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Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

!

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

!

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius
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 Oort, 1932: Stars in Milky Way disk

 Zwicky, 1933: Galaxies in Coma cluster

 Results corroborated by rotation curves of spiral galaxies 
[Babcock, 1939, Bosma, 1978; Rubin & Ford, 1980]

History of dark matter

 Astronomers provided first evidence for dark matter



MACHOs: History and recent results

✦ Dark, compact bodies would be 
detected by gravitational lensing 
[Einstein 1936]

✦ Time-scale of a microlensing event is 
proportional to the square of lens mass 

FIG. 4.ÈLight curves for the 29 candidates (25 stars) discussed in ° 3.2. For each object, the top and bottom panels show blue and red passbands,
respectively. Flux is in linear units with 1 p estimated errors, normalized to the Ðtted unlensed brightness. Full light curves are shown with 2 day binning ;
insets of the event regions are unbinned. The thick line shows the Ðt to unblended microlensing (Table 5), except for probable SN, for which both the
unblended Ðt (solid line) and SN Type Ia Ðt (dashed line) are shown.
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MACHOs: History and recent results

Probability for a microlensing event to 
occur is very small, ~ 10-6

 Use a dense field of stars as a target: 
LMC and SMC are ideal

About 20 candidate events have now 
been reported  
  
 However, likely that most of these  
 events  are ̀ `self-lensing” 

What have we learned?

402 P. Tisserand et al.: Limits on the Macho content of the Galactic Halo from EROS-2
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Fig. 14. The tE distribution dΓ/dtE expected for 1M⊙ lenses in a spheri-
cally symmetric isothermal halo with core radius 5 kpc, i.e. the S model
used by the MACHO collaboration (Alcock et al. 2000b).

as a function of τ as given by (9). For this analysis we use the
tE distribution of the S model (Alcock et al. 2000b) shown in
Fig. 14. It relates ⟨tE⟩ to the macho mass (assumed unique):
⟨tE⟩ = 70 d

√
M/M⊙. Limits using other halo models or macho

mass distributions can be found to often good approximation by
simply scaling (9) with ϵ(⟨tE⟩)/⟨tE⟩.

The expected number of LMC events for τlmc = 4.7 × 10−7

as a function of lens mass, M, is shown in Fig. 15a. For M =
0.4 M⊙, we have ⟨tE⟩ = 44 d, ⟨ϵ⟩ = 0.35, Nstar = 5.5 × 106

and Tobs = 2500 d, giving 32 LMC events for EROS-2. We
add 7 LMC events for EROS-1 to give a total of 39 expected
events for τlmc = 4.7 × 10−7.

For no observed events (N < 3.0, 95% CL), the 95% CL
upper limit on the optical depth is

τ

4.7 × 10−7 <
3

Nex(4.7 × 10−7)
· (16)

For 39 expected events, The upper limit is then τlmc < 0.36 ×
10−7. The limit on τlmc as a function of M is shown in Fig. 15b.
In the tE range favored by the MACHO collaboration, we find

τlmc < 0.36 × 10−7 × !1 + log(M/0.4 M⊙)
"

95% CL, (17)

i.e.

f < 0.077 × !1 + log(M/0.4 M⊙)
"

95% CL, (18)

where f ≡ τlmc/4.7 × 10−7 is the halo mass fraction within
the framework of the S model. This limit on the optical depth
is significantly below the value for the central region of the
LMC measured by the MACHO collaboration (Alcock et al.
2000b), τlmc/10−7 = 1.2+0.4

−0.3(stat.) ± 0.36(sys.) and the revised
value of Bennett (2005), τlmc/10−7 = 1.0 ± 0.3. The Alcock
et al. (2000b) optical depth used for the entire LMC predicts
that EROS would see ∼9 LMC events whereas none are seen.

For the SMC, the one observed event corresponds to an op-
tical depth of 1.7 × 10−7 (Nstar = 0.86 × 106). Taking into ac-
count only Poisson statistics on one event, 0.05 < Nobs < 4.74
(90% CL) this gives

0.085 × 10−7 < τsmc < 8.0 × 10−7 90% CL. (19)

This is consistent with the expectations of lensing by objects in
the SMC itself, τsmc ∼ 0.4 × 10−7 (Graff & Gardiner 1999). The
value of tE = 125 d is also consistent with expectations for self-
lensing ⟨tE⟩ ∼ 100 d for a mean lens mass of 0.35 M⊙.
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Fig. 15. The top panel shows the numbers of expected events as a func-
tion of macho mass M for the S model of Alcock et al. (2000b). The
expectations for EROS-2-LMC, SMC (this work) are shown along with
those of EROS-1 (Renault et al. 1997) with contributions from the
photographic plate program (Ansari et al. 1996a) and CCD program
(Renault et al. 1998). The number of events for EROS-2-SMC supposes
τsmc = 1.4τlmc. In the lower panel the solid line shows the EROS 95%
CL upper limit on f = τlmc/4.7 × 10−7 based on no observed events in
the EROS-2 LMC data and the EROS-1 data. The dashed line shows
the EROS upper limit on τlmc based on one observed SMC event in all
EROS-2 and EROS-1 data assuming τsmc−halo = 1.4τlmc. The MACHO
95% CL. curve is taken from Fig. 12 (A, no lmc halo) of Alcock et al.
(2000b).

We also note that the self-lensing interpretation is favored
from the absence of an indication of parallax in the light curve
(Assef et al. 2006).

