor and, therefore, the red and purple lines coincide.
As in the left panel, the auto-APS is nearly constant
for ℓ >∼ 300 and it decreases by a factor ∼50 overall.
Another important difference, with respect to the case of
DM annihilation, is the fact that the auto-APS of GAL-
AQ is much steeper, decreasing by a factor ∼600 from
ℓ = 49 to ℓ = 716.
Independently of how the different components are

summed together26, producing the different REF, MIN
and MAX scenarios described above, the total signal

26 In principle, one should include the cross-correlation between
the different components considered. We do not expect any
correlation between extragalactic and Galactic emission. The
cross-correlation between GAL-MWsmooth and GAL-AQ was



Intensity F/⌦pix [cm�2 s�1sr�1MeV�1]

F
P
(F

)

10�12 10�11 10�10

10�2

10�1

100

101

102

Figure 5: One-point function P (F ) for the three dark matter models (with boosts color-
coded as previously), alongside the P (F ) of the di↵use contribution of blazars (green). The
dashed red band represents the measurement of the unresolved EGB from the Fermi data at
1 GeV [65], while the dashed green line is the mean of the blazar PDF.

Smin Nblz/pix hF i/⌦pix (% EGB)

0.72 1.25 0.89 (14.8%)

0.36 1.97 0.921 (15.3%)

0.18 3.08 0.946 (15.8%)

Table 3: Sensitivity summary of our unresolved blazar model (with fiducial values in the
central row). The first two columns pertain to Eqn. (5.3): Smin (in units of 10�10 cm�2 s�1)
is the lowest flux to which we extrapolate the source count distribution, from which a number
of (faint, unresolved) blazars per pixel may be derived. The next two columns summarise
the corresponding mean intensity of the blazar P (F ), both as an absolute value in units of
10�10 cm�2 s�1 sr�1 MeV�1, and as a proportion of the unresolved EGB [65].

per pixel (treated analytically) and the contribution of more than zero sources per pixel
(Monte Carlo):

PBlazar(F ) =
1X

k=0

P (k|2.0)Pk(F ) = e
�2.0

�(F ) +
1X

k=1

P (k|2.0)Pk(F ) . (5.5)

The (nonzero) blazar flux distribution is plotted in Fig. 5. Like the flux distribution for the
dark matter, it has a non-negligible skew and approximates the single-source distribution at
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Feyereisen, Ando, Lee, JCAP 1509, 027 (2015)

Advantage:

It includes all the 
statistical information in 
single pixels


Disadvantage:

Analysis much more 
complicated

Complementary approach using one-point statistics

• Flux PDF is highly non-Gaussian, featuring long power-law tail

• Power spectrum does not capture all the statistical information
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ments available in the near future (Fornasa et al. 2016).

3.3. Composition of the Gamma-ray Sky

The contribution of point sources to the total flux
Ftot of the region of interest (ROI) in the energy band
[Emin, Emax] is given by

Fps =

Z Scut

0
S
dN

dS
dS, (3)

which again is e↵ectively limited to a lower bound of Snd
in our case. The full posterior was employed to derive the
profile likelihood of Fps. The GF contribution Fgal was
obtained from the integral template flux and the normal-
ization parameter Agal. The di↵use isotropic background
component Fiso was already one of the fit parameters.
The sum of the three components can be compared to
Ftot, which was independently derived from integrating
the events map divided by the energy-averaged exposure
map over the ROI.
Table 2 lists the composition of the high-latitude

gamma-ray sky for each energy band. The contribu-
tion of point sources Fps can be compared to the extra-
galactic gamma-ray background (EGB), FEGB, as mea-
sured in Ackermann et al. (2015b). The resulting frac-
tional contributions Fps/FEGB in each energy band are
0.83+0.07

�0.13, 0.79
+0.04
�0.16, 0.66

+0.20
�0.07, 0.66

+0.28
�0.05, and 0.81+0.52

�0.19,
respectively.9

3.4. Comparison with Models

In order to assess the power of this method, we com-
pare our dN/dS measurement as a function of energy
with state-of-the-art models. We consider all source
classes known to provide major contributions to the
EGB. The blazar gamma-ray luminosity function (GLF)
and spectrum are modeled following Ajello et al. (2012)
for FSRQs, Ajello et al. (2014) and Di Mauro et al. (2014)
for BL Lacs, and Ajello et al. (2015) when considering
a single description for all blazars. Misaligned AGN are
taken from Di Mauro et al. (2014), while for SFGs we
followed Ackermann et al. (2012) with an infrared lumi-
nosity function from Gruppioni et al. (2013). The ab-
sorption due to extragalactic background light is mod-
eled according to Finke et al. (2010), a↵ecting the two
highest-energy bands.
The inset of Figure 2 shows that all the di↵erent de-

scriptions adopted for blazars are compatible with the
cataloged integral source-count distribution. However,
they can have significantly di↵erent behaviors for unre-
solved sources.
The sum of the model predictions for FSRQs and

BL Lacs (model LDDE1 in Ajello et al. 2014) can re-
produce the 1pPDF measurement fairly well in all five
energy bands, as demonstrated in Figure 1. Misaligned
AGN enter the overall dN/dS distribution below the
threshold of the current analysis and therefore cannot be
constrained (see Figure 1). Due to their intrinsic faint-
ness, SFGs start to contribute only at very low, uncon-
strained fluxes.
However, Figure 2 shows that deviations in the faint

end predicted by the other blazar models may be in ten-

9 The values assume reference model A of Ackermann et al.
(2015b).

Figure 2. Di↵erential source-count distribution dN/dS in the
1.04�1.99 GeV band, compared to blazar models. The three mod-
els F+BL1 (solid red line), F+BL3 (solid cyan line), and F+HIL
(solid green line) include the sum of FSRQs (Ajello et al. 2012) and
BL Lacs, which have been modeled assuming the luminosity func-
tions LDDE1, LDDE3, and LDDEHSP + LDDEISP+LSP of Ajello
et al. (2014), respectively. The solid orange line shows the sum
of the FSRQ component from Ajello et al. (2012) and the BL Lac
model from Di Mauro et al. (2014). The model depicted by the
solid dark blue line refers to a single description of all blazars by
Ajello et al. (2015). A contribution from mAGN (Di Mauro et al.
2014) has been added to each model. The vertical red line indicates
the upper limit (95% CL) on a second intrinsic break. The inset
compares the integral source-count distribution N(> S) between
0.1GeV and 100GeV (see Ajello et al. 2015) to the models (not
including mAGN).

sion with the allowed region derived from the 1pPDF
analysis. A comprehensive study of the implications for
blazar models is beyond the scope of this Letter, but we
can conclude that the methodology of using the 1pPDF
for measuring the gamma-ray source-count distribution
has excellent sensitivity for probing unresolved blazars
and the faint part of the blazar GLF.
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Figure 5. The best-fit source-count distribution, as a function of energy, for the isotropic-PS population obtained by the NPTF
analysis of Pass 8 ultracleanveto PSF3 data with the p8r2 foreground model. The median (red line) and 68 and 95% credible
intervals (shaded red bands) are shown. The vertical dot-dashed black line denotes the ⇠1 photon boundary, below which the
NPTF begins to lose sensitivity. The vertical dotted red lines indicate the fluxes at which 90%, 50%, and 10% of the flux is
accounted for, on average, by sources of larger flux (from left to right, respectively). The black points correspond to the Fermi
3FGL sources, with 68% statistical error bars (vertical). The NPTF is expected to be sensitive down to the ⇠1 photon limit,
extending the reach to sources below the 3FGL detection threshold. This is most apparent in the lowest energy bin, where the
apparent 3FGL flux threshold is ⇠10 times higher than that for the NPTF. We caution the reader that, at higher energies,
the 3FGL spectra are driven by extrapolations from low energies where the statistics are better. The systematic uncertainties
associated with this extrapolation are di�cult to quantify and are not included in the source counts shown here.

Lisanti et al., Astrophys. J. 832, 117 (2016)Zechlin et al., Astrophys. J. 826, L31 (2016)

• Flux PDF is highly non-Gaussian, featuring long power-law tail

• Power spectrum does not capture all the statistical information



Constraining Galactic dark matter with one-point PDF
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FIG. 1. Relative di↵erence between the Galactic di↵use
emission predicted by model A and B, for latitudes |b| > 30�.
Models are taken from Ref. [4] and are integrated in the energy
bin between 1.99 and 5.0GeV. The Mollweide projection is
given in Galactic coordinates, centered on the GC. The GP
region has been masked in gray.

most) di↵use emission in the whole ROI. In model A
and B, the CR di↵usion coe�cient and re-acceleration
strength are constant throughout the Galaxy. In model
C, instead, a dependency on the galactocentric radius
and height is introduced, causing a more e�cient trans-
port of CRs and therefore higher gamma-ray intensities
in the outer Galaxy, as shown by Fig. 20 in Ref. [4].

In our analysis, each IEM is re-normalized with an ad-
ditional global normalization factor Agal that is allowed
to float freely. We underline that the various models are
studied here to explore the e↵ect of changing foreground
morphology, in particular of the IC emission, on the con-
tribution from the additional Galactic DM component. A
complete study on whether the data prefer one of those
models over the other is beyond the scope of this work,
and it is extensively addressed for example in Ref. [38].

B. The DM Component

Based upon the assumption that the building blocks of
DM are new fundamental particles, e.g., weakly interact-
ing massive particles (WIMPs), DM can self-annihilate or
decay into standard model final states. Gamma-ray pho-
tons are then unavoidably produced by secondary pro-
cesses such as hadronization, the subsequent decay of
⇡
0-mesons, and internal bremsstrahlung, which lead to

a continuous gamma-ray spectrum over several decades
in energy, as well as direct annihilation into line-like fea-
tures. The observed di↵erential gamma-ray flux per unit
energy interval (E,E+dE) and solid angle d⌦ from DM
annihilation in a given celestial direction reads

d�DM

dEd⌦
=

1

4⇡

h�vi
2

r�
⇢
2
�

m
2
DM

X

f

✓
dNf

dE
Bf

◆
J ( ) . (9)

FIG. 2. Dimensionless J-factor for annihilating DM as dis-
tributed in the Galaxy following an Einasto profile. The Moll-
weide projection is given in Galactic coordinates, centered on
the position of the GC. Regions outside the ROI discussed in
Section V are masked in gray.

