
FERMI, dark matter, dwarf galaxies and 
dark satellites of the Milky Way

Savvas M. Koushiappas

Saturday, June 1, 13



Many thanks to Alex Geringer-Sameth

Saturday, June 1, 13



χ

χ
If it annihilated in the early universe...

h�Avi

...it must annihilate today

χ

χ

h�Avi

⌦ML̂[f ] = C[f ]

SM 
particles

SM 
particles

Indirect detection

Saturday, June 1, 13



  

Indirect detection

Two facts: 

1. Experiments produce data (AMS-02, IceCube, Fermi, 
VERITAS, etc.). 

2. We are now sensitive to WIMPs with an annihilation 
cross section required to explain (naively) the observed 
relic abundance.
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- High signal from high density regions
- Introduces systematic uncertainties
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The interpretation of Fermi 
measurements relies on our 
understanding of the distribution 
of dark matter

Cold dark matter particle => rich structure in the dark matter distribution 

Courtesy A. V. Kravtsov

Stadel et al, arXiv:0808.2981
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Accreted subhalo

Host halo

Courtesy A. V. Kravtsov

Searches for photons

Koushiappas, Zentner & Walker, PRD 69,  043501 (2004), but 
see also Baltz, Tayor & Wai, ApJ 659, L125 (2006), Kuhlen, 
Diemand & Madau , arXiv:0805.4416

��,e+,p̄ ⇠
Z

V
n2dV

The spectrum of dark matter subhalo 
properties originates from the host 
assembly history
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Host halo

Courtesy A. V. Kravtsov

Koushiappas, Zentner & Walker, PRD 69,  043501 (2004), but 
see also Baltz, Tayor & Wai, ApJ 659, L125 (2006), Kuhlen, 
Diemand & Madau , arXiv:0805.4416

��,e+,p̄ ⇠
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V
n2dV

These two may have the same 
mass, but different history

The spectrum of dark matter subhalo 
properties originates from the host 
assembly history

Searches for photons
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Host halo

Courtesy A. V. Kravtsov

Koushiappas, Zentner & Walker, PRD 69,  043501 (2004), but 
see also Baltz, Tayor & Wai, ApJ 659, L125 (2006), Kuhlen, 
Diemand & Madau , arXiv:0805.4416
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Host halo

Courtesy A. V. Kravtsov

Koushiappas, Zentner & Walker, PRD 69,  043501 (2004), but 
see also Baltz, Tayor & Wai, ApJ 659, L125 (2006), Kuhlen, 
Diemand & Madau , arXiv:0805.4416

��,e+,p̄ ⇠
Z

V
n2dV

Koushiappas, Zentner, Kravtsov, PRD 82:083504(2010)

Set by cosmology

The spectrum of dark matter subhalo 
properties originates from the host 
assembly history

Searches for photons
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Courtesy A. V. Kravtsov

See also Baltz, Tayor & Wai, ApJ 659, L125 (2006), Kuhlen, 
Diemand & Madau , arXiv:0805.4416

Koushiappas, Zentner & Walker, PRD 69,  043501 (2004)
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The spectrum of dark matter subhalo 
properties originates from the host 
assembly history

Searches for photons

Koushiappas, Zentner & Walker, PRD 69,  043501 (2004), but 
see also Baltz, Tayor & Wai, ApJ 659, L125 (2006), Kuhlen, 
Diemand & Madau , arXiv:0805.4416

Host halo
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Look nearby, in high density regions: Dwarf galaxies

- About 20 sources (most of them discovered in the last 7 years)
- High mass-to-light ratio (i.e., dark matter dominated)
- No known astrophysical background
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Look nearby, in high density regions: Dwarf galaxies

- About 20 sources (most of them discovered in the last 7 years)
- High mass-to-light ratio (i.e., dark matter dominated)
- No known astrophysical background

Good ones!
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Look nearby, in high density regions: Dwarf galaxies

- About 20 sources (most of them discovered in the last 7 years)
- High mass-to-light ratio (i.e., dark matter dominated)
- No known astrophysical background

Saturday, June 1, 13



Look nearby, in high density regions: Dwarf galaxies

- About 20 sources (most of them discovered in the last 7 years)
- High mass-to-light ratio (i.e., dark matter dominated)
- No known astrophysical background

Recall, we need � / f(n2[r(✓)])

n(r) / f(v)

v / g(�?)