We can combine the LMC data and the SMC data to give a
limit on the halo contribution to the optical depth by supposing
that the SMC optical depth is the sum of a halo contribution,
τsmc−halo = ατlmc (α ∼ 1.4) and a self-lensing contribution τsl.
(We conservatively ignore contributions from LMC self-lensing
and from lensing by stars in the disk of the Milky Way.) For
one observed SMC event with tE = 125 d and zero observed
LMC events, the likelihood function is

L(τlmc, τsl) ∝
#
ατlmcΓ

′
h(tE) + τslΓ

′
sl(tE)
$

exp [−N(τlmc, τsl)]

where N(τlmc, τsl) is the total number of expected events
(LMC and SMC) as a function of the two optical depths as
calculated with Eq. (8). The function Γ′h(tE) is the distribu-
tion (normalized to unit integral) expected for halo lenses of
mass M (Fig. 14) and Γ′sl(tE) is the expected distribution for
SMC self-lensing taken from Graff & Gardiner (1999). We as-
sume the SMC self-lensing optical depth is that calculated by
Graff & Gardiner (1999) though the results are not sensitive to
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considered in our analysis becomes:

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

⇥ 1

ln(10) Ji
⌃
2�⇥i

e�(log10(Ji)�log10(Ji))
2
/2�2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that

is commonly used in a standard single ROI analysis
of the LAT data, i indexes the ROIs, D represents
the binned gamma-ray data, pW represents the set of
ROI-independent DM parameters (⌅⇥annv⇧ ,mW , and the
annihilation branching ratios bf ), {p}i are the ROI-
dependent model parameters. In this analysis, {p}i in-
cludes the normalizations of the nearby point and dif-
fuse sources and the J-factor, Ji. log10(Ji) and ⇥i are
the mean and standard deviation of the distribution of
log10 (Ji), approximated to be gaussian, and their values
are given in cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
mW and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is a
standard method for treating nuisance parameters in like-
lihood analyses (see e.g., [30]), and consists of calculat-
ing the profile likelihood � lnLp(⌅⇥annv⇧) for several fixed
masses mW , where for each ⌅⇥annv⇧, � lnL is minimized
with respect to all other parameters. The intervals are
then obtained by requiring 2� ln(Lp) = 2.71 for a one-
sided 95% confidence level. The MINUIT subroutine MI-
NOS [31] is used as the implementation of this technique.
Note that uncertainties in the background fit (di⇥use and
nearby sources) are also treated in this way. The cover-
age of this profile joint likelihood method for calculating
confidence intervals has been verified using toy Monte
Carlo for a Poisson process with known background and
Fermi-LAT simulations of galactic and isotropic di⇥use
gamma-ray emission. The parameter range for ⌅⇥annv⇧
is restricted to have a lower bound of zero, to facilitate
convergence of the MINOS fit, resulting in slight over-
coverage for small signals, i.e. conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the bb̄ final state are shown in
Fig. 1, see also [32]. Including the J-factor uncertainties
in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (� 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the �+�� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (� 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
uncertainties on their J-factors. Conservatively, exclud-
ing these objects from the analysis results in an increase
in the upper limit by a factor ⇤1.5, which illustrates the
robustness of the combined fit.
Finally, Fig. 2 shows the combined limits for all stud-

WIMPs
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MACHOs: History and recent results

 Dark Matter does not clump 
into compact objects!

 Recent low mass MACHO results with high cadence Kepler satellite  
[Griest et al. PRL 2011]

 MACHOs greater than a few hundred Solar masses are constrained fro 
Galactic dynamics: (e.g. Yoo et al. PRL 2004; Quinn et al 2009)

Lesson learned:



Connection to Early Universe Cosmology

✦ Postulate a particle, solve for it’s abundance

✦ Dark matter not contained within Standard 
Model of particle physics 

As these cosmological calculations of the matter abundance in the universe improved and be-
came more precise, an interesting tension came to the forefront between these calculations and the
developing standard model of particle physics. In particular it was not clear that the standard
model of particle physics contained a particle with the necessary properties to be significant on
cosmological scales. The most natural particle to consider for the non-baryonic dark matter was
the neutrino. A neutrino with mass of a few electron volts (eV) was appealing because if it was in
equilibrium in the early universe, the present mass density of neutrinos would be near the critical
density [31]. However, under more detailed scrutiny neutrinos at this mass scale turn out to be dis-
favored as a candidate for the dark matter. On the one hand, phase space limits strongly constrain
neutrino dark matter with mass less than a few hundred eV [32]. Further, numerical simulations
of the large scale structure distribution in the universe revealed that neutrinos with mass below
tens of electron volts were too “hot” to explain the observed galaxy distribution; because they were
relativistic when they decoupled they produced significantly fewer low mass galaxies in comparison
to the observations [33].

Though neutrinos with mass of a few hundred eV or less became disfavored as the dominant
component of non-baryonic dark matter, this analysis within a cosmological context motivated a
general theoretical framework for determining the abundance of a stable particle species that was
in thermal equilibrium in the early universe. Neutrinos with mass greater than about 1 GeV that
fall out of equilibrium while non-relativistic were found to be cosmologically-significant [34], and
that generically heavy leptons with similar interactions could be the dominant component of mass
in galaxies and clusters of galaxies [35]. These results pointed to a preferred scale, the weak scale,
to describe the interactions of a cosmologically-significant component of non-baryonic dark matter.
For a standard thermal history in the early universe, the abundance of a particle is related to its
thermally-averaged annihilation cross section times relative velocity as

h�annvi ⇡
3⇥ 10�27 cm3s�1

⌦DMh2
(1)

[36, 37, 38, 39, 40]. Recent cosmological measurements find that the fraction of non-baryonic dark
matter relative to the critical density is ⌦DMh2 ' 0.11 [41]. For this value of ⌦DMh2, for particles
in the approximate GeV mass range, this scale for the annihilation cross section is characteristic
of weak interactions. A particle with interactions at this scale is broadly referred to as a weakly-
interacting massive particle (WIMP).

Because of their weak scale interaction strength, WIMPs are detectable via non-gravitational
methods. In addition to the prediction of the annihilation strength of WIMPs, Equation 1 leads to
a basic prediction for the WIMP scattering cross section on ordinary matter (i.e. quarks). Com-
bining this scattering cross section with the estimation for the local number density of WIMPs, the
interaction rate is large enough for them to have been detected over two decades ago in the first
generation of low temperature germanium experiments that were primarily designed to search for
signatures of neutrinoless double beta decay. While it was certainly possible that these experiments
would detect WIMPs and render the non-gravitational detection of particle dark matter relatively
straightforward, the first two experiments to systematically search for WIMPs reported null re-
sults [42, 43]. The reported constraints ruled out the simplest model for WIMP interactions with
ordinary matter, and in the process first showed that if WIMPs comprise the dominant component
of dark matter in galaxies, physics must be invoked to suppress the scattering cross section relative
to that derived from the most basic cosmological arguments in Equation 1.

