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Constraints from Dwarf Galaxies: Usual approach to the problem
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Computed by how much 
one understands this

Very difficult!

1. Construct a theoretical model which in principle characterizes 
the background
2. Compute the signal/noise ratio (and place bound)
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This work

Main assumption: 
Whatever the processes are which give rise to the photon events 
nearby each dwarf, these same processes are also at work in the 
direction of the dwarf.
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Not new: 

- Particle physics 

- Cerenkov telescopes
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Main assumption: 
Whatever the processes are which give rise to the photon events 
nearby each dwarf, these same processes are also at work in the 
direction of the dwarf.

This work

6 Berge, Funk, Hinton: Background modelling in γ-ray astronomy

Fig. 4.Count map of γ-ray-like events from 5 hours of H.E.S.S. observations of the active galaxy PKS 2155–304 (Aharonian et al.
2005d). Note that the data were taken in wobble mode around the target position with alternating offsets of ±0.5◦ in declination.
The ring- (left) and reflected-region- (right) background models are illustrated schematically.
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Fig. 5. Illustration of the template-background model. Left: Distribution of the mean reduced scaled width (MRSW) from γ-ray
as compared to proton simulations. This parameter is defined as the deviation in units of standard deviation of the measured image
width from the simulated expectation value, averaged over all telescopes participating in an event. The separation potential of the
MRSW is clearly seen, it is frequently used for background suppression in H.E.S.S. analyses (Aharonian et al. 2005d). Events
falling into the Signal region are considered γ-ray-like events, events falling into the background region (3.5σ ≤ MRSW ≤ 8σ)
are considered cosmic-ray-like events and are used for background estimation. Right: System acceptances for the Signal and
Background regimes as indicated in the legend. The distributions are generated from OFF runs. The Background acceptance is
normalised to the area of the Signal acceptance in the central 1.5◦.

tance function would otherwise be required. We note that in
case the γ-ray source was observed under a large range of off-
set angles with respect to the system pointing direction, for ex-
ample as part of a sky survey, the normalisation α might differ
substantially from run to run. In this case, a suitable averaging
procedure has to be applied to both nominator and denominator
of Eq. 2: the exposure measure is weighted by a factor taking
account of the offset of the source from the pointing direction
(this factor might be calculated as the ratio of the γ-ray accep-

tance at the offset of the run to the acceptance at a reference
offset).

2.4. Template Background

The template-background model was first developed for the
HEGRA instrument and is described in Rowell (2003). This
method uses background events displaced in image-shape pa-
rameter space rather than in angular space. A subset of events
failing γ-ray selection cuts are taken as indicative of the lo-

Berge et al., AA 466, 1219 (2007)
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Data
- 3 years of FERMI public data 
- PASS 7 photon events
- Energy range: [1-100] GeV (dictated by size of PSF--more on 
this later)
- 7 Dwarf galaxies (Bootes I, Draco, Fornax, Sculptor, Sextans, 
Ursa Minor & Segue 1)
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Gamma-ray flux 

Dark matter distribution 
SYSTEMATIC Uncertainty
(See Louie Strigari’s talk)

Quantity of 
interest

Total Number of 
photons along the 
direction of a dwarf
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µ(�PP) ⌘ Exp⇥ �PP ⇥ J + Background

�PP =
h�vi
8⇡M2

�

N�

Derive empirically
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x

Mask sources present in 
the 2nd Fermi Catalogue

Background determination
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Background determination

400 independent ROI
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Counts

Likelihood

95%

counts

�PP

Prob(counts|�PP)

Counts
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Multi-dimensional Neyman Construction
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Measurement

95% Upper limit

Multi-dimensional Neyman Construction
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Combining observations of dwarfs
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See Sutton, Classical and Quantum Gravity, 
26, 245007 (2009)
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�PP = 5.0+4.3
�4.5 ⇥ 10�30cm3s�1GeV�2

True 95% upper bound
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�PP = 5.0+4.3
�4.5 ⇥ 10�30cm3s�1GeV�2

True 95% upper bound

Choose annihilation channel
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bb̄

⌧+⌧�

M!⌧⌧̄
� > 19+61

�6 GeV

M!bb̄
� > 40+200

�21 GeV

See also Ackermann et al. PRL 
107,241303 (2011), and Manoj 
Kaplinghat’s talk after this one.
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Result

For h�vi = 3⇥ 10�26cm3/s

See also Steigman et al. 
arXiv:1204.3622
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Major Caveat
J enters as a systematic 

Ackermann et al. arXiv:1108.3546
Charbonnier et al. arXiv:1104.0412
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Where do these limits fit in the big picture?