Obtain this from stellar kinematics
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Fig. 2.— Stellar isodensity maps for the Milky Way’s eight ‘classical’ dSphs. Top two rows: from
Hodge’s star count studies (Hodge 1961b,a, 1962, 1963, 1964a,b, reproduced by permission of the
American Astronomical Society). Bottom two rows: reproduced from Structural Parameters for

the Galactic Dwarf Spheroidals, by M. Irwin & D. Hatzidimitriou, MNRAS, 277, 1354, 1995 (by
permission of John Wiley & Sons Ltd.).
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Fig. 4.— Stellar idodensity maps for four of the Milky Way’s ‘ultrafaint’ dSphs, from the discovery
paper of Belokurov et al. (2007, reproduced by permission of the American Astronomical Society).

Fig. 5.— Measurement of structural parameters for the Boötes I dSph from SDSS data (Martin
et al. 2008). Left: sky positions of red giant candidates selected from the SDSS catalog. Right:

constraints on structural parameters, from the maximum-likelihood analysis of Martin et al. (2008,
reproduced by permission of the American Astronomical Society).

Belokurov et al. (2007)

Irwin & Hatzidimitriou MNRAS 277, 1354 (1995)

Dwarf galaxies discovered as stellar overdensities

From Walker, 1205.0311
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Fig. 5.— Measurement of structural parameters for the Boötes I dSph from SDSS data (Martin
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Fig. 6.— Extended stellar structure of the Carina dSph, from narrow-band photometry and spec-
troscopy of Muñoz et al. (2006, reproduced by permission of the American Astronomical So-
ciety). The top/bottom panels show sky positions of red giant candidates confirmed as Carina
members/nonmembers. Ellipses mark Carina’s limiting radius, RK (Equation 1), determined from
smooth fits to star count data. The extension of faint stellar structure at R & 3RK suggests tidal
interaction (Section 3.2). Muñoz et al. (2005) report similar results for Ursa Minor.

RA [h, J2000.0]

CARINA

Martin et al. (2008) Munoz et al. (2006)

Dwarf galaxies discovered as stellar overdensities

From Walker, 1205.0311

Saturday, June 1, 13



How to go from kinematic data to a limit

Matthew Walker (CfA) at Magellan 
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How to go from kinematic data to a limit

Matthew Walker (CfA) at Magellan 
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Universal Mass Profile for dSphs 5

Fig. 1.— Projected velocity dispersion profiles for eight bright dSphs, from Magellan/MMFS and MMT/Hectochelle data. Over-plotted are
profiles calculated from isothermal, power-law, NFW and cored halos considered as prospective “universal” dSph halos (Section 5). For each type
of halo we fit only for the anisotropy and normalization. All isothermal, NFW and cored profiles above have normalization Vmax ! 10 " 20 km
s!1—see Table 3. All power-law profiles have normalization M300 ! [0.5 " 1.5] # 107M".

by ! and ". Thus the parameter Vmax sets the normal-
ization of the mass profile.

The normalization can equivalently be set by specify-
ing, rather than Vmax, the enclosed mass at some par-
ticular radius. For radius x, the enclosed mass M(x)
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S08 demonstrate that for most dSphs the Jeans anal-
ysis can tightly constrain M300. Here, in addition to
M300, we shall consider the masses within two alterna-
tive radii as free parameters with which to normalize the
mass profile. Specifically, we consider the mass within
the half-light radius, M(rhalf ), and the mass within the
outermost data point of the empirical velocity dispersion
profile, M(rlast).

3.4. Markov-Chain Monte Carlo Method

In order to evaluate a given halo model, we com-
pare the projected velocity dispersion profile, #p(R),
from Equation 3 to the empirical profile, #V0

(R), dis-
played in Figure 1. For a given parameter set S "
{! log(1 ! $), log MX , log r0, !, "}, where MX is one of
{Vmax, M(rhalf ), M300 or M(rlast)}, we adopt uniform
priors and consider the likelihood

% =
N
%

i=1

1
&

2&(Var[#V0
(Ri)])

exp

'

!
1

2

(#V0
(Ri) ! #p(Ri))2
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(9)
where Var[#V0

(Ri)] is the square of the error associated
with the empirical dispersion.