7

✦ A particle’s annihilation cross section and 
abundance are related:

 “Thermal relic scale”

✦ Annihilation cross section characteristic of a weakly-interacting particle

✦ Weakly-interacting particles (WIMPs) a leading candidate for dark matter 

h�annvi ' 3⇥ 10�26 cm3 s�1 (1)

1



Towards closing the window on strongly interacting dark matter: Far-reaching constraints from
Earth’s heat flow

Gregory D. Mack,1,2,* John F. Beacom,1,2,3,† and Gianfranco Bertone4,‡
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We point out a new and largely model-independent constraint on the dark matter scattering cross
section with nucleons, which applies when this quantity is larger than for typical weakly interacting dark
matter candidates. When the dark matter capture rate in Earth is efficient, the rate of energy deposition by
dark matter self-annihilation products would grossly exceed the measured heat flow of Earth. This
improves the spin-independent cross section constraints by many orders of magnitude and closes the
window between astrophysical constraints (at very large cross sections) and underground detector
constraints (at small cross sections). In the applicable mass range, from !1 to !1010 GeV, the scattering
cross section of dark matter with nucleons is then bounded from above by the latter constraints and hence
must be truly weak, as usually assumed.

DOI: 10.1103/PhysRevD.76.043523 PACS numbers: 95.35.+d, 91.35.Dc, 95.30.Cq

I. INTRODUCTION

There is a large body of evidence for the existence of
dark matter, but its basic properties—especially its mass
and scattering cross section with nucleons—remain un-
known. Assuming dark matter is a thermal relic of the early
Universe, weakly interacting massive particles are prime
candidates, suggested by constraints on the dark matter
mass and self-annihilation cross section from the present
average mass density [1]. However, as this remains unpro-
ven, it is important to systematically test the properties of
dark matter particles using only late-Universe constraints.
In 1990, Starkman, Gould, Esmailzadeh, and Dimopoulos
[2] examined the possibility of strongly interacting dark
matter, noting that it indeed had not been ruled out. Many
authors since have explored further constraints and candi-
dates. In this literature, ‘‘strongly interacting’’ denotes
cross sections significantly larger than those of the weak
interactions; it does not necessarily mean via the usual
strong interactions between hadrons. We generally con-
sider the constraints in the plane of dark matter mass m!

and spin-independent scattering cross section with nucle-
ons "!N .

Figure 1 summarizes the astrophysical, high-altitude
balloon/satellite/rocket detector, and underground detector
constraints in the "!N-m! plane. Astrophysical limits such
as the stability of the Milky Way disk constrain very large
cross sections [2,3]. Accompanying and comparable limits
include those from cosmic rays and the cosmic microwave
background [4,5]. Small cross sections are probed by
cryogenic dark matter search (CDMS) and other under-

ground detectors [6–9]. A dark matter (DM) particle can
be directly detected if "!N is strong enough to cause a
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FIG. 1 (color online). Excluded regions in the "!N-m! plane,
not yet including the results of this paper. From top to bottom,
these come from astrophysical constraints (dark-shaded area)
[2–5], reanalyses of high-altitude detectors (medium-shaded
area) [2,10–12], and underground direct dark matter detectors
(light-shaded area) [6–9]. The dark matter number density
scales as 1=m!, and the scattering rates as "!N=m!; for a fixed
scattering rate, the required cross section then scales as m!. We
will develop a constraint from Earth heating by dark matter
annihilation to more definitively exclude the window between
the astrophysical and underground constraints.
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What has theory done for us? 

Mack, Beacom, 
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• Theory relates annihilation, scattering, 
and production cross sections 

• Simplest model: One new particle, new 
physics at much larger energies 



Methods to detect particle dark matter
The Aquarius Project: the subhalos of galactic halos 7

Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

!

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

!

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius

c⃝ 0000 RAS, MNRAS 000, 000–000

1) Indirect detection 
✦ Standard model particles are produced in pair 
annihilation 
✦ Most closely connected to cosmology

2) Direct detection 
✦ Dark matter scatters off nucleons in underground 
detectors

3) Direct Production 
✦ Dark Matter produced in colliders during proton 
collisions

4) Astronomical methods 
✦ Sensitive to self-interaction rate of dark matter, and its 
velocity at production



Indirect dark matter detection



Indirect dark matter detection with gamma rays

✦ 100 GeV mass WIMPs gives photons in the gamma-ray band, ~ 10 MeV - 10 GeV

✦ Tens to hundreds of photons produced per WIMP annihilation
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more massive galaxies in the local group were considered
in [25], potentially dark subhalos were studied in [26, 27,
28, 29, 30, 31], and the prospects of detecting microhalos
were explored in [32, 33].

In comparison to previous studies of dSphs, our work is
the first to combine theoretical predictions for CDM halo
profile shapes and normalizations with specific dynami-
cal constraints for each observed system. Though the
observed velocity dispersion profiles are equally well fit
by both central density cores and cusps, we restrict our-
selves to inner profile shapes ρ ∝ r−γ with γ ≃ 0.7 − 1.2
[34, 35], because this is what is expected for the sub-
set of dark matter candidates that actually annihilate
into photons (CDM). We show that the primary uncer-
tainty in the smooth dark matter flux contribution for
CDM halos comes not from the relatively narrow range
of central cusp slopes, but from the density and radius
normalization parameters, ρs and rs for the halo. As we
show below, the published velocity dispersion data along
with the predicted relations between ρs and rs for CDM
halos allow a tight constraint on the dark-halo density
contribution to the annihilation signal.

While the value of the expected flux signal for each
dSph is sensitive to the (unknown) nature of the under-
lying dark matter candidate, we demonstrate that the
relative flux from system-to-system is significantly con-
strained. Ursa Minor is the most promising dSph can-
didate for detection and we present the expected γ-ray
flux ratios between the remaining five dSphs and Ursa
Minor. We also demonstrate that enhancement of the
signal due to the presence of substructure in dSph halos
themselves increases the predicted fluxes by at most a
factor of ∼ 100.

This paper is organized as follows. In section II, we
discuss the γ-ray annihilation signal expected from CDM
halos and the enhancement of the flux due to the presence
of substructure within the dSph dark matter halos. In
section III we discuss the dynamical modeling of the dSph
galaxies. In section IV we present our results, and we
conclude in section V. Throughout the paper, we assume
a ΛCDM cosmological model with Ωm = 0.3, ΩΛ = 0.7,
h = 0.7 and σ8 = 0.9.