Isospin Violeting DM
Kumar, Sanford & Strigari, arXiv:1112.4849

Galactic center
Hooper & Linden arXiv:1110.0006

Mass (GeV)

3

FIG. 1: Illustration of the Neyman confidence belt construc-
tion used to generate upper limits on �PP. Each axis rep-
resents the number of events that could be observed from a
given dwarf (here, Dwarf A has a larger J value than Dwarf B
does). The shaded area, bordered by the solid line, represents
the confidence belt for a particular value of �PP. The dashed
lines are the borders of the confidence belts for di⇥erent values
of �PP, with �PP increasing from left to right. The borders
are chosen to be normal to a vector of “sensitivities”, which
weights each dwarf according to the relative strength of its
dark matter signal. Once a measurement is made (shown by
the star) the confidence interval for �PP contains all values of
�PP whose confidence belt contains the measured point. The
dotted line shows the border for an alternative construction of
the confidence belts which gives equal weight to each dwarf.

the assumption that the empirically derived background
PMFs, exposures, and J values are correct, the belts have
the proper coverage.

In order to derive an upper limit on �PP, the N -space
should be divided into two simple parts and the belt
D(�PP) should consist of the “large” N values (i.e. the
region containing Ni = ⇥). This is illustrated in Fig. 1
for an example joint analysis of two dwarfs. The sim-
plest choice for the confidence belt boundaries are planes
with normal vectors parallel to (1, . . . , 1), represented in
Fig. 1 by the dotted line. A measured set of Ni is in such
a confidence belt if the sum of the Ni is greater than
some value. This is equivalent to “stacking” the events
from each dwarf and then analyzing this single image.
However, because the dwarfs are treated equally, pho-
tons from a dwarf with a small J value are considered
as likely to have come from dark matter as are photons
from a dwarf with large J . This is an ine⇥cient choice
for the confidence belts. Naively, one extra photon from
Draco (J � 0.63) should raise the upper limit more than

FIG. 2: Derived 95% upper limit on ��Av⇥ as a function of
mass for dark matter annihilation into bb̄ and ⇥+⇥�. The
shaded area reflects the 95-percentile of the systematic un-
certainty in the dark matter distribution of the dwarfs. The
canonical annihilation cross section for a thermal WIMP mak-
ing up the total observed dark matter abundance is shown by
the dashed line. The inset figure shows detail for lower masses.

an extra photon from Bootes I (J � 0.05) because, a pri-
ori, a given photon from Bootes I is much more likely to
be from background than a photon from Draco.
To overcome this obstacle we take advantage of the

recent idea by Sutton [30] to use planes at angles other
than 45� as boundaries of the confidence belts. Sutton
suggests letting the normal vector to the planes be equal
to a vector representing the “sensitivity” of each observa-
tion. We take the sensitivity (or weight) of each dwarf ob-
servation to be proportional to the ratio of the expected
dark matter flux (Ae�Tobs J) to the mean expected em-
pirical background flux. In contrast, giving every dwarf
the same weight can weaken the limits by as much as
25%.
The number of photons received in the central ROI

containing each dwarf is the sum of the number of pho-
tons from dark matter annihilation and the number pro-
duced by all background processes. The number of signal
photons is governed by a Poisson distribution with mean
µ(�PP) (Eq. 1). The number of background photons is
described by the empirical background PMF. Therefore,
the total number of photons detected is distributed ac-
cording to the convolution of these two probability dis-
tributions. The counts found for each dwarf are indepen-
dent variables and so the joint probability of measuring
N is given by the product of the individual PMFs.
Using this statistical framework we derive a 95% upper
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results of the Via Lactea II simulation favor a somewhat
steeper inner slope (� ⌅ 1.2) [26], while the Aquarius
Project finds a somewhat less steep value which varies
with r [27].