Our mass models have five free parameters (four halo
parameters plus one anisotropy parameter). In order
to explore the large parameter space e!ciently, we em-

Kinematic data
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retaining assumptions (1)-(4)) can provide good fits to surface brightness and velocity dispersion
profiles simultaneously (e.g., Pryor & Kormendy 1990; Wilkinson et al. 2002). On these grounds,
the empirical profiles shown in Figures 2 and 12 provide the strongest available evidence that
dSphs have dominant dark matter halos that extend beyond luminous regions.

Some scenarios for dSph formation and evolution—particularly the tidal stirring mechanism
of Mayer et al. (2001a,b, Section 3.2) and the tidal disruption simulations of Muñoz et al. (2008)—
tend to produce configurations in which mass approximately follows light. The results discussed
above seem to rule out this configuration. However, Łokas (2009) finds reasonable agreement with
mass-follows-light models in Carina, Fornax, Sculptor and Sextans after trimming velocity sam-
ples in order to remove member stars classified by an iterative mass estimator (Klimentowski et al.
2007) as unbound. This result rests in part on a circular argument, as the adopted mass estima-
tor (Heisler et al. 1985) is based on the virial theorem, which itself assumes mass follows light.
However, the same charge of circularity can be brought against the standard kinematic analysis,
in which the inclusion of stars at large radius in the kinematic analysis implicitly assumes they
are bound by a sufficiently extended dark matter halo. Thus conclusions regarding the extended
structure of dSph dark matter halos are generally sensitive to the assumptions employed when de-
termining which stars to consider or reject in kinematic analyses. More secure is the conclusion
that dark matter dominates dSph potentials: even mass-follows-light models require central mass-
to-light ratios M/L

V

& 10[M/L

V

]� in order to fit the central velocity dispersions of dSphs (Muñoz
et al. 2008; Łokas 2009, and Figure 12).

4.1.3. Jeans Analysis

The methods for mass estimation described in the previous section either employ directly
or are derived from specific distribution functions f (~r,~v) that correspond to physical dynamical
models restricted by particular assumptions. Integration of Equation 5 over velocity space provides
an alternative starting point in the form of the Jeans equations (see Binney & Tremaine 2008). With
spherical symmetry one obtains
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i describe the 3-dimensional density, radial velocity
dispersion, and orbital anisotropy, respectively, of the (stellar) tracer component. The mass profile,
M(r), includes contributions from any dark matter halo. While there is no requirement that mass
follow light, there is also no guarantee that a given solution to Equation 9—even one that fits the
data—corresponds to a physical dynamical model (i.e., one for which f (~r,~v) is non-negative).

Equation 9 has general solution (van der Marel 1994; Mamon & Łokas 2005)
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where f (r) = 2 f (r1)exp
R

r
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�

a

(s)s-1
ds. Projecting along the line of sight, the mass profile relates

to observable profiles, the projected stellar density, ⌃(R) (Figure 2), and velocity dispersion, �(R)
(Figure 12), according to (Binney & Tremaine 2008)
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Equation 11 forms the basis for many methods of mass estimation, including parametric (e.g.,
Strigari et al. 2006, 2008a; Strigari 2010; Koch et al. 2007b,a; Battaglia et al. 2008; Walker et al.
2007b, 2009b; Martinez et al. 2011) and nonparametric (e.g. Wang et al. 2005) techniques as well
as algebraic inversion (e.g., Wilkinson et al. 2004; Gilmore et al. 2007).

All methods based on Equation 11 are limited fundamentally by a degeneracy between the
function of interest, M(r), and the anisotropy profile, �

a

(r), which is poorly constrained by ve-
locity data confined to the line of sight.8 Consideration of a common parametric method helps to
illustrate this limitation. For example, it is common to assume that the the gravitational potential
is dominated everywhere by a dark matter halo with mass density profile
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i.e., the generalisation by Zhao (1996) of the Hernquist (1990) profile. Equation 12 provides a
flexible halo model in the form of a split power-law, with free parameter ↵ controlling the transition
from index -� at small radii (r ⌧ r

s

) to a value of -� at large radii (r � r

s

).

From spherical symmetry, the density profile specifies the mass profile via
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and the surface brightness profile specifies the (deprojected) stellar density profile via
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, ↵, �, � and an assumption about the otherwise uncon-
strained anisotropy profile9, Equation 11 specifies a product ⌃(R)�2(R) that can then be compared
with observations.