II. GAMMA-RAYS FROM ANNIHILATION IN
COLD DARK MATTER HALOS

The γ-ray flux from dark matter annihilation in a dark
matter halo with characteristic density ρs and radius rs

at a distance D may be written as

dNγ

dAdt
=

1

4π
P [⟨σv⟩, Mχ, dNγ/dE] L(ρs, rs,D). (1)

We have explicitly divided the flux into a term that de-
pends only on the dark matter particle and its annihila-
tion characteristics, P(⟨σv⟩, Mχ, dNγ/dE), and one that
depends only on the density structure of the dark mat-
ter halo, the distance to the halo, D, and the angular

size over which the system is observed, L(ρs, rs,D). The
structure quantity L is defined as
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where the integral is performed along the line of sight over
a solid angle ∆Ω = 2π(1−cos θ). The term that contains
the microscopic dark matter physics is given explicitly as

P =

! Mχ

Eth

$

i

dNγ,i

dE

⟨σv⟩i
M2

χ
dE. (3)

Here, the mass of the dark matter particle is Mχ, the an-
nihilation cross section to a final state “i” is ⟨σv⟩i, and
the spectrum of photons emitted from dark matter anni-
hilation to that final state is dNγ,i/dE. Our goal is to use
observed velocity dispersion profiles to empirically con-
strain the L term. This allows observations from γ−ray
telescopes to more effectively constrain the particle na-
ture of dark matter through P .

A. Photon spectrum and cross sections

As a fiducial case, we consider neutralino dark matter
in order to determine an appropriate value for P . Neu-
tralino annihilation to a photon final state occurs via: (1)
loop diagrams to two photons (γγ), each of energy Eγγ =
Mχ; (2) loop diagrams to a photon and a Z0 boson (γZ0)
with a photon energy of EγZ0 = Mχ[1 − (Mz0/2Mχ)2];
and (3) through an intermediate state that subsequently
decays and/or hadronizes, yielding photons (h). For this
latter case, the resulting photon spectrum is a continuum
and is well-approximated by [12]
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where (α1, α2) = (0.73, 7.76) for WW and Z0Z0 final
states, (α1, α2) = (1.0, 10.7) for bb̄, (α1, α2) = (1.1, 15.1)
for tt̄, and (α1, α2) = (0.95, 6.5) for uū. The cross sec-
tions associated with these processes span many orders
of magnitude. For the direct annihilation to a γγ or γZ0

final states the maximum presently allowed value of the
annihilation cross section to these final states is roughly
∼ ⟨σv⟩γγ,γZ0 ∼ 10−28cm3s−1. The total cross section
associated with photon emission from the hadronization
of the annihilation products has a corresponding upper
bound of ⟨σv⟩h ≈ 5 × 10−26cm3s−1. In the most opti-
mistic scenario, where the cross sections are fixed to their
highest value and the mass of the neutralino is ∼ 46 GeV,
so that P = PSUSY ≈ 10−28cm3s−1GeV−2.

The value of P will be different for different dark mat-
ter candidates. For example, in models of minimal uni-
versal extra-dimensions, the annihilation cross section
and the mass of the lightest Kaluza-Klein particle can
be significantly higher than what we assumed here (e.g.,

{ }
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h = 0.7 and σ8 = 0.9.
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the spectrum of photons emitted from dark matter anni-
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ture of dark matter through P .
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As a fiducial case, we consider neutralino dark matter
in order to determine an appropriate value for P . Neu-
tralino annihilation to a photon final state occurs via: (1)
loop diagrams to two photons (γγ), each of energy Eγγ =
Mχ; (2) loop diagrams to a photon and a Z0 boson (γZ0)
with a photon energy of EγZ0 = Mχ[1 − (Mz0/2Mχ)2];
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tions associated with these processes span many orders
of magnitude. For the direct annihilation to a γγ or γZ0

final states the maximum presently allowed value of the
annihilation cross section to these final states is roughly
∼ ⟨σv⟩γγ,γZ0 ∼ 10−28cm3s−1. The total cross section
associated with photon emission from the hadronization
of the annihilation products has a corresponding upper
bound of ⟨σv⟩h ≈ 5 × 10−26cm3s−1. In the most opti-
mistic scenario, where the cross sections are fixed to their
highest value and the mass of the neutralino is ∼ 46 GeV,
so that P = PSUSY ≈ 10−28cm3s−1GeV−2.

The value of P will be different for different dark mat-
ter candidates. For example, in models of minimal uni-
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and the mass of the lightest Kaluza-Klein particle can
be significantly higher than what we assumed here (e.g.,
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Indirect dark matter detection

✦ Tens to hundreds of photons produced 
per WIMP annihilation

✦ 100 GeV mass WIMPs gives photons in 
the gamma-ray band, ~ 10 MeV - 10 GeV

DM

DM quark, lepton

quark, lepton

✦ Gamma-ray line (Bern, Gondolo, 
Perelstein 1997; Ullio & Bergstrom 1998)

✦ Continuum gamma-ray spectra
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Fig. 16.— Full sky map (top) and blow-up of the inner Galactic region (bottom) show-
ing sources by source class (see table 5). Identified sources are shown with a red symbol,

associated sources in blue.

Fermi-LAT two year source catalog
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Fermi All-sky search strategies

•Satellite galaxies 

•Galactic center

•Galaxy clusters

Dark matter/gamma-ray map

Alex Drlica-Wagner   |   Fermi DM Overview

Dwarf Galaxies:
•Known location and 
dark matter content
•Low statistics

Pieri et al. (2011)

Milky Way halo:
•Large statistics 
•Diffuse background

Dark Matter in the Milky Way Halo

Low-Mass Satellites:
•Start with known 
gamma-ray emission
•Unknown origin

Galaxy clusters:
•Possibly large statistics
•Astrophysical signal 
expected

Electrons and Positrons!

Galactic Center:
•Large statistics 
•Lots of astrophysics

Spectral lines:
•“Clean” from 
astrophysics 
•Low statistics

Extragalactic background:
•Large statistics
•Lots of astrophysics

Particle Dark Matter 
detectable from all 
astrophysical sources!