When considering the dark matter distribution in the
central kiloparsecs of the Milky Way, it is important to
include the e�ects of stars and gas, which are not taken
into account by dark matter-only simulations such as Via
Lactea II and Aquarius, but which dominate the gravita-
tional potential of the Inner Galaxy. Generally speaking,
as a result of dissipating baryons, dark matter density
profiles are expected to be adiabatically contracted, re-
sulting in the steepening of their inner profiles [28]. The
degree to which this e�ect is manifest depends on the
fraction of the baryons that dissipate slowly by radiative
cooling.

As hydrodynamical simulations which model the pro-
cess of galaxy formation have improved, e�orts to predict
the e�ects of baryons have begun to converge. In partic-
ular, several groups (using di�erent codes) have consis-
tently found that Milky Way sized halos are adiabatically
contracted, increasing the density of dark matter in their
inner volumes relative to that predicted by dark matter-
only simulations (see Ref. [29] and references therein).
These simulations, which include the e�ects of gas cool-
ing, star formation, and stellar feedback, predict a de-
gree of adiabatic contraction which steepens the inner
slopes of dark matter density profiles from � ⌅ 1.0 to
� ⌅ 1.2�1.5 within the inner ⇤10 kpc of Milky Way-like
galaxies [29, 30]. The resolution of such simulations is
currently limited to scales larger than ⇤100 parsecs [31].

With this information in mind, we can compare the
expected spatial distribution of dark matter to the ob-
served angular distribution of gamma rays from around
the Galactic Center. Making this comparison, we find
that the majority of the residual emission observed be-
tween 300 MeV and 10 GeV can be described by annihi-
lating dark matter with a distribution given by ⇥(r) ⇧ r� ,
with � ⌅ 1.25 � 1.40.4 In contrast, an NFW-like profile
with � = 1.0 would predict a considerably broader distri-
bution of gamma rays than is found in our residual maps.
More quantitatively speaking, for � = 1.0 we find that
for energies of 300-1000 MeV, 1-3 GeV, and 3-10 GeV,
respectively, no more than 22%, 18% and 27% of the flux
found in the innermost half degree around the Galactic
Center can arise from dark matter annihilations without
also exceeding the flux observed at distances beyond one
degree. In contrast, if we select an inner slope of � = 1.3,
we find that up to 72%, 74% and 100% of the innermost
emission could originate from dark matter annihilations.
The remainder of the residual could easily originate from
the central point source with the spectrum presented in

4 Below 300 MeV, the observed emission is dominated by point-
like emission, and the flux of the emission drops o� significantly
above 10 GeV, leading us to focus on this energy range.

FIG. 6: The range of dark matter masses and annihilation
cross sections for which dark matter annihilations can account
for the majority of the observed residual emission between
300 MeV and 10 GeV, for three choices of annihilation chan-
nels (“leptons” denotes equal fractions to e+e�, µ+µ� and
⇥+⇥�). Also shown for comparison is the annihilation cross
section predicted for a simple thermal relic (�v = 3 � 10�26

cm3/s). Note that there is a factor of a few uncertainty in the
annihilation cross section, corresponding to the overall dark
matter density and distribution. See text for details.

Fig. 4.

If a sizable fraction of the residual emission does origi-
nate from annihilating dark matter, then we can use the
spectrum of this emission to inform us as to the mass and
dominant annihilation channels of the dark matter par-
ticles. In particular, the rapid decrease in the flux above
⇤10 GeV suggests that the spectrum is being dominated
by ⇤30 GeV dark matter particles annihilating to quarks,
or by ⇤10 GeV particles annihilating to leptons (among
annihilations to leptons, those to taus produce far more
gamma rays than those to either muons or electrons).
In Fig. 6, we show the range of dark matter masses and
annihilation cross sections for which dark matter anni-
hilations can account for the majority of the observed
residual emission (without exceeding the observed resid-
ual) in each of the three energy bins between 300 MeV
and 10 GeV, for three choices of the annihilation chan-
nels. Interestingly, we note that the normalization of the
signal requires us to consider annihilation cross sections
that are within a factor of a few of the value predicted
for a simple thermal relic (⇤v = 3 ⇥ 10�26 cm3/s). The
precise value of the required annihilation cross section
depends on the quantity of dark matter present, and is
thus subject to the related uncertainties. In Fig. 6 and
throughout the remainder of this paper, we have normal-
ized the dark matter distribution such that the total mass
of dark matter within the solar circle is 3.76⇥ 1067 GeV,
which is the value corresponding to the case of � = 1.0
and a local density of 0.4 GeV/cm3. This value is sup-
ported by a combination of microlensing and dynami-
cal constraints, although uncertainties exists [32]. With
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inner volumes relative to that predicted by dark matter-
only simulations (see Ref. [29] and references therein).
These simulations, which include the e�ects of gas cool-
ing, star formation, and stellar feedback, predict a de-
gree of adiabatic contraction which steepens the inner
slopes of dark matter density profiles from � ⌅ 1.0 to
� ⌅ 1.2�1.5 within the inner ⇤10 kpc of Milky Way-like
galaxies [29, 30]. The resolution of such simulations is
currently limited to scales larger than ⇤100 parsecs [31].