The quantity h�vi resembles the thermally-averaged self-
annihilation cross section times the relative velocity,
mDM denotes the DM particle mass, and r� = 8.5 kpc
and ⇢� = 0.4GeV cm�3 [39, 40] are normalization con-
stants, i.e. the galactocentric Solar distance and the DM
density at r�, respectively. Equation 9 is valid for self-
conjugated DM particles. The di↵erential gamma-ray
spectrum yielded by DM annihilation into the standard
model final state f with branching ratio Bf is given by
dNf/dE. The dimensionless J-factor reads

J ( ) =
1

r�

Z

los

✓
⇢[r(l)]

⇢�

◆2

dl( ) . (10)

Here, ⇢(r) denotes the DM density profile as a function
of the galactocentric radius r, and the line-of-sight (los),
l, as measured from the Galactic position of the Sun is

given by r(l, ) =
q

r
2
� + l2 � 2r�l cos , where  is the

angle between the vector pointing to the GC and the
direction of observation.
We consider here the contribution from DM annihila-

tion in a smooth Galactic halo. We neglect a possible
contribution from Galactic DM subhalos, which can be
modeled as point-like or slightly extended sources in al-
most all relevant DM scenarios [see, e.g., 41–47] and will
therefore contribute to the generic dN/dS component.
For the density profile of the smooth Galactic halo, we
consider an Einasto profile [48]

⇢(r) = ⇢� exp

✓
� 2

↵

r
↵ � r

↵
�

r↵s

◆
, (11)

with ↵ = 0.17 and rs = 21.8 kpc [49]. The dimensionless
J-factor template map was generated by solving Eq. 10
independently for each map pixel p, see Fig. 2. The
HEALPix resolution of the template map was chosen cor-
responding to the resolution used in the data analysis, see
Section III.

8

FIG. 6. Upper limits (95% CL) on the DM self-annihilation cross section h�vi as a function of the DM particle mass mDM, as
obtained with the 1pPDF analysis of 8-year Fermi-LAT data (Pass 8). The DM halo of the Galaxy was assumed to follow an
Einasto profile. Upper limits are given for separate analyses of the (i) 1.04–1.99GeV (black solid line), (ii) 1.99–5.0GeV (red
solid line), and (iii) 5.0–10.4GeV (blue solid line) energy bins. The left (right) panel shows upper limits for total annihilation
into bb (⌧+⌧�) final states. The limits are compared to recent limits obtained from the observation of dwarf spheroidal galaxies,
see Ref. [60] (black dashed line).

spect to the di↵use Galactic foreground emission, Fig. 7
compares the results obtained previously to upper limits
derived for the selection of three other IEMs. The IEMs
considered here were selected to bracket plausible Galac-
tic foreground emission scenarios. We chose models A,
B, C as discussed in Section IIA. The figure depicts up-
per limits for DM particle masses 15, 50, and 100GeV,
considering annihilation into bb and ⌧

+
⌧
�. We find that

the upper limits obtained for model B always are the
least constraining, because its IC emission component
for |b| > 30� is less prominent than in model A and C,
thus leaving room for a larger DM contribution. The am-
plitude of the scatter due to the di↵erent IEMs depends
on energy, while the limits obtained with the benchmark
IEM always are among the most constraining ones. The
maximum scatter corresponds to a factor of ⇠ 8, ⇠ 5, and
⇠ 2.5 for the three energy bins (i), (ii), (iii), respectively.
This is in line with the fact that the lowest energy bin is
expected to be influenced by comparably higher Galactic
foreground systematics. The flattening of the slope as a
function of the energy interval is due to the limited inte-
gration range applied according to the bin size.
These upper bounds on h�vi are compared to the limits
obtained from the observation of dwarf spheroidal galax-
ies, see Ref. [60]. The result is striking for the bb case:
notwithstanding IEM systematics, the upper bounds pro-
vided by the 1pPDF always outperform the limits ob-
tained from dSph galaxies. For the ⌧

+
⌧
� final state, our

results are comparable to the dSph ones.

VI. CONCLUSIONS

It has recently been shown (see Z16a,b) that statisti-
cal properties of the Fermi-LAT photon counts map can
be used to measure the composition of the gamma-ray
sky at high latitudes, determining dN/dS down to fluxes
about one order of magnitude lower than current cata-
log detection limits. The high latitude gamma-ray sky
is modeled with at least three components, represented
by an isotropic distribution of point sources, a di↵use
component of Galactic foreground emission, and di↵use
isotropic background. In this paper, we have extended
the photon count statistics 1pPDF method developed in
Z16a,b to a further component of the high-latitude sky,
given by Galactic DM distributed in a typical smooth
halo. We have employed the 1pPDF method to derive up-
per bounds on the possible contribution from halo DM in
terms of the self-annihilation cross section h�vi, for DM
masses spanning the GeV to TeV range.

We find that the 1pPDF method applied to eight years
of Pass 8 Fermi-LAT data at high latitudes has the sen-
sitivity for assessing the possible gamma-ray contribu-
tion of Galactic DM annihilating into bb or ⌧

+
⌧
� final

states. Given the o�cial Fermi-LAT interstellar emis-
sion model, the upper bounds obtained for h�vi are
strikingly competitive with constraints from the stack-
ing analysis of several dwarf spheroidal galaxies. For
DM annihilation into bb, our results exceed the best-
fit dwarf spheroidal upper bounds for mDM  600GeV,
while for leptonic ⌧

+
⌧
� final states the bounds from

dwarf spheroidal galaxies are lower from mDM � 50GeV.
If mDM = 10 (100)GeV and DM annihilates into light
quarks, a h�vi � 3 ⇥ 10�28 (5 ⇥ 10�27) cm3 s�1 is dis-

Zechlin, Manconi, Donato, arXiv:1710.01506 [astro-ph.HE]

• Constraining Galactic dark matter annihilation using Einasto density 
profile and high-latitude data


• Surprisingly stringent constraints on the annihilation cross section, partly 
because of better calibration of unresolved point sources


• Order of magnitude uncertainty according to foreground models



Cross correlation with galaxy distribution

– 19 –

Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).
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Are these two maps 
similar to each other?

They must be, since 
both gamma-ray 
sources and 
galaxies trace dark 
matter distribution!

Huchra et al., Astrophys. J. Suppl. Ser. 199, 26 (2011)

Fermi-LAT, Astrophys. J. 799, 86 (2015)
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FIG. 1. Intensity maps (in cm−2s−1sr−1) in Galactic coordinates for energies between 1.0 and 2.0 GeV, shown unmasked (top)
and after applying the default mask removing sources in 3FGL, as described in Sec. III B (bottom). Data used here follow the
default processing (see Sec. II), but they include both front- and back-converting events. Both maps have been smoothed with
a gaussian beam with σ = 0.5◦ and their projection scheme is Mollweide.

FIG. 2. Same as the bottom panel of Fig. 1 but with our model for the Galactic foreground subtracted (see Sec. IIIC). The
residuals have been smoothed with a gaussian beam with σ = 1◦. The projection scheme is Mollweide.

Fermi γ

• DM contribution is relatively more 
important at z < 0.1


• Cross-correlating with 2MRS galaxies 
will single out this redshift region!



Cross correlation with 2MASS: DM constraints
Regis et al., Phys. Rev. Lett. 113, 241301 (2015) 2

distribution of 2MASS galaxies can be written as [3]:

C
(�g)
` =

Z
d�

�2
W�(�)Wg(�)P�g (k = `/�,�) , (1)

where �(z) denotes the radial comoving distance,
Wi(�) represent the window functions described below,
P�g(k, z) is the three-dimensional cross power spectrum
(PS), k is the modulus of the wavenumber, and ` is the
multipole. Indices � and g refer to �-ray emitters and
extragalactic sources in 2MASS, respectively. In Eq. (1)
we used the Limber approximation [11], since P�g varies
(relatively) slowly with k.

The (di↵erential in energy) window function for �-ray
emission from DM annihilation W�(z) is [3]:

W
a
� (z) =

(⌦DM⇢c)2 h�avi
8⇡mDM

2
(1 + z)3 �2(z)

dNa

dE�
e
�⌧ [z,E�(z)],

(2)
where ⌦DM is the DM1 mean density in units of the
critical density ⇢c, �2(z) is the clumping factor, mDM

is the mass of the DM particles, and h�avi denotes the
velocity-averaged annihilation rate. dNa/dE� indicates
the number of photons produced per annihilation and
determines the �-ray energy spectrum. The exponential
damping quantifies the absorption due to extra-galactic
background light [13].

The window function for DM decay is [3]:

W
d
� (z) =

⌦DM⇢c �d

4⇡mDM

dNd

dE�
e
�⌧ [z,E�(z)] , (3)

where �d = 1/⌧d is the DM decay rate.
The window function of 2MASS galaxies is Wg(z) ⌘

H(z)/c dNg/dz and their redshift distribution dNg/dz is
[14]:

dNg

dz
(z) =

�

�(m+1
� )

z
m

z
m+1
0

exp

"
�
✓

z

z0

◆�
#
, (4)

with m = 1.90, � = 1.75 and z0 = 0.07.
The PS P�g in Eq. (1) is computed within the halo-

model framework, as the sum of a one-halo plus a two-
halo terms. For more details, see [3, 7]. Both the PS
and the clumping factor �2(z) in Eq. (2) depend on a
number of DM properties: the halo mass function, that
we take from Ref. [15], the halo density profile, for which
we assume a Navarro-Frenk-White model [16], the mini-
mum halo mass, that we set equal to 10�6

M�, and the
halo mass-concentration relation c(M, z), that we adopt
from Ref. [17]. The theoretical uncertainty of these quan-
tities is rather small for halos larger than 1010 M�, be-
cause they can be constrained by observations and simu-
lations. Since the DM decay signal is mainly contributed

1 A 6-parameter flat ⇤CDM cosmological model is assumed with
the value of the parameters taken from Ref. [12].
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FIG. 1. Cross-correlation above 500 MeV for the best fit-
ting annihilating and decaying DM scenarios, compared to
the measured CCF. The curves are for DM particles of 100
GeV (200 GeV) annihilating (decaying) into bb̄. We show
the two annihilation models high and low with annihi-
lation rates h�avi = 2 ⇥ 10�26 cm3s�1 (blue-dashed) and
2.4 ⇥ 10�25 cm3s�1 (blue-solid), respectively, and a decay
model with lifetime ⌧ = 1.6⇥ 1027 s (red-dotted). The green
curve shows the CCF of the 1-halo correction term C1h. We
show the sum of this component and the DM CCF (in the
low scenario) with the black curve. The inset shows that
these DM models provide a subdominant contribution to the
observed IGRB spectrum [20].

by large structures, the theoretical predictions are rel-
atively robust. This is not the case for the annihilation
signal which is preferentially produced in small halos and
in substructures within large halos. Consequently, theo-
retical uncertainties on the annihilation signal are larger.
For the subhalo contribution we consider two scenarios
(low and high) to bracket theoretical uncertainty. The
low case follows the model of Ref. [18] (see their Eq. (2),
with a subhalo mass function dn/dMsub / M

�2
sub). The

high scenario is taken from Ref. [19], with the halo mass-
concentration relation extrapolated down to low masses
as a power law.