•Diffuse sources



dwarf spheroidals (dSphs)



Milky Way satellite galaxies (dwarf spheroidals)

5

• the area of a group of pixels of S contiguously
above Sth(n∗) (white line, Fig 2) is greater than
60.0 square arcminutes
or

• any single pixel value is greater than 1.75×Sth(n∗).

We implement these adaptive density thresholds as a
function of local stellar density n∗, so that the algorithm
may be run over large fields with varying density and
allow direct comparison between fields of greatly different
densities. The stellar density n∗ is calculated for each
pixel of the smoothed, normalized, spatial array S, as
the 0.9◦ × 0.9◦ running average of the original spatial
density array E.

To summarize our algorithm:

• Apply CMD cuts, bin spatial positions of remaining
stars into E

• Smooth E with Plummer profile to get A

• Calculate the 0.9◦×0.9◦ running mean Ā and run-
ning standard deviation Aσ

• Define S as S = (A − Ā)/Aσ

• Calculate array of threshold values Sth as function
of stellar density n∗ (from 0.9◦×0.9◦ running mean
of E)

• Detections are where contiguous regions of pixels
with S > Sth is greater than 60.0 sq arcmin or any
single pixel is greater than 1.75 × Sth.

3.5. Identifying and Evaluating Detections

For each of our DR6 data strips defined in §3.1, the
steps outlined in the previous sections are repeated in
0.5 magnitude distance modulus intervals, and these 16
frames are layered to form a 3-dimensional array. This
3D approach eliminates complications with multiple de-
tections of a single object using selection criteria for dif-
ferent distance moduli, and selects out the strongest de-
tection. The coordinates of stars within each detection
and the CMD within the detection’s area are plotted for
later visual inspection. Galaxy clusters and point sources
around partially resolved background galaxies (such as
their associated globular clusters) will contaminate the
detections, but these can be identifiable based on their
CMDs (see Figure 9 in §4), leaving a list of potential new
Milky Way satellite galaxies and globular clusters. At
this point follow up observations are typically necessary
to confirm the existence and nature of these candidates.

4. APPLICATION TO SDSS DATA RELEASE 6

We apply our search algorithm (as described in §3) to
21,439,777 sources with r < 22.0 and g − r < 1.0 in the
9,500 deg2 of imaging data in Data Release 6 of the SDSS.
The DR6 footprint is shown in Figure 4, along with pre-
viously known dSphs (open blue circles) and satellites
discovered in SDSS (closed red circles).

The significance of our detections of known objects in
terms of their peak density and area are shown in Figure
5. In the total area of DR6 analyzed, we find 100 unique
detections above the thresholds, defined by the dotted

Fig. 4.— Aitoff projection of the DR6 footprint in Galactic
coordinates, centered on the Galactic center. Previously known
dwarfs are marked with open blue circles, satellites discovered in
SDSS are marked with filled red circles.

lines of Figure 5. The positions of each of these detec-
tions are cross-referenced against the SIMBAD database
4 as well as visually inspected via the SDSS Finding
Chart Tool5. Of our 100 detections, 19 are MW/Local
Group dwarfs (counting Boötes II, Willman 1 and Segue
1), 17 are Galactic globular clusters (including Koposov
1 and 2), 2 are known open clusters, 28 are clustering of
point sources associated with background galaxies such
as unresolved distant globular clusters, and four are Abell
galaxy clusters. The remaining 30 do not correspond to
any catalogued objects, but color-magnitude diagrams of
only a handful of these are consistent enough with a faint
MW satellite to warrant follow-up. The remainder may
be galaxy clusters whose detected center differs from its
cataloged centre by more than ∼ 0.25◦, or perhaps tidal
debris. If the MW stellar halo is the result of accretion
of dSph then evidence of this accretion is expected. It
should be noted that objects with relatively large angu-
lar size, such as Draco and Sextans, substantially increase
the average stellar density of the area they occupy which
increases the threshold density, meaning they are not as
high above the density threshold as one might expect.
Due to the area threshold however, they are still very
prominent detections.

We recover all of the newly discovered objects that are
within DR6 and the “classically” known Draco, Leo, Leo
II, Leo A, Sextans, and Pegasus DIG dwarfs. Our detec-
tions of the new dwarfs are presented in Figures 6, 7, and
8. These figures are identical to those output by the auto-
mated algorithm for each detection, aside from the addi-
tion of figure titles (MV and distances from Martin et al.
2008 and references therein). The left panel shows the
spatial positions of stars passing the photometric selec-
tion criteria at the distance modulus the object was most
strongly detected at. The middle-left panel shows the
contour plot corresponding to S, where the contour lev-
els are (S)/Sth(n∗) = 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0.

4 http://simbad.u-strasbg.fr/simbad/
5 http://cas.sdss.org/astrodr6/en/tools/chart/chart.asp

✦ Dark matter masses from 
motions of individual stars

✦ Most dark matter-dominated 
galaxies known

✦ Luminosities from hundreds to 
millions Solar luminosities

✦ No high energy gamma-rays 
from astrophysical sources

Properties

✦ Interesting astrophysical systems!



Satellite galaxies in visible light and gamma-rays
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Fig. 1.— Spectral fits to the counts (left panels) and the corresponding residuals (right panels) for the ROIs

around two dwarf spheroidal galaxies, Willman 1 (top panels) and Draco (bottom panels). The lines in the

spectral plots (left panels) are point sources (black), theGalactic diffuse component (blue) and the isotropic

component (red). The black line overlaid to the data points is the best-fit total spectrum in the respective

ROIs. The best-fit power-law models (with Γ = 2 here) for the dwarfs are below the lower bound of the

ordinates. Willman 1 is the worst residual obtained in our sample, while Draco is illustrative of the fit quality

for most ROIs.