With this information in mind, we can compare the
expected spatial distribution of dark matter to the ob-
served angular distribution of gamma rays from around
the Galactic Center. Making this comparison, we find
that the majority of the residual emission observed be-
tween 300 MeV and 10 GeV can be described by annihi-
lating dark matter with a distribution given by ⇥(r) ⇧ r� ,
with � ⌅ 1.25 � 1.40.4 In contrast, an NFW-like profile
with � = 1.0 would predict a considerably broader distri-
bution of gamma rays than is found in our residual maps.
More quantitatively speaking, for � = 1.0 we find that
for energies of 300-1000 MeV, 1-3 GeV, and 3-10 GeV,
respectively, no more than 22%, 18% and 27% of the flux
found in the innermost half degree around the Galactic
Center can arise from dark matter annihilations without
also exceeding the flux observed at distances beyond one
degree. In contrast, if we select an inner slope of � = 1.3,
we find that up to 72%, 74% and 100% of the innermost
emission could originate from dark matter annihilations.
The remainder of the residual could easily originate from
the central point source with the spectrum presented in

4 Below 300 MeV, the observed emission is dominated by point-
like emission, and the flux of the emission drops o� significantly
above 10 GeV, leading us to focus on this energy range.

FIG. 6: The range of dark matter masses and annihilation
cross sections for which dark matter annihilations can account
for the majority of the observed residual emission between
300 MeV and 10 GeV, for three choices of annihilation chan-
nels (“leptons” denotes equal fractions to e+e�, µ+µ� and
⇥+⇥�). Also shown for comparison is the annihilation cross
section predicted for a simple thermal relic (�v = 3 � 10�26

cm3/s). Note that there is a factor of a few uncertainty in the
annihilation cross section, corresponding to the overall dark
matter density and distribution. See text for details.

Fig. 4.

If a sizable fraction of the residual emission does origi-
nate from annihilating dark matter, then we can use the
spectrum of this emission to inform us as to the mass and
dominant annihilation channels of the dark matter par-
ticles. In particular, the rapid decrease in the flux above
⇤10 GeV suggests that the spectrum is being dominated
by ⇤30 GeV dark matter particles annihilating to quarks,
or by ⇤10 GeV particles annihilating to leptons (among
annihilations to leptons, those to taus produce far more
gamma rays than those to either muons or electrons).
In Fig. 6, we show the range of dark matter masses and
annihilation cross sections for which dark matter anni-
hilations can account for the majority of the observed
residual emission (without exceeding the observed resid-
ual) in each of the three energy bins between 300 MeV
and 10 GeV, for three choices of the annihilation chan-
nels. Interestingly, we note that the normalization of the
signal requires us to consider annihilation cross sections
that are within a factor of a few of the value predicted
for a simple thermal relic (⇤v = 3 ⇥ 10�26 cm3/s). The
precise value of the required annihilation cross section
depends on the quantity of dark matter present, and is
thus subject to the related uncertainties. In Fig. 6 and
throughout the remainder of this paper, we have normal-
ized the dark matter distribution such that the total mass
of dark matter within the solar circle is 3.76⇥ 1067 GeV,
which is the value corresponding to the case of � = 1.0
and a local density of 0.4 GeV/cm3. This value is sup-
ported by a combination of microlensing and dynami-
cal constraints, although uncertainties exists [32]. With
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FIG. 2: Favored regions and exclusion contours in the
(mX ,�p) plane for IVDM with fn/fp = �0.7. The solid black
line is the bound from this analysis at 95% CL, assuming cen-
tral values for the satellite density profile.