In our CAPS model (Eq. 1), we add a constant term
C1h (one-halo correction term) to correct for possible un-
accounted correlations at very small-scales, within the
Fermi-LAT Point Spread Function (PSF). The value of
C1h will be determined by fitting the data, and we an-
ticipate that we find a C1h value compatible with zero.
Thus, the inclusion of this term does not change signif-
icantly the results. For an extensive discussion on this
term, see Refs. [5, 7].

• Very competitive bounds even 
in the dark matter only case

Ando, Ishiwata, JCAP 1606, 045 (2016)

Figure 10. Upper limit on dark matter annihilation cross section due to cross correlation between
the gamma-ray background and five galaxy catalogs. Line contents are the same as the decaying
cases, i.e., Figs. 7–9.

exclude, for example, annihilating scenario to W
+
W

� to explain the anti-proton excess.
However, it is expected that more cosmic ray data by AMS-02 will reduce the uncertainty in

– 19 –

Substructure boost model 
by Bartels & Ando (2015)



Complementary method: Stacking groups

• Stacking analysis of hundreds of 2MRS 
galaxy groups (Tully 2015+2017)
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FIG. 1. (Left) The solid black line shows the 95% confidence limit on the DM annihilation cross section, h�vi, as a function
of the DM mass, m�, for the bb̄ final state, assuming the fiducial boost-factor [20]. The containment regions are computed by
performing the data analysis multiple times for random sky locations of the halos. For comparison, the dashed black line shows
the limit assuming no boost-factor. The Fermi dwarf limit is also shown, as well as the 2� regions where DM may contribute
to the Galactic Center Excess (see text for details). The thermal relic cross section for a generic weakly interacting massive
particle [44] is indicated by the thin dotted line. (Right) The change in the limit for m� = 100 GeV as a function of the
number of halos that are included in the analysis, which are ranked in order of largest J-factor. The result is compared to the
expectation from random sky locations; the 68 and 95% expectations from 200 random sky locations are indicated by the red
bands.

Galaxy groups are expected to emit gamma-rays from
standard cosmic-ray processes. Using group catalogs to
study gamma-ray emission from cosmic rays in these ob-
jects is an interesting study in its own right (see, e.g.,
Ref. [24, 26, 47, 48]), which we leave to future work. For
the purpose of the present analysis, however, we would
like a way to remove groups with large residuals, likely
arising from standard astrophysical processes in the clus-
ters, to maintain maximum sensitivity to DM annihila-
tion. This requires care, however, as we must guarantee
that the procedure for removing halos does not remove a
real signal, if one were present.

We adopt the following algorithm to remove halos with
large residuals that are inconsistent with DM annihila-
tion in the other groups in the sample. A group is ex-
cluded if it meets two conditions. First, to ensure it is
a statistically significant excess, we require twice the dif-
ference between the maximum log likelihood and the log
likelihood with h�vi = 0 to be greater than 9 at any DM
mass. This selects sources with large residuals at a given
DM mass. Second, the residuals must be strongly in-
consistent with limits set by other galaxy groups. Specif-
ically, the halo must satisfy h�vibest > 10⇥h�vi⇤lim, where
h�vibest is the halo’s best-fit cross section at any mass
and h�vi⇤lim is the strongest limit out of all halos at the
specified m�. These conditions are designed to exclude
galaxy groups where the gamma-ray emission is incon-
sistent with a DM origin. This prescription has been
extensively tested on mock data and, crucially, does not
exclude injected signals [3].

Results. The left panel of Fig. 1 illustrates the main
results of the stacked analysis. The solid black line repre-
sents the limit obtained for DM annihilating to a bb̄ final
state using the fiducial boost-factor model [20], while the
dashed line shows the limit without the boost-factor en-
hancement. To estimate the expected limit under the null
hypothesis, we repeat the analysis by randomizing the
locations of the halos on the sky 200 times, though still
requiring they pass the selection cuts described above.
The colored bands indicate the 68 and 95% containment
regions for the expected limit. The limit is consistent
with the expectation under the null hypothesis.

The right panel of Fig. 1 illustrates how the limits
evolve for the bb̄ final state with m� = 100 GeV as an
increasing number of halos are stacked. We also show
the expected 68% and 95% containment regions, which
are obtained from the random sky locations. As can be
seen, no single halo dominates the bounds. For example,
removing Virgo, the brightest halo in the catalog, from
the stacking has no significant e↵ect on the limit. Indeed,
the inclusion of all 495 halos buys one an additional order
of magnitude in the sensitivity reach.

The limit derived in this work is complementary to
the published dSph bound [1, 2], shown as the solid gray
line in the left panel of Fig. 1. It also probes the pa-
rameter space that may explain the Galactic Center ex-
cess (GCE); the best-fit models are marked by the or-
ange cross [49], blue [50], red [51], and orange [52] 2�
regions. The GCE is a spherically symmetric excess of
⇠GeV gamma-rays observed to arise from the center of

Lisanti et al., arXiv:1708.09385 [astro-ph.CO]



Summary: WIMP annihilation

• WIMPs keep annihilating ever since, forming the diffuse gamma-ray background


• The data from Fermi-LAT yields competitive upper limits on WIMP 
annihilation cross section

• This is the only probe of the smallest halos ever formed (micro-halos)


• Other statistical probes started to be explored, especially in recent years

• Angular power spectrum (Ando & Komatsu 2006, Fornasa et al. 2016, etc.)

• One-point fluctuation statistics (Feyereisen, Ando, Lee 2015, etc.)

• Cross correlation with gravitational tracers (Ando et al. 2015, Cuoco et al. 

2017, etc.)

• Stacking of nearby galaxy groups (Lisanti et al. 2017)



Key questions to reveal nature of dark matter

• Does dark matter interact with standard 
model particles such as photons? Is “dark” 
matter really dark?


• Is dark matter collisionless with each other?


• How cold is dark matter?



Issues with CDM at small scales
• CDM hypothesis is largely successful


• Distributions and clustering of halos are in very good agreement 
with cosmological/astrophysical data at large scales (~ larger than 
galaxies)


• However, there are a few small-scale (<10—100 kpc) issues


• Cusp vs core 

• Missing satellites 

• Too-big-too-fail 

• Diversity



Small scale structure in CDM: recap

• Universal density profile; ρs and rs correlated


• Lots of substructure

6 Springel et al.
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Figure 2. The top left panel shows the projected dark matter density at z = 0 in a slice of thickness 13.7Mpc through the full box
(137 Mpc on a side) of our 9003 parent simulation, centred on the ‘Aq-A’ halo that was selected for resimulation. The other five panels
show this halo resimulated at different numerical resolutions. In these panels, all particles within a cubic box of side-length 2.5 × r50

centred on the halo are shown. The image brightness is proportional to the logarithm of the squared dark matter density S(x, y)
projected along the line-of-sight, and the colour hue encodes the local velocity dispersion weighted by the squared density along the
line-of-sight. We use a two-dimensional colour table (as shown on the left) to show both of these quantities simultaneously. The colour
hue information is orthogonal to the brightness information; when converted to black and white, only the density information remains,
with a one-dimensional grey-scale colour map as shown on the left. The circles mark r50.
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Figure 4. Spherically averaged density profile of the Aq-A halo
at z = 0, at different numerical resolutions. Each of the pro-
files is plotted as a thick line for radii that are expected to be
converged according to the resolution criteria of Power et al.
(2003). These work very well for our simulation set. We continue
the measurements as thin solid lines down to 2 ϵ, where ϵ is the
Plummer-equivalent gravitational softening length in the notation
of Springel et al. (2001b). The dotted vertical lines mark the scale
2.8 ϵ, beyond which the gravitational force law is Newtonian. The
mass resolution changes by a factor of 1835 from the lowest to the
highest resolution simulation in this series. Excellent convergence
is achieved over the entire radial range where it is expected.
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where N(r) is the number of particles inside r, and ρ(r)
is the average enclosed density. Note that this form of the
convergence criterion is in principle also applicable to dark
matter subhalos (see below), but in this regime it has not
been empirically validated so far.

We find that there is very good agreement between the
densities and enclosed masses for all radii larger than the
convergence radius estimated in this way. The quality of
this convergence is impressively demonstrated by Figure 5,
where we show the local logarithmic slope of the density
profile, for the radial range where convergence is expected
according to the Power criterion. There are some large fluc-
tuations of the local slope in the outer parts of the halo,
caused by substructures, which are remarkably well repro-
duced at the different resolutions. In the more relaxed inner
regions, the local logarithmic slope varies smoothly with ra-
dius. In particular, it becomes gradually shallower towards
the centre, as suggested by Navarro et al. (2004). In fact,
the local slope becomes clearly shallower than −1 at the in-
nermost converged radius. This has important implications
for the structure of the central cusp which will be analyzed
in full detail in Navarro et al. (2008, in preparation). For
the rest of this paper, we focus on an analysis of the dark
matter substructures.
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Figure 5. Local logarithmic slope of the density profiles as a func-
tion of radius for the Aq-A halo simulated at different numerical
resolution. Only the radial region that should be converged ac-
cording to the criteria of Power et al. (2003) is shown. Note that
the large fluctuations in the outer parts are caused by substruc-
tures but nevertheless reproduce well between simulations. In this
regime, we expect significant halo-to-halo scatter.