Abdo et al., Astrophys.J. 712 (2010) 147-158

Gamma-ray modeling

✦ Count gamma-ray photons within 
a region of about 10 deg around a 
dSph

✦ Model emission as sum of 3 
components: Galactic diffuse 
emission, isotropic emission, and 
nearby point sources 

✦ Test for the presence of dark 
matter annihilation source; if not 
present, place upper limit 



Dark matter bounds from Fermi-LAT 5

considered in our analysis becomes:

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

⇥ 1

ln(10) Ji
⌃
2�⇥i

e�(log10(Ji)�log10(Ji))
2
/2�2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that

is commonly used in a standard single ROI analysis
of the LAT data, i indexes the ROIs, D represents
the binned gamma-ray data, pW represents the set of
ROI-independent DM parameters (⌅⇥annv⇧ ,mW , and the
annihilation branching ratios bf ), {p}i are the ROI-
dependent model parameters. In this analysis, {p}i in-
cludes the normalizations of the nearby point and dif-
fuse sources and the J-factor, Ji. log10(Ji) and ⇥i are
the mean and standard deviation of the distribution of
log10 (Ji), approximated to be gaussian, and their values
are given in cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
mW and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is a
standard method for treating nuisance parameters in like-
lihood analyses (see e.g., [30]), and consists of calculat-
ing the profile likelihood � lnLp(⌅⇥annv⇧) for several fixed
masses mW , where for each ⌅⇥annv⇧, � lnL is minimized
with respect to all other parameters. The intervals are
then obtained by requiring 2� ln(Lp) = 2.71 for a one-
sided 95% confidence level. The MINUIT subroutine MI-
NOS [31] is used as the implementation of this technique.
Note that uncertainties in the background fit (di⇥use and
nearby sources) are also treated in this way. The cover-
age of this profile joint likelihood method for calculating
confidence intervals has been verified using toy Monte
Carlo for a Poisson process with known background and
Fermi-LAT simulations of galactic and isotropic di⇥use
gamma-ray emission. The parameter range for ⌅⇥annv⇧
is restricted to have a lower bound of zero, to facilitate
convergence of the MINOS fit, resulting in slight over-
coverage for small signals, i.e. conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the bb̄ final state are shown in
Fig. 1, see also [32]. Including the J-factor uncertainties
in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (� 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the �+�� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (� 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
uncertainties on their J-factors. Conservatively, exclud-
ing these objects from the analysis results in an increase
in the upper limit by a factor ⇤1.5, which illustrates the
robustness of the combined fit.
Finally, Fig. 2 shows the combined limits for all stud-

Thermal relic scale

✦ Determine the total mass of dark 
matter from velocities of stars in 
each satellite [Strigari et al., PRD 2007, APJ 
2008; Strigari, Phys. Reports 2013]

✦ Combine measured gamma-ray 
flux upper bound with total dark 
matter mass in each satellite to get 
upper bound on annihilation cross 
section

✦ See also Geringer-Sameth & 
Koushiappas PRL 2011; Geringer-
Sameth, Koushiappas, Walker 2014



Dark matter bounds from Fermi-LAT: New results

Fermi-LAT collaboration 
arXiv:1310.0828 (PRD 2014)

✦ Determine the total mass of 
dark matter from velocities of 
stars in each satellite [Strigari et 
al., PRD 2007, APJ 2008; Strigari, Phys. 
Reports 2013]

✦ Combine measured gamma-
ray flux upper bound with 
total dark matter mass in each 
satellite to get upper bound on 
annihilation cross section
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Figure 6. Annihilation cross section ULs from Segue 1 MAGIC data considering neutralino anni-
hilating entirely into bb̄ or into τ+τ−. mSUGRA models with a relic density within 3σWMAP from
the WMAP value are plotted (black crosses). Among these, neutralinos annihilating mainly in bb̄
and τ+τ− are indicated with light brown points and blue points respectively. The dashed brown
line indicates ULs for a neutralino annihilating entirely into bb̄ while the solid blue lines the case of
annihilations into τ+τ−. The blue thin line represents the integral UL for the τ+τ− channel as if
they were calculated (independently of the mass) with a fixed energy threshold of 100 GeV, while for
the thick blue line the energy threshold is optimized for each value of mχ. Finally, for annihilations
into τ+τ−, the blue band covers the 2σ uncertainty on JΘ(∆Ω).

neutralinos that co-annihilate with stops and staus, or the “tail” at low masses (around 50
GeV). Among the models compatible with WMAP bounds, two representative subsets are
also shown using a different color coding according to their main annihilation channel (light
brown points for branching ratio B(b b̄) > 0.85, and blue points for B(τ+τ−) > 0.7), which
are representatives of a soft and hard gamma-ray spectrum respectively (see figure 7).

For each DM model in the scan, the integral flux UL ΦUL(> E0) can be computed
following eq. (3.3), using the Segue 1 data and the specific gamma-ray spectrum of the
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VERITAS
MAGIC

ACTs: Pointed observations at higher energy

Veritas, arXiv:1202.2144
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FIG. 1. The projected dark matter limits from dwarf galaxies for HAWC after five years, for the bb̄, tt̄, µ+µ�, ⌧+⌧�, and
W+W� dark matter annihilation channels. From top to bottom, the curves are for Draco (blue), Coma Berenices (red), and
Segue 1 (black). The solid curves are the dark matter limits for just the prompt gamma-ray emission, and the dot-dashed curves
are the limits considering both the prompt gamma-ray mission and the IC emission from electrons and positrons scattering
on the CMB. In the µ+µ� plot, the orange point is a model to explain the AMS-02 positron excess from Ref. [16]. In the
W+W� plot, the dashed curves are the limit when natural Sommerfeld enhancement is included (with vrel = 300 km s�1). In
the bb̄, ⌧+⌧�, and W+W� plots, we show the 47.8-hour VERITAS dark matter exclusion limits from Segue 1 as the orange
dot-dashed curve for comparison and in the W+W� plot, the VERITAS limit with Sommerfeld enhancement is shown as the
orange dashed curve [33]. Note that IC emission and Sommerfeld enhancement improve the VERITAS results similarly to those
of HAWC. The solid orange line shows the expected dark matter thermal cross-section. All limits are at 95% CL.

VERITAS and (projected) HAWC limits 

• HAWC currently 
being installed in 
Sierra Negra, 
Mexico

• VERITAS observed 
Segue 1 for 48 
hours

``The Sensitivity of HAWC to High-Mass Dark Matter Annihilation’’: 
arXiv:1405.1730
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Search for dark subhalos

• Search for subhalos that only shine because of dark matter 
annihilation

• Some satellite may be within 1 kpc of the Sun, and their extension 
may be resolvable by the LAT

• Search criteria: 
!