8Łokas et al. (2005) develop a Jeans analysis that uses higher-order velocity moments (e.g., hv4i) in order to reduce
degeneracy between anisotropy (assumed to be constant) and total mass (effectively normalising a cusped mass profile
that is assumed to have � = 1 in the notation of Equation 12).
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from index -� at small radii (r ⌧ r

s

) to a value of -� at large radii (r � r

s

).

From spherical symmetry, the density profile specifies the mass profile via

M(r) = 4⇡
Z

r

0
s

2⇢(s)ds (13)

and the surface brightness profile specifies the (deprojected) stellar density profile via

⌫(r) = - 1
⇡

Z 1

r

d⌃

dR

dRp
R

2 - r

2
. (14)

Given values for free parameters ⇢
s

, r

s

, ↵, �, � and an assumption about the otherwise uncon-
strained anisotropy profile9, Equation 11 specifies a product ⌃(R)�2(R) that can then be compared
with observations.

8Łokas et al. (2005) develop a Jeans analysis that uses higher-order velocity moments (e.g., hv4i) in order to reduce
degeneracy between anisotropy (assumed to be constant) and total mass (effectively normalising a cusped mass profile
that is assumed to have � = 1 in the notation of Equation 12).

9Typical assumptions about anisotropy range in simplicity from �
a

= 0 or �
a

=constant to �
a

(r) = (�1 -�0)r2/(r2
� +

r

2) +�0 (e.g., Strigari 2010), introducing as many as three new free parameters.
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Kinematic data
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Kinematic data
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Problem we would like to solve: 

- We have a dark matter particle with some mass and 
annihilation cross section 
- We have N dwarf galaxies (taken to be sources)
- We have independent experiments that look at them 
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Analysis methods

ON/OFF

Profile likelihood

Photon weighting
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ON/OFF
(ACTs)

ON

OFF

Pros
• Model independent

Cons
• One dwarf at a time
• Assumptions on PDFs
• Ignores energy/spatial info
• Ignores DM spectrum
• Choice of ON radius/energy 
range

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

175 180 185 190 195

15

20

25

30

35

RA (deg)

DEC (deg)

histo.tmp1_0

Coma Berenices Background at 
this source

Computed by how much 
one understands this

Profile likelihood method
(e.g Fermi collaboration studies)
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1. Construct a theoretical model which in principle characterizes 
the background
2. Compute the signal/noise ratio (and place bound)

175 180 185 190 195

15

20

25

30

35

RA (deg)

DEC (deg)

histo.tmp1_0

Coma Berenices

Profile likelihood method
(e.g Fermi collaboration studies)

Pros
• Combined analysis of dwarfs 
is easy

• Uses all information 
available

• Handles sources, complicated 
fields of view

Cons
• Model dependent (free 
parameters)

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

Profile likelihood method
(e.g Fermi collaboration studies)

4

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.

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 limit com-
pared 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-
ied channels. The WIMP masses range from 10 GeV to
1 TeV, except for the ⌧+⌧� and W+W� channels, where
the lower bounds are 5 GeV and 100 GeV, respectively.
We restrict the range to WIMPmasses where reliable pre-
dictions for the gamma-ray yield were available. For the
first time, using gamma rays, we are able to rule out mod-
els with the most generic cross section (⇠ 3·10�26 cm3s�1

for a purely s-wave cross section), without assuming ad-
ditional astrophysical or particle physics boost factors.

In conclusion, we have presented a new analysis of the
Fermi-LAT data that for the first time combines mul-
tiple (10) Milky Way satellite galaxies in a single joint
likelihood fit and includes the e↵ects of uncertainties in
J-factors, yielding a more robust upper limit curve in the
(m

W

,h�
ann

vi) plane. This procedure allows us to rule out
WIMP annihilation with cross sections predicted by the
most generic cosmological calculation up to mass of ⇠ 27
GeV for the b

¯

b channel, and up to mass of ⇠ 37 GeV for
the ⌧+⌧� channel. Future improvements planned by the

Fermi-LAT Collaboration (apart from increased amount
of data) will include an improved event selection with a
larger e↵ective area and photon energy range, and the
inclusion of more satellite galaxies.