3 SUBSTRUCTURE ABUNDANCE AND

SPATIAL DISTRIBUTION

In this section, we investigate the abundance of dark matter
substructures as measured by the SUBFIND algorithm. All
our substructures consist of particle groups that are gravi-
tationally self-bound and are overdense with respect to the
local background. Every simulation particle can be part only
of one subhalo, but we are able to detect substructure within
substructure (see below). We count substructures down to
a minimum of 20 bound particles.

3.1 Subhalo counts and substructure mass

fraction

In Figure 6, we show the differential abundance of subhalos
by mass (i.e. the number of subhalos per unit mass inter-
val) in our ‘A’ halo within r50, and we compare results for
simulations of the same object at different mass resolution.
For masses above ∼ 5 × 108 M⊙, the number of subhalos is
small and large halo-to-halo scatter may be expected (see
below). However, for lower masses a smooth mass spectrum
is present that is well described by a power law over many
orders of magnitude. Multiplication by M2

sub compresses the
vertical scale drastically, so that the slope of this power-law
and deviations from it can be better studied. This is shown
in the bottom panel of Figure 6. We see that resolution
effects become noticeable as a reduction in the number of
objects at masses below a few hundred particles, but for
sufficiently well resolved subhalos, very good convergence is
reached. There is good evidence from the fully converged

c⃝ 0000 RAS, MNRAS 000, 000–000
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Cups vs core problem

• Dark matter dominated systems (e.g., dwarf spheroidal 
galaxies) appear to have a shallow density core, rather 
than steep cusp

DDO 154

Stars

Gas

0 2 4 6 8
0

10

20

30

40

50

60

Radius (kpc)

V
ci
r
(k
m
/s
)

����

Core

0.1 0.5 1 5 10

106

107

108

109

Radius (kpc)
D
ar
k
M
at
te
rD
en
si
ty

(M
⊙
/k
pc
3 )

FIG. 4: Left: Observed rotation curve of dwarf galaxy DDO 154 (black data points) [167] compared to
models with an NFW profile (dotted blue) and cored profile (solid red). Stellar (gas) contributions indicated
by pink (dot-)dashed lines. Right: Corresponding DM density profiles adopted in the fits. NFW halo
parameters are rs ⇡ 3.4 kpc and ⇢s ⇡ 1.5 ⇥ 107 M�/kpc3, while the cored density profile is generated
using an analytical SIDM halo model developed in [116, 118].

Recent high-resolution surveys of nearby dwarf galaxies have given further weight to this dis-
crepancy. The HI Near Galaxy Survey (THINGS) presented rotation curves for seven nearby
dwarfs, finding a mean inner slope ↵ = �0.29 ± 0.07 [96], while a similar analysis by LITTLE
THINGS for 26 dwarfs found ↵ = �0.32 ± 0.24 [167]. These results stand in contrast to ↵ ⇠ �1
predicted for CDM.

However, this discrepancy may simply highlight the inadequacy of DM-only simulations to
infer the properties of real galaxies containing both DM and baryons. One proposal along these
lines is that supernova-driven outflows can potentially impact the DM halo gravitationally, soft-
ening cusps [78, 168], which we discuss in further detail in §II E. Alternatively, the inner mass
density in dwarf galaxies may be systematically underestimated if gas pressure—due to turbulence
in the interstellar medium—provides radial support to the disk [169, 170]. In this case, the ob-
served circular velocity will be smaller than needed to balance the gravitational acceleration, as
per Eq. (5), and purported cores may simply be an observational artifact.

In light of these uncertainties, LSB galaxies have become an attractive testing ground for DM
halo structure. A variety of observables—low metallicities and star formation rates, high gas
fractions and mass-to-light ratios, young stellar populations—all point to these galaxies being
highly DM-dominated and having had a quiescent evolution [171]. Moreover, LSBs typically
have larger circular velocities and therefore deeper potential wells compared to dwarfs. Hence,
the effects of baryon feedback and pressure support are expected to be less pronounced.

Rotation curve studies find that cored DM profiles are a better fit for LSBs compared to cuspy
profiles [54, 58, 59, 63, 64]. In some cases, NFW profiles can give reasonable fits, but the required
halo concentrations are systematically lower than the mean value predicted cosmologically. Al-
though early HI and long-slit H↵ observations carried concerns that systematic effects—limited
resolution (beam-smearing), slit misalignment, halo triaxiality and noncircular motions—may cre-
ate cores artificially, these issues have largely been put to rest with the advent of high-resolution HI
and optical velocity fields (see Ref. [148] and references therein). Whether or not baryonic feed-
back can provide the solution remains actively debated [67, 172, 173, 174]. Cored DM profiles
have been further inferred for more luminous spiral galaxies as well [65, 175, 176].
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Diversity problem

• Samples of galaxy 
rotation curves of 
similar maximum 
circular velocity


• Surprising diversity 
in galaxy rotation 
curves


• In contrast with 
robust prediction of 
CDM simulations 
(colored bands)
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Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (⇠ 80–100 km s�1) and galaxy mass,
chosen to illustrate the diversity of rotation curve shape at given Vmax. As in previous figures, coloured solid curves and shaded areas correspond to
the median (and 10

th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of
each galaxy. Note that the observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LOCAL GROUPS simulations, from
galaxies like UGC 5721, which are consistent with our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve
compared with simulations, either hydrodynamical (coloured lines) or dark matter-only (black lines).

Available simulation data are sparse but suggest that the scatter
in structural properties at fixed halo mass is no larger for alterna-
tive dark matter models than for ⇤CDM (e.g. Rocha et al. 2013;
Lovell et al. 2014, for SIDM and WDM respectively). This is in
disagreement with rotation curve data and suggests that a mech-
anism unrelated to the nature of the dark matter must be invoked
to explain the rotation curve shapes.

4.6 The “inner mass deficit” problem

The prevalence of the “inner mass deficit” problem discussed
above may be characterized by comparing the inner circular
velocities of observed galaxies with those of ⇤CDM galaxies
of matching Vmax. We show this in Fig. 6, where we use our
⇤CDM simulations, as well as the compiled rotation curve data,
to plot the circular velocity at 2 kpc against the maximum mea-
sured rotation speed, Vmax. Where data do not exist at exactly
2 kpc, we interpolate linearly between nearby data points. We
choose a fixed physical radius of 2 kpc to characterize the in-
ner mass profile because it is the minimum radius that is well
resolved in all of our simulations for systems in the mass range

of interest here. It is also a radius that is well resolved in all
observed galaxies included in our compilation.

The grey symbols in the top left panel of Fig. 6 show the
results of our DMO simulations. The tight correlation between
these quantities in the DMO case is a direct consequence of the
nearly self-similar nature of ⇤CDM haloes: once the cosmo-
logical parameters are specified, the circular velocity at 2 kpc
may be used to predict Vmax, and vice versa. Variations in en-
vironment, shape and formation history result in some scatter,
but overall this is quite small. For given Vmax, the circular ve-
locity at 2 kpc has a standard deviation of only ⇠ 0.1 dex.
Our results are in good agreement with earlier DMO simula-
tion work. The solid black line (and shaded region) in the figure
indicates the expected correlation (plus 1-� scatter) for NFW
haloes with the mass-concentration relation corresponding to
the cosmological parameters adopted in our simulations (Lud-
low et al. 2014). Note that the simulated data approach the 1:1
line for Vmax < 30 km/s: this is because those halos are intrinsi-
cally small; the radius where circular velocity profiles peak de-
creases steadily with decreasing circular velocity, from 4.6 kpc
to 1.9 kpc when Vmax decreases from 30 to 15 km/s.

The inclusion of baryons modifies these correlations, as

c� 0000 RAS, MNRAS 000, 000–000
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Diversity problem

• Samples of galaxy 
rotation curves of 
similar maximum 
circular velocity


• Surprising diversity 
in galaxy rotation 
curves


• In contrast with 
robust prediction of 
CDM simulations 
(colored bands)
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Figure 6. Circular velocity at r = 2 kpc vs the maximum circular velocity, Vmax, for observed and simulated galaxies. For observed galaxies we use
the maximum rotation speed as an estimate of Vmax, and the rotation speed measured at 2 kpc for Vcirc(2 kpc). We show only simulated systems for
which the convergence radius is less than 2 kpc, and observed galaxies for which the nominal angular resolution of the data is better than the angle
subtended by 2 kpc at the galaxy’s distance. Top-left: Results for dark matter-only simulations (grey points), together with the correlation expected for
NFW haloes of average concentration (solid black line). The thick gray line traces the mean Vcirc(2 kpc) as a function of Vmax, whereas the shaded
areas show the standard deviation. Top-right: As the top-left panel, but for simulated galaxies in the LOCAL GROUPS and EAGLE cosmological
hydrodynamical simulations (red symbols). See the legend for details about each symbol type. The grey line and grey shaded region repeat the DMO
correlation in the top-left panel, the red line and shaded region are analogous for the hydrodynamical simulations. Bottom-left: Observed galaxies (small
text labels identify individual objects). The different symbols show the different tracers observed (H I, H ↵, other features in the optical) and whether
the observations are in 1 dimension (1D, e.g. long slit spectroscopy) or 2 dimensions (2D, e.g. radio interferometry, integral field spectroscopy). Solid
lines and shaded regions are as in the top right panel. Note the large variation in Vcirc(2 kpc) at fixed Vmax compared with the simulation results.
The dotted, dashed and dot-dashed lines indicate the changes in Vcirc(2 kpc) induced by removing a fixed amount of mass from the inner 2 kpc of
⇤CDM haloes, as labelled. The blue-shaded region highlights systems with an inner 2 kpc mass deficit exceeding 5⇥ 10

8M�. Bottom-right: Results
of recent simulations that report the formation of cores in the dark matter profiles of ⇤CDM haloes. These cores lead to a slight reduction in the value
of Vcirc(2 kpc) relative to those in our simulations, but the changes are insufficient to explain the full range of values spanned by the observational
data. The dotted lines and dashed lines are as in the bottom-left panel, for ease of comparison.

shown by the red symbols in the top-right panel of Fig. 6,
which show results for our hydrodynamical simulations. The
main result of including baryons is to shift the expected cor-
relation toward higher values of Vcirc(2 kpc) for galaxies with
Vmax >⇠ 60 km s�1. This is not surprising: the assembly of the
luminous galaxy adds mass to the central few kiloparsecs and
raises the circular velocity there. A tight relation between Vmax

and Vcirc(2 kpc) remains, however: the scatter increases only
slightly, to at most ⇠ 0.15 dex (standard deviation).