1) Source > 20 degrees from Galactic plane 
2) No counterpart at other wavelengths 
3) Emission constant in time 
4) Spatially extended sources: ~ 1 degree radial extension



– 30 –

Fig. 1.— Distribution of satellite mass and distance for the original VL-II satellites (in black)
and the extrapolation to low-mass satellites (in red). Lower J-factors reside in the upper

left while higher J-factors lie to the lower right. Contours of constant J-factor (J ∝ M0.81

D2 )
run from the upper right to the lower left. One such contour is shown for the Draco dwarf

spheroidal galaxy assuming a mass of 108M⊙. Satellites lying in the hatched region above
this line have lower J-factors than that of Draco.

Search for dark subhalos
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considered in our analysis becomes:

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

⇥ 1

ln(10) Ji
⌃
2�⇥i

e�(log10(Ji)�log10(Ji))
2
/2�2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that

is commonly used in a standard single ROI analysis
of the LAT data, i indexes the ROIs, D represents
the binned gamma-ray data, pW represents the set of
ROI-independent DM parameters (⌅⇥annv⇧ ,mW , and the
annihilation branching ratios bf ), {p}i are the ROI-
dependent model parameters. In this analysis, {p}i in-
cludes the normalizations of the nearby point and dif-
fuse sources and the J-factor, Ji. log10(Ji) and ⇥i are
the mean and standard deviation of the distribution of
log10 (Ji), approximated to be gaussian, and their values
are given in cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
mW and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is a
standard method for treating nuisance parameters in like-
lihood analyses (see e.g., [30]), and consists of calculat-
ing the profile likelihood � lnLp(⌅⇥annv⇧) for several fixed
masses mW , where for each ⌅⇥annv⇧, � lnL is minimized
with respect to all other parameters. The intervals are
then obtained by requiring 2� ln(Lp) = 2.71 for a one-
sided 95% confidence level. The MINUIT subroutine MI-
NOS [31] is used as the implementation of this technique.
Note that uncertainties in the background fit (di⇥use and
nearby sources) are also treated in this way. The cover-
age of this profile joint likelihood method for calculating
confidence intervals has been verified using toy Monte
Carlo for a Poisson process with known background and
Fermi-LAT simulations of galactic and isotropic di⇥use
gamma-ray emission. The parameter range for ⌅⇥annv⇧
is restricted to have a lower bound of zero, to facilitate
convergence of the MINOS fit, resulting in slight over-
coverage for small signals, i.e. conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the bb̄ final state are shown in
Fig. 1, see also [32]. Including the J-factor uncertainties
in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (� 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the �+�� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (� 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
uncertainties on their J-factors. Conservatively, exclud-
ing these objects from the analysis results in an increase
in the upper limit by a factor ⇤1.5, which illustrates the
robustness of the combined fit.
Finally, Fig. 2 shows the combined limits for all stud-

• Membership classifications 
(Mirabal et al. MNRAS 2012): 
Majority of high latitude 
sources are AGN or pulsars 

• Fermi LAT Results from ApJ 
747 (2012) 121: No candidate 
subhalos in 1 year of data  

• Many subhalos match 
spectrum for DM annihilation 
into tau leptons (Buckley and 
Hooper PRD 2011) 
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Galaxy clusters

• Masses of galaxy clusters determined from temperature profile of x-ray 
spectra, and electron gas density profile from the X-ray luminosity 

• Assumption of hydrostatic equilibrium gives the mass within a fixed 
physics radius, M(r) 

• Nearby clusters Fornax, Coma, and Virgo are some of the most 
interesting sources (Pinzke et al PRD 2011; Ando & Komatsu JCAP 2012)

• Significant contribution to the flux expected from substructure in the 
clusters (e.g. Gao et al. MNRAS 2012)



Galaxy clusters

Han et al. MNRAS 427 2012 



Galaxy clusters

Han et al. MNRAS 427 2012 

No detection of any galaxy 
clusters by Fermi-LAT yet 
(Ackerman et al. JCAP 2012)

Limits on annihilation cross 
section strongly depend on 
assumption for cluster 
substructure (Han et al. MRNAS 
2012, Ando & Nagai JCAP 2012)

HESS bounds from Fornax cluster 
above 1 TeV (Abramowski et al. ApJ 
2012)



Galactic center



Galactic center (GC)

• Significant uncertainty in dark matter mass profile in Galactic center 
(bulge, nuclear star cluster dominate dynamics)

• Several Fermi-LAT point sources within 1 sq. deg. of Galactic center 

• At higher energies: HESS and MAGIC source coincident with Sgr A* 
(HESS 1745-290)

• HESS diffuse emission correlated with Giant Molecular Clouds



Galactic center (GC)

• Characterization of diffuse 
emission near GC challenging 
because of points sources (e.g. 
Boyarsky et al. PLB 2011)

• > 1 sq. deg. diffuse Fermi-LAT 
emission attributed to: 

• Cosmic rays from 
supermassive black hole in GC 
(Chernyakova et al. 2011 ApJ 
2011) or cosmic rays + DM 
annihilation (Hooper & Linden 
PRD 2011)

• Possible evidence for 
unresolved pulsars, diffuse 
emission from cosmic ray 
interactions, or a DM 
annihilation (Abazajian & 
Kaplinghat PRD 2012)



Galactic center (GC)
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5
CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-

ments already by at least five orders of magnitude compared to

the conventional Galactic di↵use ⇡0
emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��

Calore et al. 2014



Galactic center line

• Weniger JCAP 2012 identified a line-
like feature ~ 130 GeV in global Fermi-
LAT data at ~ 2-5sigma (also Su & 
Finkbeiner 2012)

• However, Finkbeiner et al. 2012 also 
identify similar feature at > 3sigma in 
the ``Earth limb” 

• Whiteson 2013 find 3sigma evidence of 
line feature in 5 sq deg circle around 
Sun 

• Systematic or DM annihilation signal? 