OR, the bounds would be tighter by a factor of 2). Also
shown are the signal regions of DAMA [1] (3�, assum-
ing no channeling [27, 28]), CoGeNT [2] (90% CL) and
CRESST [3] (2�), along with 90% CL exclusion contours
from XENON10 [4], XENON100 [5], CDMS [6, 7] and
SIMPLE [8]. As we can see from this figure, the Co-
GeNT region of interest would excluded by the Fermi
data, under the assumptions made here.

The CoGeNT experiment has recently reported a pre-
liminary analysis indicating that their experiment may
have more surface area contamination than originally
thought [29, 30]. The e↵ect of this correction would be
to shift the CoGeNT region of interest to slightly larger
mass and slightly smaller �p

SI. This would serve to weaken
constraints from Milky Way satellites.

Uncertainties from particle physics and astro-

physics. There are a several ways in which the bounds
from Fermi data can be weakened. For example, if the ef-
fective interaction operator is generated by the exchange
of a mediating particle with mass m� ⇠ 1 GeV, then the
momentum transfer during scattering interactions at any
direct detection experiment (O(10 keV)) would be much
smaller than the mediator mass [31]. As a result, scatter-
ing interactions would still be described by an e↵ective
contact operator. However, the annihilation cross-section
would receive an additional (m�/2mX)4 ⇠ 10�4 � 10�5

suppression. In this case, models with �p
SI which could

match the CoGeNT data would be unconstrained by lim-
its from dwarf spheroidals.

In addition, bounds from Fermi would be weakened if
dark matter interactions were mediated by an operator

yielding velocity-independent spin-independent scatter-
ing, but p-wave suppressed annihilation. An example of
such an operator would be (1/M2

⇤ )X̄Xq̄q, in the case
where the dark matter is a fermion. Another example
would be (1/M2

⇤ )X
⇤@µXq̄�µq, if the dark matter is a

complex scalar. Dark matter coupling through these op-
erators could potentially explain the low-mass data of
DAMA, CoGeNT and XENON10/100, but would be un-
constrained by the Fermi-LAT dwarf spheroidal search.
As with the gamma-ray bounds, the bounds from

the anti-proton flux can also be weakened either by
p-wave suppressed annihilation, or by light media-
tors. Such models matching the CoGeNT, DAMA and
XENON10/100 data would be unconstrained by bounds
from BESS-Polar II.
The dark matter-proton scattering cross-section

needed to match low-mass direct detection data can be
shifted by other particle physics or astrophysics uncer-
tainties, such as uncertainties in the nuclear form factor
or in the dark matter velocity distribution near the earth.
To normalize with all of the observations, here we have
used the standard halo model to calculate the WIMP ve-
locity distribution (e.g. [32]); variations from this model
may a↵ect the results presented, especially for high mass
targets [33].
Complementary searches. There are interesting

constraints on the annihilation of low-mass dark mat-
ter from WMAP-7 data [34, 35]. These constraints arise
from the e↵ect on standard recombination of the pho-
tons produced by dark matter annihilation. The bounds
from dwarf spheroidals are somewhat tighter than those
arising from WMAP-7 data. In addition, there are some
uncertainties regarding the e↵ect of proton production
on heating of the cosmic medium [35]. Again, these
are orthogonal to the uncertainties in dwarf spheroidal
searches. Planck data is expected to significantly im-
prove these CMB bounds.
There have been several recent studies of constraints

on low-mass dark matter arising the neutrino flux yielded
by annihilation in the sun [36–41]. Neutrino detectors
cannot constrain dark matter which annihilates primar-
ily to first generation quarks. The final state quarks
hadronize, and these light hadrons typically lose energy
and stop in the sun before decaying. They thus produce
a neutrino spectrum far too soft to be distinguished from
background.
The Fermi-LAT gamma-ray bounds are also comple-

mentary to recent constraints on e↵ective contact opera-
tors coupling dark matter to quarks arising from monojet
searches at colliders [42–46]. However, applying previ-
ous results to the case considered here is di�cult, since
they have typically assumed a dark matter coupling to all
quarks. In particular, bounds in previous studies depend
strongly on the existence of heavy quark operators, and
are weakened considerably when only couplings to first
generation quarks are present.
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Conclusion

Current indirect detection constraint from dwarf galaxies:

Stay tuned for results at 
the high-energy regime from 
the joint analysis of dwarfs 
using VERITAS. 
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