Observed galaxies are shown in the bottom-left panel of
Fig. 6. The diversity of rotation curves alluded to above is
clearly seen here. At Vmax ⇠ 70 km s�1, for example, the
rotation speed at 2 kpc of observed galaxies spans more than

a factor of ⇠ 4, or about a factor of ⇠ 16 in enclosed mass.
Some of those galaxies, like DDO 168 have rotation speeds
at 2 kpc comparable to the maximum (Vmax ⇠ 62 km s�1,
Vcirc(2 kpc) ⇠ 58 km s�1), which indicates an enclosed mass
of ⇠ 2.3 ⇥ 109 M�, or about twice as much as the total bary-
onic mass of the galaxy, according to the baryonic Tully-Fisher
relation; Mbar/M� = 102.3 (Vmax/ km s�1)3.82 (McGaugh
2012). At the other extreme, galaxies like UGC 5750 (Vmax >⇠
73 km s�1) 5 have rotation speeds at 2 kpc of just ⇠ 20 km s�1,

5 A rightward arrow is used in the bottom left panel of Fig. 6 to indi-
cate cases where the rotation curve is still rising at the outermost radius

c� 0000 RAS, MNRAS 000, 000–000



Missing satellite problem

FIG. 6: Left: Abundance of subhalos within the MW (dashed) and Virgo cluster (solid) in ⇤CDM simu-
lations, compared with the distribution of observed MW satellites (filled circles) and galaxies in the Virgo
cluster (open circles). Reprinted from Ref. [70]. Right: Circular velocity profiles for MW subhalos with
Vmax > 10 kms�1 predicted from CDM simulations (purple lines). Each data point corresponds to Vcirc

evaluated at the half-light radius for nine brightest MW dwarf spheroidal galaxies. Reprinted from Ref. [75].

simulations. This conflict is referred as the “missing satellites problem.” We note that a similar
descrepancy does not appear for galactic-scale substructure in galaxy clusters (shown in Fig. 6
(left) for the Virgo cluster).

One possibility is that these subhalos exist but are invisible because of the low baryon content.
For low-mass subhalos, baryonic processes may play an important role for suppressing star for-
mation. For instance, the ultraviolet photoionizing background can inhibit gas collapse into DM
halos by heating the gas and reducing the gas cooling rate, which could suppress galaxy formation
in halos with circular velocities less than 30 km/s [204, 205]. In addition, after the initial star for-
mation episode, supernova-driven winds could push the remaining gas out of the shallow potential
wells of these low mass halos [206].

The discovery of many faint new satellites in the Sloan Digital Sky Survey has suggested that
as many as a factor of ⇠ 5 � 20 more dwarf galaxies could be still undiscovered due to faintness,
luminosity bias, and limited sky coverage [207, 208, 209]. More recently, seventeen new candidate
satellites have been found in the Dark Energy Survey [210, 211]. Given these considerations, the
dearth of MW subhalos may not be as severe as thought originally.

A similar abundance problem has arisen for dwarf galaxies in the field of the Local Volume.
The velocity function—the number of galaxies as a function of their HI line widths—provides
a useful metric for comparing to CDM predictions since HI gas typically extends out to large
distances to probe Vmax for the halo [212, 213]. While in accord with observations for larger
galaxies, the velocity function for CDM overpredicts the number smaller galaxies with Vmax .
80 km/s [36, 72, 73]. For example, Klypin et al. [214] find ⇠ 200 nearby galaxies within 10
Mpc with Vmax ⇠ 30 � 50 km/s, while CDM predicts O(1000). Unlike the satellites, which
are considerably smaller and fainter, these galaxies are relatively bright dwarf irregulars where
observations are essentially complete within this volume.

One explanation for this missing dwarf problem is that HI line widths may be biased tracers
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Where are these substructures?  
Are they hidden, or nonexistent?



Too-big-to-fail problem

• CDM simulations predict 
existence of many halos with 
large circular velocity than 
observed


• These would be dense halos, 
so it is hard to imagine that 
they fail to form stars

FIG. 6: Left: Abundance of subhalos within the MW (dashed) and Virgo cluster (solid) in ⇤CDM simu-
lations, compared with the distribution of observed MW satellites (filled circles) and galaxies in the Virgo
cluster (open circles). Reprinted from Ref. [70]. Right: Circular velocity profiles for MW subhalos with
Vmax > 10 kms�1 predicted from CDM simulations (purple lines). Each data point corresponds to Vcirc

evaluated at the half-light radius for nine brightest MW dwarf spheroidal galaxies. Reprinted from Ref. [75].

simulations. This conflict is referred as the “missing satellites problem.” We note that a similar
descrepancy does not appear for galactic-scale substructure in galaxy clusters (shown in Fig. 6
(left) for the Virgo cluster).

One possibility is that these subhalos exist but are invisible because of the low baryon content.
For low-mass subhalos, baryonic processes may play an important role for suppressing star for-
mation. For instance, the ultraviolet photoionizing background can inhibit gas collapse into DM
halos by heating the gas and reducing the gas cooling rate, which could suppress galaxy formation
in halos with circular velocities less than 30 km/s [204, 205]. In addition, after the initial star for-
mation episode, supernova-driven winds could push the remaining gas out of the shallow potential
wells of these low mass halos [206].

The discovery of many faint new satellites in the Sloan Digital Sky Survey has suggested that
as many as a factor of ⇠ 5 � 20 more dwarf galaxies could be still undiscovered due to faintness,
luminosity bias, and limited sky coverage [207, 208, 209]. More recently, seventeen new candidate
satellites have been found in the Dark Energy Survey [210, 211]. Given these considerations, the
dearth of MW subhalos may not be as severe as thought originally.

A similar abundance problem has arisen for dwarf galaxies in the field of the Local Volume.
The velocity function—the number of galaxies as a function of their HI line widths—provides
a useful metric for comparing to CDM predictions since HI gas typically extends out to large
distances to probe Vmax for the halo [212, 213]. While in accord with observations for larger
galaxies, the velocity function for CDM overpredicts the number smaller galaxies with Vmax .
80 km/s [36, 72, 73]. For example, Klypin et al. [214] find ⇠ 200 nearby galaxies within 10
Mpc with Vmax ⇠ 30 � 50 km/s, while CDM predicts O(1000). Unlike the satellites, which
are considerably smaller and fainter, these galaxies are relatively bright dwarf irregulars where
observations are essentially complete within this volume.

One explanation for this missing dwarf problem is that HI line widths may be biased tracers
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Solutions?
• Baryon feedback 

• 5% of the total matter, but exceedingly important at small scales


• Sub-grid physics: hard to model/simulate


• Different dark matter candidate other than CDM 

• Warm dark matter: larger velocity at matter-radiation equality → 
wash small-scale structures away


• Self-interacting dark matter: redistribution of kinetic energy in 
the halo central region through self-scattering



Hotness/coldness of dark matter species

• Cold dark matter (e.g., GeV-TeV WIMPs): predicted 
smallest halos ~ Earth size or smaller


• Hot dark matter (e.g., sub-eV neutrinos): erase too much 
structures through free-streaming → already excluded


• Warm dark matter (e.g., keV sterile neutrinos): mass tuned 
such that they erase structures at sub-galactic scale



WDM simulation

Small-scale substructures suppressed, 
but doesn’t seem to solve cusp vs core 
problem

Properties of WDM haloes 11

type satellites. This result also gives us confidence that our
ability to count satellites is not impaired by the numerical
issues (c.f. Polisensky & Ricotti 2011).

The known number of satellites in the Milky Way halo,
22, is a lower limit to the total number within 280 kpc
of the galaxy’s centre, the distance to which the tip of
the red giant branch can be detected in the SDSS. This
is because although all the classical satellites (i.e. satel-
lites brighter than MV = −11) have probably been discov-
ered, SDSS surveyed only 20 percent of the sky [data re-
lease 5(DR5)]. Thus, a conservative lower limit to the WDM
particle mass is obtained by requiring that the simulation
should produce at least 22 satellites within this radius with
Vmax > 5.7 kms−1. Our m1.5 simulation produced only 25
subhaloes with Vmax greater than this value within the larger
radius, r200b = 429 kpc. Furthermore, the mass of the m1.5

halo, M200 = 1.80 × 1012M⊙, is towards the higher end of
acceptable values for the mass of the Milky halo; simula-
tions of haloes with lower mass would produce even fewer
subhaloes. Finally, any residual contamination by spurious
subhaloes would artificially inflate the numbers in our sub-
halo sample. Thus, we can safely set a conservative lower
limit to the mass of the WDM particle of mWDM = 1.5 keV.

We can set a less conservative but still robust lower
limit to mWDM by correcting the observed number of SDSS
satellites to take into account the area surveyed. A simple
extrapolation multiplying the observed number by a factor
of 5 has to be taken with caution because we know that the
classical satellites are not distributed isotropically but are
concentrated towards a plane, called the ‘Great pancake’
by Libeskind et al. (2005). However, from analysis of the
Aquarius simulations, Wang et al. (2012) have argued that
such flat configurations occur only for the most massive ∼
10 subhaloes and the anisotropy of the distribution falls off
rapidly with increasing sample size so that samples of ∼ 50
subhaloes follow quite close the overall shape of the halo.
Based on this, we do not make any corrections for anisotropy
and conclude that the Milky Way contains at least 11 + 5×
11 = 66 satellites with Vmax > 5.7km s−1within 280 kpc.
Using the same argument as before, counting out to a radius
of 419 kpc in the simulations to be conservative, we find that
only the m2.3 and CDM models produces enough satellites
to satisfy the limit.