• Recent Fermi-LAT results of no significant 
excess: arXiv:1305.5597

• See Weniger et al. arXiv:1305.4710



Diffuse backgrounds



Diffuse backgrounds: Galactic

Ackerman et al. ApJ 761 2012

• Residual annihilations throughout the Milky Way halo may produce a detectable 
DM annihilation signal 

• Requires maximizing a 20 parameter model to describe cosmic ray source 
production and propagation in the Galaxy 



Diffuse backgrounds: Extragalactic

Abdo et al. PRL 104 2010 Abdo et al. JCAP 1004 2010
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Figure 3. The vertically hatched band illustrates the span in the expected isotropic extragalactic
(EG) gamma-ray signal, defined by being the region enclosed by our MSII-Sub1 and MSII-Sub2 cases.
The horizontally hatched band is the flux that can be expected from Galactic substructure. The filled
grey band is the signal range that could be expected from the main DM Galactic halo, at a latitude
of 10⇤, which would by itself produce an anisotropic signal. The data points show the measurement
of the IGRB by the Fermi-LAT [30] (horisontal bars are the energy bin range, and vertical bars are
our later used 1� errors). The gamma-ray spectra are from DM particles with mass of 400 GeV, a
total annihilation cross section ⇧�v⌃ = 3� 10�26 cm3 s�1 into bb̄ quarks, and a minimal subhalo mass
cut-o� at 10�6M⇥. See the text for more details.

substructures, inside the galactocentric distance r (in kpc), as:

Lsub(< r) = L200
main �B � xx�0.24

, where x = r/r200 and r200 ⇤ 200 kpc. (2.3)

This functional form is a parametrization of the result presented for the Aquarius simula-
tion in [19]. L200

main is the total DM-induced luminosity inside r200 from the smooth halo
(normalized through the Einasto profile in equation (2.4)), and B gives the relative signal
enhancement inside r200 due to substructures. The upper boarder of the vertically hatched
band is obtained when a single power law relation between the substructure flux and the
minimal DM subhalo mass are related as suggested in [19], which give B ⇥ 230.4 The lower
boarder is when the substructure signal strength instead is implemented consistently with
the average substructure enhancement used in the MSII-Sub1 calculation of the extragalactic
signal. Then the luminosity from all substructures inside r200 for a Milky-Way-sized halos
is merely B ⇥ 2 times the luminosity of the main DM halo. This lower signal limit is also
similar in amplitude to the finding in [71], where the Aquarius simulation is used, but a

4We note that by using the MSII-Sub2 prescription for substructure for Milky Way sized halos, the vertically
hatched upper limit would be extended up further by one order of magnitude.

– 7 –

• Possible to rule out DM interpretation of the Fermi electron spectrum and 
Pamela data

• Systematic uncertainties from dark matter distributions and substructure



Summary of dark matter limits
Table 6. Summary of limits on the annihilation cross section times the relative velocity, �annv, in
units cm3 s�1 for dark matter of mass 10 and 100 GeV for the di↵erent sources. For mass of 10
GeV, the limits are given for 100% annihilation into bb̄ and ⌧+⌧�. For a mass of 100 GeV, the

limits are given for 100% annihilation into bb̄, ⌧+⌧� and W+W�.

Source 10 GeV 100 GeV

bb̄ ⌧ ⌧̄ bb̄ ⌧ ⌧̄ W+W�

Dwarf spheroidals a 1⇥ 10�26 1⇥ 10�26 7⇥ 10�26 1⇥ 10�25 1⇥ 10�25

Di↵use Galactic halo b 1⇥ 10�26 2⇥ 10�26 1⇥ 10�25 1⇥ 10�25 –
Di↵use extragalactic c 2⇥ 10�25 – 1⇥ 10�24 – –

Clusters d 1⇥ 10�25 6⇥ 10�24 1⇥ 10�25 3⇥ 10�23 1⇥ 10�23

.

aAckermann et al. [365] and Geringer-Sameth and Koushiappas [366]

bResults for NFW profile. Subject to the uncertainty in the local dark matter density.
From Ackermann et al. [374]

cAbdo et al. [378]

dAssumes just the emission from the smooth component and not subhalos. From Han
et al. [397] and Ando and Nagai [393]

The spatial factor, A(r), is proportional to the square of the gas density in the cluster, and the en-
ergy component, s(E), varies as dn/dE ⇠ E�2.3 for energies up to approximately 100 GeV. Because
the gamma-ray luminosity in clusters traces the gas density, it is more centrally-concentrated than
the dark matter-induced signal, which is more extended because of the emission from subhalos.

Theoretical calculations have shown that both the cosmic ray and the dark matter annihilation
induced gamma-rays may be detectable by the Fermi-LAT [394, 395]. However, no gamma-ray
emission has been conclusively associated with clusters in the Fermi-LAT one year data, assuming
that they are point sources [392]. Modeling clusters as extended sources, no gamma-ray emission
was yet found in two year data [397]. At a dark matter mass of 10 GeV, the limits on the annihilation
cross section deduced from these observations vary anywhere from 10�24 cm3 s�1 to below 10�26

cm3 s�1, depending on what is assumed for the emission from subhalos.
HESS has made a pointed observation of the Fornax cluster, obtaining a total exposure time

of 14.5 hours [398]. From a null detection, it has placed limits on �annv for di↵erent assumptions
of the dominant annihilation channel and the slope of the central dark matter profile. The limits
obtained are very sensitive to both of these assumptions, in the latter case because the angular
resolution of HESS probes the central region of the dark matter profile of the cluster. Depending
on the assumption for the amount of substructure in the cluster, the limits on h�annvi are in the
range 10�21 cm3 s�1 to 10�23 cm3 s�1.

7.7. Summary of gamma-ray results

Table 6 provides a summary of modern sensitivity limits for dark matter of mass 10 and 100
GeV from the various gamma-ray searches described above.

84

✦ Some unaccounted from diffuse emission from Galactic center 
✦ Possible gamma-ray line from the Galactic center?  

Strigari, Physics Reports 2013Thermal relic scale!

✦ Interesting interplay with recent ATLAS/CMS results

Signals?



Conclusions

• Just in past few years, gamma ray searches for dark matter making 
great deal of progress

• Fermi-LAT has delivered very interesting limits, and produced many 
unexplained phenomena

• Still more years of Fermi-LAT data on the horizon, so expect 
improvements

• Future is bright at higher energies with CTA, HESS