To make an estimate of the halo-to-halo scatter, we
make use of the result of Boylan-Kolchin et al. (2010) that
the intrinsic scatter in the abundance of CDM subhaloes,
σscatter, can be fit by the sum of the Poisson, σ2

P, and intrin-
sic, σ2

I , variances:

σ2
scatter = σ2

P + σ2
I , (10)

where σ2
P = ⟨N⟩ and σ2

I = sI⟨N⟩2. Here, sI is a constant,
which Boylan-Kolchin et al. (2010) calibrate against their
simulation results and thus obtain sI = 0.18. They also
found that the probability distribution for the number of
subhaloes N , given the mean ⟨N⟩ and intrinsic coefficient
sI, is well described by the negative binomial distribution:

P (N |r, p) =
Γ(N + r)

Γ(r)Γ(N + 1)
pr(1− p)N , (11)

where p = [1 + s2I ⟨N⟩]−1 and r = s−2
I . We then adopt
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Figure 11. Cumulative subhalo mass, Msub, (top panel) and
Vmax (bottom panel) functions of subhaloes within r < r200b of
the main halo centre in the high resolution simulations at z = 0.
Solid lines correspond to genuine subhaloes and dashed lines to
spurious subhaloes. The black line shows results for CDM-W7
and the colours lines for the WDM models, as in Fig. 1. The
black cross in the lower panel indicates the expected number of
satellites of Vmax > 5.7km s−1as derived in the text.

the number of subhaloes within r200b from each of our
models as the distribution mean and compute the prob-
ability that a given halo will have at least 66 subhaloes.
This probability equals 22 percent for m2.0 and 0.30 per-
cent for m1.6. Therefore, we conclude on this evidence that
mWDM > 1.6 keV1. This is a more conservative limit than
found by Polisensky & Ricotti (2011), although our choice
of central halo is slightly more massive than theirs. A larger
suite of WDM simulations is required to determine more
precisely the variation in WDM subhalo abundance at a
given host halo mass as well as the systematic variation of
abundance with host halo mass.

1 To check whether this limit is sensitive to our choice of scut ,
we repeated the analysis lowering scut by 20 percent. In this case
the probability for the m1.6 model increases to 2.7 percent; thus
this mass is still excluded at 95 percent confidence.
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Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.
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Figure 17. Spherically averaged radial density profiles of subhaloes in simulations of different WDM particle mass. The subhaloes have
been matched across simulations on the basis of their position and mass. However, it should be noted that in some cases the matches
are uncertain. The different colours correspond to different WDM particle masses: red, orange, green and blue to 1.5, 1.6, 2 and 2.3 keV
respectively, while black corresponds to the CDM case. In the legend, d1.5 is the distance of the subhalo from the main halo centre in
the mWDM = 1.5keV, M1.5 is the mass of the subhalo also in this case, and M1.5/MCDM is the ratio of this mass to that of the CDM
counterpart. As in Fig. 14 the density profiles are shown by thick lines down to the smallest radius at which they satisfy the convergence
criterion of Power et al. (2003), and are continued by thin lines down to a radius equal to twice the softening length

mass), the majority of any dSphs residing in subhaloes like
these would not show clear signs of tidal disruption.

4.4 The abundance of the most massive subhaloes

Boylan-Kolchin et al. (2011, 2012) showed that the most
massive subhaloes in the Aquarius halo simulations are much
too massive and concentrated to host the brightest dSph
satellites of the Milky Way. Parry et al. (2012) reached the
same conclusion using gasdynamic simulations of the Aquar-
ius haloes. This discrepancy was called the ‘too big to fail
problem’ by Boylan-Kolchin et al. Subsequently Wang et al.
(2012) showed that the extent of the discrepancy depends

strongly on the mass of the Galactic halo and all but disap-
pears if the Milky Way’s halo has a mass of 1 × 1012M⊙,.
Alternatively, Lovell et al. (2012) showed the the problem
is naturally solved in a WDM model even if the mass of
the Galactic halo is 2 × 1012M⊙. Their WDM model, cho-
sen to have a particle mass only just compatible with the
Lyman-α constraints of Boyarsky et al. (2009a,b) (but not
with the more recent constraint quoted by Viel et al. 2013)
is the m1.5 model of the current study.

The MilkyWay contains three satellites, the LMC, SMC
and Sagittarius, that are brighter than the brightest dSph,
Fornax. The ‘too big to fail problem’ consists of having sub-
stantially more than three massive subhaloes within 300 kpc
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Self-interacting dark matter (SIDM)

• Proposed by Spergel & 
Steinhardt (2000)


• Required cross section:


• This corresponds to ~1 
scattering per particle in inner 
~1 kpc during the Hubble time


• This is still below the upper 
limit from bullet clusters

�

m�
⇠ 1 cm2 g�1

E.g., dark matter fermions 
mediated by massive vector 
boson (dark radiation)



Density profile, circular velocity and SIDM

FIG. 9: Left: Density profiles for halo with mass ⇠ 1010 M� (dubbed “Pippin”) from DM-only simulations
with varying values of �/m. Right: Rotation curves for Pippin halo with �/m & 0.5 cm2/g are broadly
consistent with measured stellar velocities (evaluated at their half-light radii) for field dwarf galaxies of the
Local Group. Reprinted from Ref. [111].

50 cm2
/g, leads to an increasing central density, indicating this halo has entered core collapse.

Nevertheless, core collapse is mild. Density profiles with �/m = 0.5 � 50 cm2
/g, spanning

two orders of magnitude, vary in their central densities by only a factor of ⇠ 3. Comparing with
data for field dwarfs in the Local Group, Fig. 9 (right) shows that predicted SIDM rotation curves
for 0.5 � 50 cm2

/g are consistent with the velocities and half-light radii inferred from several
observed galaxies. This illustrates not only how SIDM affects both the core-cusp and TBTF
problems simultaneously, but that �/m need not be fine-tuned to address these issues.

The conclusion from these studies is that �/m & 0.5 cm2
/g can produce O(kpc) cores needed

to resolve dwarf-scale anomalies [111]. However, the upper limit on �/m at these scales—due to
core collapse producing a too-cuspy profile—remains unknown.

Cluster scales: Next, we turn to clusters (Mhalo ⇠ 1014�1015 M�). The first cosmological sim-
ulations at these scales were performed by Yoshida et al. [101], which studied a single 1015 M�
halo for �/m = 0.1, 1, and 10 cm2

/g. More recently, Rocha et al. [94] performed simulations
targeting similar scales, but over much larger cosmological volume, for �/m = 0.1 and 1 cm2

/g.
The best-resolved halos in their volume span 1012�1014 M�. For 1 cm2

/g, the central density pro-
files are clearly resolved for the Yoshida halo and for ⇠ 50 Rocha halos. On cluster scales, SIDM
halos have O(100 � 200 kpc) radius cores and central densities ⇢0 ⇠ few ⇥ 10�3 M�/pc3. For
�/m = 0.1 cm2

/g, the simulations lack sufficient resolution to fully resolve the cored inner halo,
though O(30 kpc) radius cores seem a reasonable estimate. For �/m = 10 cm2

/g, the Yoshida
halo has a similar density profile compared to 1 cm2

/g, although the former is considerably more
spherical (ellipticity is discussed below).

It is important to note that SIDM halos exhibit variability in their structure. Within the Rocha
et al. [94] halo sample, SIDM halos, with fixed �/m = 1 cm2

/g and fixed Vmax, show an order-of-
magnitude scatter in their central densities. The dwarf halo samples from Davé et al. [102] show a
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Figure 8. Circular velocity profiles at z = 0 for the top 15 most massive subhaloes (largest peak circular velocity) of the Aquarius-A halo for the different
SIDM reference models as given in the legends. The upper left panel shows the standard CDM case, while the bottom panels show two examples of the
vdSIDM models described in section 2.1. Observational estimates of Vcirc(r1/2) for the MW dSphs are shown with black circles with error bars (Walker et al.
2009; Wolf et al. 2010). All SIDM results are shown at level 3 resolution which is sufficient for convergence due to the subhalo density cores that form in these
models (see Figures 7 and 9). RefP0 is shown at level 2 resolution (2.8⇥ 65.8 ⇠ 184 pc spatial resolution), because the CDM subhaloes form cuspy profiles
which require higher numerical resolution for convergence (see Figure 9). Clearly, the most massive subhaloes in the CDM model are dynamically inconsistent
with the MW dSphs, whereas the SIDM subhaloes are consistent with the data. We note that the constant cross section RefP1 case is ruled out by different
observations at the scale of galaxy clusters and is shown here only as a reference. One of the shown subhaloes of RefP1 entered already the core-collapse
regime clearly visible from the circular velocity profiles (see also Figure 7 for the corresponding steep density profiles).

velop cuspy profiles, but have constant density cores as shown in
Figure 7. This convergence is explicitly demonstrated in Figure 9
(top panels) where we show the circular velocity curves of the 15
most massive subhaloes for RefP0 (left panel) and RefP3 (right
panel) at two levels of resolution: level 4 (dashed lines) and level 3
(solid lines). Clearly vdSIDM subhaloes have essentially converged
circular velocity profiles, whereas CDM subhaloes are still moving

towards a more concentrated mass distribution with increasing res-
olution4. The bottom panels of Figure 9 show the density profiles of
the five most massive subhaloes at all three resolutions (level 5 as

4 Although we do not show the RefP1 and RefP2 cases in Figure 9, they
also show good convergence as the RefP3 case.
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observation of low surface brightness (LSB) galaxies having den-
sity cores (de Blok & McGaugh 1997) (which contradicts the high
density cusps predicted by the CDM model (Navarro et al. 1996,
1997)) could be avoided if DM would be self-interacting. Current
observations of LSB galaxies (Kuzio de Naray & Spekkens 2011)
and MW dwarf spheroidals (dSphs) (Walker & Peñarrubia 2011)
seem to confirm the presence of density cores in low-mass haloes.
Since these galaxies are DM-dominated, it is challenging to invoke
baryonic processes as the main mechanisms responsible of alter-
ing so drastically the inner density profile of haloes. If DM is not
cold, then haloes are expected to have cores, although those asso-
ciated with currently allowed WDM models seem to be too small
to explain the observed cores of LSB galaxies (Kuzio de Naray &
Spekkens 2011; Villaescusa-Navarro & Dalal 2011). Haloes within
WDM simulations, although less concentrated, seem to have simi-
lar profiles as their CDM counterparts and they do not show a clear
sign of developing cores (e.g. Colı́n et al. 2000). High resolution
simulations within the WDM cosmogony are however challenging
(Wang & White 2007) and hence a consensus on the inner density
profile of WDM haloes has not been reached. SIDM models on the
other hand, lead naturally to the development of a substantial core
as was already shown by the first SIDM simulations (Yoshida et al.
2000a,b; Davé et al. 2001; Colı́n et al. 2002). It remains to be seen if
SIDM models are able to explain the observed cores of MW dSphs
and LSB galaxies.

The first SIDM models assumed a constant scattering cross
section and were quickly abandoned since those that could solve the
small-scale CDM problems seemed to violate several astrophysical
constraints, such as the observed ellipticity of the mass distribu-
tion of galaxy clusters (e.g. Miralda-Escudé 2002) and the surviv-
ability of satellite haloes (e.g. Gnedin & Ostriker 2001). To avoid
such constraints, simple ad hoc velocity-dependent cross sections
of the form 1/v↵ were explored (e.g. Colı́n et al. 2002), yielding
encouraging results that however lacked a proper underlying par-
ticle physics model. It has also been claimed that these velocity-
dependent SIDM models are not able to solve simultaneously the
core problem in DM-dominated systems and the “missing satellite
problem” (e.g. D’Onghia & Burkert 2003).

Loeb & Weiner (2011) proposed that the possible existence
of a Yukawa potential among DM particles can resolve the chal-
lenges facing SIDM with a constant cross section. The velocity de-
pendence of scattering through the massive mediator of this dark
force (similar to a screened Coulomb scattering in a plasma) could
make scattering important at the low velocity dispersion of dwarf
galaxies but unimportant at the much higher velocities encountered
in galaxy clusters. The possibility of exothermic reactions could
in addition introduce a special velocity scale around which the in-
fluence of the DM interaction peaks. The existence of dark forces
was studied earlier as a solution to cosmic ray anomalies through
enhanced dark matter annihilation (Arkani-Hamed et al. 2009)).

A recent analysis by Boylan-Kolchin et al. (2011a) puts for-
ward an additional challenge to the CDM model. The authors used
simulated MW-like haloes in a CDM cosmology to show that the
observed MW dSphs are only consistent with inhabiting relatively
low-mass CDM subhaloes, leaving a population of more massive
subhaloes with no galaxies associated to them, i.e., massive sub-
haloes of CDM MW-like haloes seem to be too dense to host the
bright MW dSphs. In a recent extension to this analysis, Boylan-
Kolchin et al. (2011b) showed that this problem is unlikely to
be solved invoking standard galaxy formation processes based on
CDM. This is one of the most serious challenges faced by the CDM
model and can perhaps be solved by invoking WDM (Lovell et al.

2011) or, alternatively, also naturally avoided in certain SIDM mod-
els as we explore in this work.

This is the first paper in a series whose objective is to study the
properties of DM (sub)haloes within allowed velocity-dependent
SIDM (vdSIDM) models using state-of-the-art numerical simula-
tions. In this work we only focus on the recently discovered prob-
lem pointed out by Boylan-Kolchin et al. (2011a,b) and demon-
strate how vdSIDM models can reduce the discrepancy between
observation and theoretical prediction. In Section 2 we briefly de-
scribe the particle physics model we use and present our numer-
ical algorithm including test simulations. In Section 3 we present
simulations of a MW-like dark matter halo using the initial con-
ditions of one of the Aquarius haloes (Springel et al. 2008) and
compare its resulting subhalo population, for a couple of represen-
tative cases in the parameter space of the vdSIDM model, with the
ones of the standard collisionless CDM model. These models are
then contrasted against observational data from the MW dSphs in
Section 4. Finally a summary and the conclusions of our work are
given in Section 5.

2 METHODOLOGY

2.1 Velocity-dependent SIDM (vdSIDM) models

We use a simplified particle physics model where the self-scattering
between DM particles of mass m� is set by an attractive Yukawa
potential with coupling strength ↵c mediated by a new gauge bo-
son of mass m� (either scalar or vector) in the dark sector. We re-
fer the reader to Feng et al. (2010b); Finkbeiner et al. (2011); Loeb
& Weiner (2011) for details on the particle physics model and its
available parameter space. If we only consider elastic interactions,
the scattering problem is analogous to the screened Coulomb scat-
tering in a plasma, which is well fitted by a transfer cross section
given by:
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2) and �max
T =

22.7/m2
�, and v is the relative velocity of the DM particles. Here

vmax is the velocity at which (�T v) peaks at a transfer cross section
equal to �max

T .
The value of �max

T /m� is constrained by different astrophys-
ical measurements, the most stringent being: i) the observed ellip-
soidal shape of haloes as implied by X-ray data of galaxy clus-
ters and ellipticals (Miralda-Escudé 2002; Feng et al. 2010a); ii)
avoidance of the gravothermal catastrophe leading to inner den-
sity profiles even steeper than those predicted in CDM (Firmani
et al. 2001); and iii) avoidance of the destruction of subhaloes
through collisions with high velocity particles from a larger par-
ent halo (Gnedin & Ostriker 2001). There is a summary of these
and other constrains in Table I of Buckley & Fox (2010) and in
Figure 2 of Loeb & Weiner (2011): on the scales of dwarf galaxies,
�vel ⇠ 10 km s�1, the allowed values for the transfer cross section
are roughly constrained from above by �max

T /m� . 35 cm2 g�1,
and are much lower at �vel ⇠ 100 km s�1, where the constraints
are stronger by approximately two orders of magnitude. Since we
are interested in the possibility of producing cored density profiles
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to explain the observed cores of LSB galaxies (Kuzio de Naray &
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make scattering important at the low velocity dispersion of dwarf
galaxies but unimportant at the much higher velocities encountered
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fluence of the DM interaction peaks. The existence of dark forces
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low-mass CDM subhaloes, leaving a population of more massive
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be solved invoking standard galaxy formation processes based on
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lated scatter rate for a constant (�max
T /m� = 10 cm2 g�1, solid

lines) and velocity-dependent (vmax = 30 km s�1, �max
T /m� =

10 cm2 g�1, dashed lines) cross section. In the constant cross sec-
tion case we neglect the velocity dependence, whereas the velocity-
dependent case assumes the parametrisation of Eq. 1. We show
these rates for 6 different haloes, where we have chosen the scale
radii a to follow a cosmologically motivated mass-concentration
relation c / M�1/9 (e.g. Neto et al. 2007). In the other two pan-
els of Figure 1 we compare the analytic scatter rates to the result
of the N-body (N = 106, Plummer equivalent softening length
✏ = 0.0063⇥ a) calculation assuming a frozen particle configura-
tion. The middle panel shows the constant cross section, whereas
the right panel shows the result for the velocity-dependent cross
section. All cases show good agreement between the analytic result
and the simulation.

In Figure 2 (two top panels) we show the density and velocity
dispersion profiles for the same haloes and the same constant cross
section with a live N-body (N = 106, ✏ = 0.0063 ⇥ a) system
after 25 t0, where

⇢0 =
M

2⇡a3
, v0 = a

p
4⇡G⇢0, t�1

0 =
�T
p
2⇡

â

r
GM3

a7
, (9)

and â = 2.26 (see Koda & Shapiro 2011). As expected all haloes
evolve in the same way if time is expressed in units of t0, density in
units of ⇢0 and velocity in units of v0. Core expansion is maximised
around 25 t0, and after that the core-collapse phase slowly starts.
The two lower panels of Figure 2 show density and velocity disper-
sion profiles for the velocity-dependent case after 1 Gyr. Within
this time span the haloes reach different levels of core expansion
due to their different velocity structure with the lowest mass halo
showing the largest core at that time.

3 COSMOLOGICAL SIMULATIONS OF A GALACTIC
SIDM HALO

3.1 Initial Conditions and Models

The initial conditions for our cosmological MW-like halo simula-
tions are taken from the Aquarius Project (Springel et al. 2008).
This has the advantage that we can compare subhalo properties
object-by-object with CDM simulations that have already been car-
ried out at very high resolution. In addition, we can directly com-
pare our results with those of Boylan-Kolchin et al. (2011b), who
found the massive subhalo failure problem described in the Intro-
duction using Aquarius data2. The Aquarius initial conditions use
the following cosmological parameters: ⌦m = 0.25, ⌦⇤ = 0.75,
h = 0.73, �8 = 0.9 and ns = 1; where ⌦m and ⌦⇤ are the contri-
bution from matter and cosmological constant to the mass/energy
density of the Universe, respectively, h is the dimensionless Hubble
constant parameter at redshift zero, ns is the spectral index of the
primordial power spectrum, and �8 is the rms amplitude of linear
mass fluctuations in 8 h�1 Mpc spheres at redshift zero. The haloes
were selected to be representative of the MW halo with different
merger histories. Here we focus on the Aq-A halo and re-simulate
it within the SIDM model described before at different resolutions.
We note that we only consider scatter events between high reso-
lution particles, i.e. massive boundary particles behave like CDM.

2 We note that Boylan-Kolchin et al. (2011b) also did the analysis using
data from the Via-Lactea simulations (Diemand et al. 2008) and found the
same problem.

Name Type �max
T /m� [cm2 g�1] vmax [km s�1]

RefP0 CDM / /

RefP1 SIDM (ruled out) 10 /

RefP2 vdSIDM (allowed) 3.5 30

RefP3 vdSIDM (allowed) 35 10

Table 1. Reference points and their particle physics parameters explored
in our simulations. RefP1 serves only as a benchmark point for tests, since
it is well-known that such a large constant cross section violates various
astrophysical constraints. RefP2 and RefP3 do not violate any constraints
and potentially have a significant effect on the density profiles of low-mass
subhaloes. The latter two reference points are therefore the ones we will
mainly focus on.

This does not introduce any bias effects since our SIDM models
produce the same large scale structures as CDM, i.e. tidal effects
due to the boundary particles are treated correctly even when ne-
glecting their self-scattering. Furthermore the high resolution re-
gions of all the simulations presented here are free of any contami-
nation from boundary particles.

In Table 1 we show the SIDM models we consider in this pa-
per. RefP0 is the vanilla CDM case and RefP1 only serves as a test
case to demonstrate various effects since is ruled out based on astro-
physical constraints. For instance, observations of the Bullet cluster
place an upper limit to the DM scattering cross section which is be-
low the value used in the RefP1 case: �T /m� < 1.25 cm2 g�1

(Randall et al. 2008)3. RefP2 and RefP3 on the other hand, do not
violate any constraints and potentially have a significant effect on
the density profiles of low-mass subhaloes. The latter two reference
points are therefore the ones we will mainly focus on.

In the following, we investigate the effects of DM self-
interaction on the present-day properties of the MW-like halo and
its subhaloes, which consist of self-bound groups of particles iden-
tified by the SUBFIND algorithm (Springel et al. 2001) down to a
group with a minimum of 20 particles.

3.2 Main halo

A first visual impression of the structure of the halo in the differ-
ent DM models is given in Figure 3, where we show density pro-
jections of the halo for the models given in Table 1. Clearly, the
disfavoured RefP1 model with a large constant cross section has a
very different density distribution with a spherical core in the cen-
tre. Substructures also share these properties being less dense and
more spherical in this simulation. The vdSIDM models RefP2 and
RefP3 on the other hand can hardly be distinguished from the CDM
case (RefP0) in this figure. As we see below, the internal struc-
ture of the massive subhaloes does actually change significantly
with respect to the CDM case. We note that the spherical cores in
self-interacting models are due to the assumed isotropic scattering
process, which tends to isotropise particle orbits leading to a more
isotropic and spherical configuration.

The left panel of Figure 4 shows the main halo density profiles

3 A large constant cross section model will also create a core and isotropise
the central part of galaxy clusters. There are stringent constraints on the
cross section for these systems, for instance, Miralda-Escudé (2002) derived
a limit of �T /m� < 0.02 cm2 g�1 by analysing the ellipticity of a cluster
core.
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FIG. 2: Left two panels show the SIDM fits to the rotation curves of NGC 6503 and UGC 128. They asymptote to Vf ⇡ 130 km/s in the
outer parts, but their inner rotation curves are very different. The right panel show the SIDM fit to a highly luminous galaxy, NGC 2903. The
total fit is displayed in red and it includes contributions from the SIDM halo (blue solid), stars (magenta dashed), gas (magenta dot-dashed),
and bulge (magenta long-dashed). The predictions of the corresponding CDM halo (dotted) and the SIDM halo neglecting the influence of the
baryons (asterisk) are also shown.

obtained excellent fits overall, with �2/dof < 1 for 23 galax-
ies (DDO 52, 154, 87 126; UGC 128, 5005, 11707, 4483,
3371, 5721, 12506, 1281; UGCA 442; NGC 2366, 7331,
2403, 3109, 1560, 2903, 3198; F583-1, F579-V1, M33), and
�2/dof < 2 for the rest (UGC 2841, 5750; NGC 6503, F571-
8, F563-V2, DDO 133, IC 2574). In Figs. 2 and 3, we show
the fits to some of the most extreme examples highlighted
in [15]1. For each galaxy, we compute the thin disk param-
eters (⌃0, Rd) that best match the rotation curves of the stellar
disk in the literature, given a value of the mass-to-light ratio
(⌥⇤). In computing ⇢iso, we have neglected the potential of
the gaseous disk and stellar bulge, which is a good approxi-
mation for the fits shown here. In our fits, the outer halo Vmax

is essentially set by the measured Vf and the freedom in the
fits is primarily due to ⌥⇤ and the scatter allowed in the con-
centration of the outer halo.

NGC 6503 [42] and UGC 128 [43] clearly illustrate the di-
verse features in the rotation curves caused by the baryon dis-
tribution in Fig. 2. Both galaxies have Vf ⇡ 130 km/s, but
their inner rotation curves are very different. For NGC 6503,
the circular velocity increases sharply in the inner regions and
reaches its asymptotic value around 5 kpc; in UGC 128, it
increases very mildly and reaches Vf at 20 kpc. Despite the
dramatic differences, the SIDM halo with median concentra-
tion provides a remarkable fit to both galaxies. NGC 6503
is a high surface brightness galaxy and its inner gravitational
potential is dominated by the stellar disk, which contributes
significantly to the observed Vcir. Moreover, the inner SIDM
(isothermal) halo density in the presence of the disk is al-
most an order of magnitude larger than when neglecting the
influence of the disk, which boosts the halo contribution at
Vcir(2 kpc) from 20 to 60 km/s. In contrast, the stellar disk

1 In the Appendix, we show the fits for the 24 other galaxies.

has a negligible effect on the SIDM halo of UGC 128.
It is interesting to note that in NGC 6503 the rotation curve

becomes flat at r ⇡ 3 kpc, which implies that the total den-
sity profile scales as a power-law in radius, with index close
to �2, from inner regions dominated by the disk to outer re-
gions dominated by dark matter. Thus, the thermalization of
dark matter in SIDM models provides a natural mechanism for
understanding the long-standing puzzle of the disk-halo con-
spiracy [35]. This power-law behavior of the total mass den-
sity is prevalent in large spiral and elliptical galaxies [44, 45].
We show the SIDM fit to the rotation curve of massive spiral
galaxy NGC 2903 [11] in right panel of Fig. 2 as an example.

In Fig. 3, we show SIDM fits for UGC 5721 [46, 47], NGC
1560 [48], and UGC 5750 [8, 43, 49, 50]. All have similar
Vf ⇡ 80 km/s, but the shapes of the rotation curves are very
different in the inner regions. UGC 5721 and UGC 5750 are
at opposite extremes for the rotation curve diversity in this
mass range. Despite the diversity, the SIDM halo model pro-
vides an impressive fit to the rotation curves. We find that
NGC 1560 has a median halo, UGC 5721 has a denser halo,
and UGC 5750 has an underdense halo, but all within 2� of
the median expectation. The observed Vcir(2 kpc) is close to
20 km/s for UGC 5750, while the corresponding CDM halo
has Vcir(2 kpc) ⇡ 30 km/s even with a concentration 2�
lower than the median value. The effect of the disk is most
significant in UGC 5721, resulting in a SIDM halo similar
to the CDM one and a flat Vcir even at 2 kpc. The effect
becomes mild in NGC 1560 and negligible in UGC 5750,
consistent with their luminosities. We have further checked
that UGC 5721 can also be fit with a 1.5� higher c200 value
and M200 = 6 ⇥ 1010M�, and UGC 5720 with a 1.5� lower
c200 value and M200 = 8 ⇥ 1010M�. This is due to a mild
c200–M200 degeneracy.

V. Diversity from uniformity. The diversity problem is
solved by a combination of features in ⇤SIDM that are not
separate pieces to be tuned but instead arise from the require-
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FIG. 3: SIDM fits (red solid) to the rotation curves of spiral galaxies UGC 5721, NGC 1560, and UGC 5750, all with Vf ⇡ 80 km/s but
showing extreme diversity in the inner parts. Line types are the same as Fig. 2.

ment that the inner halo at r . r1 is thermalized. While the
inner rotation curves display great diversity for the same halo
mass, there are also remarkable similarities. In Fig. 4, we
plot a measure of the surface density of dark matter defined as
⌃DM,0 = ⇢0rc, where ⇢0 is the central density inferred from
the fits and rc is the core radius where the dark matter den-
sity is half of ⇢0. We split the 30 galaxies into three samples
by the effect that the baryons have on the halo profiles: the
“minimal” sample is where the halo profiles are essentially un-
changed by the baryons, while the “maximal” sample shows
a roughly 1/r2 scaling for the total density profile over most
of the halo. The changes to the dark matter density profile of
the “moderate” sample is in between that of the minimal and
maximal samples.

The minimal sample shows a clear scaling relation for
⌃DM,0 vs. Vmax (of the NFW halo), which is a reflection
of the concentration-mass relation [51]. Our model predicts
⌃DM,0 / V 0.7

max, which may be roughly understood from the
approximate scalings rc / rs [18] and ⇢0 / V 2

max/r
2
s from

dimensional arguments. However, there is clear deviation
when baryons become important, since ⇢0 increases and the
core radius is set by the gravitational potential of the baryons.
Our ⌃DM,0 values for the minimal sample are consistent with
previous results [52].

VI. Self-interaction cross section. We fixed �/m =
3 cm2/g in our analysis and it provided good fits for all 30
galaxies with c200 values within the 2� range, and mass-to-
light ratios in the range preferred by recent measurements
[53–55]. Galaxies with low Vcir(2 kpc) like UGC 5750 and
IC 2574 drive the preference for this large �/m. However,
there are degeneracies among �/m, ⌥⇤ and c200. For higher
luminosity galaxies, in particular those with Vf & 200 km/s
such as NGC 2903, 7331, 2841, and UGC 12560, good fits can
also be found with smaller cross sections, �/m ⇠ 1 cm2/g,
by varying ⌥⇤ very mildly. This implies that a mild velocity
dependence, which would be required by the galaxy cluster
constraints in specific models [23, 34], is also consistent with
the data. We have checked that the ⌥⇤ values (disk masses)

FIG. 4: The inferred SIDM core density times core radius (“surface
density”) for the 30 galaxies we have fit. The “minimal” sample
is composed of dark matter dominated galaxies for which baryons
don’t change the SIDM profile significantly. The surface densities
of these galaxies scale as V 0.7

max (dashed line), which can be traced to
the concentration-mass relation. The “intermediate” (triangles) and
“maximal” (circles) samples show progressively increasing effects of
the stellar disk on the SIDM halo.

required by the fits are consistent with abundance matching
expectations [56]. We leave a detailed exploration of the cross
section, abundance matching and cosmological dependence
for a future statistical analysis of a larger sample of galaxies.

VII. Conclusions. The rotation curves of spiral galaxies
exhibit considerable diversity, which lacks an explanation.
The problem is most severe for flat rotation velocities in
the range 60–100 km/s, with almost an order of magnitude
spread in the inferred dark matter core densities. To address
this problem in the context of SIDM models, we developed
numerical templates for modeling the SIDM halo including
the presence of a stellar disk and fit a wide variety of ro-
tation curves for spiral galaxies that exemplify the diversity
over three orders of magnitude in total mass. Our model uti-
lizes the ⇤CDM concentration-mass relation and a fixed self-
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Summary: Small-scale problems of CDM

• While CDM is successful at large scales, there are several 
issues at small scales: cusp vs core, diversity, missing 
satellites, too-big-to-fail


• Although baryonic physics may address these issues, they 
may hint toward particle nature of dark matter


• Both warm dark matter and self-interacting dark matter 
may provide solutions to some of these issues while keeping 
CDM success at large scales


• These dark matter models can be tested through colliders, 
direct, and indirect detection experiments