The Fermi-LAT Collaboration acknowledges support
from a number of agencies and institutes for both de-
velopment and the operation of the LAT as well as sci-
entific data analysis. These include NASA and DOE
in the United States, CEA/Irfu and IN2P3/CNRS in
France, ASI and INFN in Italy, MEXT, KEK, and JAXA
in Japan, and the K. A. Wallenberg Foundation, the
Swedish Research Council and the National Space Board
in Sweden. Additional support from INAF in Italy and
CNES in France for science analysis during the opera-
tions phase is also gratefully acknowledged. External col-
laborators M. Kaplinghat and G. D. Martinez acknowl-
edge support from NASA grant NNX09AD09G.
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has been made for Segue 1 [14–16], but we have opted
to treat both Segue 1 and Ursa Major II in the same
fashion as the other dSphs for the sake of uniformity in
treating the priors. This is a limitation of the analysis at
present, so we quote constraints with and without Segue
1 and Ursa Major II below. The final results for the
J-factors within �⌦ = 2.4 · 10�4 sr are listed in Table
I. To be conservative, we assume no contribution to the
flux from DM substructure in the dSphs. The posterior
distribution as well as the likelihood function for J are
well described by a logNormal function, which is used in
order to include the uncertainty on J in the confidence
interval calculation, as described in the next section.

DATA ANALYSIS

The ScienceTools analysis package is used to perform
a binned Poisson likelihood fit to both spatial and spec-
tral information in the data, with 30 energy bins loga-
rithmically spaced from 200 MeV to 100 GeV, and 10�

square spatial maps with a bin size of 0.1�. The nor-
malizations of the two di↵use components are left free in
all ROIs, together with the normalizations of the point
sources within 5� of the dSph position. The first improve-
ment to the analysis in [5] consists of combining the DM
signal across all the ROIs. Indeed, the J-factor is di↵er-
ent for each dSph, but the characteristics of the WIMP
candidate (m

W

, h�
ann

vi, annihilation channels and their
branching ratios) can be assumed to be universal. As
a consequence, the Fermi-LAT collaboration developed
the Composite2 code in the ScienceTools, to allow tying
any set of parameters across any set of ROIs. The sec-
ond improvement is that uncertainties on the J-factor are
taken into account in the fit procedure by adding another
term to the likelihood that represents the measurement
uncertainties. With this addition, the joint likelihood
considered in our analysis becomes:

L(D|pW,{p}) =
Y

i

LLAT

i

(D|pW,p
i

)

⇥ 1

ln(10) J
i

p
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 (h�

ann

vi ,m
W

, 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, J

i

. log
10

(J
i

) and �
i

are
the mean and standard deviation of the distribution of
log

10

(J
i

), approximated to be gaussian, and their values
are given in cols. 5 and 6 respectively of Table I.

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.

The fit proceeds as follows. For given fixed values of
m

W

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 � lnL

p

(h�
ann

vi) for several fixed
masses m

W

, where for each h�
ann

vi, � lnL is minimized
with respect to all other parameters. The intervals are
then obtained by requiring 2� ln(L

p

) = 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 h�

ann

vi
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 an-
nihilation cross section for the b

¯

b final state are shown
in Fig. 1. Including the J-factor uncertainties in the fit
results in increased upper limits compared to using the

- Fixed size of Region of Interest
- No spatial information
- No spectral information

Saturday, June 1, 13



 Photon weighting

Alex Geringer-Sameth & Koushiappas, PRL 107,241303, 2011 & PRD 86, 021302(R) 2012.

�
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Searches/Limits = Hypothesis testing

Data Test statistic, T
(many numbers) (one number)

PDF(T|hypothesis)

e.g. T = { number of photons (ON/OFF)

LR (profile likelihood)

T
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Counts

95%

counts

�PP

Prob(counts|�PP)

Counts

Alex Geringer-Sameth & Koushiappas, PRL 107,241303 (2011) 1108.2914

Multi-dimensional Neyman Construction
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Multi-dimensional Neyman Construction

Counts
counts

�PP

Prob(counts|�PP)

Counts

95%

Alex Geringer-Sameth & Koushiappas, PRL 107,241303 (2011) 1108.2914
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Counts

Likelihood

95%

counts

�PP

Prob(counts|�PP)

Counts

Alex Geringer-Sameth & Koushiappas, PRL 107,241303 (2011) 1108.2914

Measurement

95% Upper limit

Multi-dimensional Neyman Construction
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Combining observations of dwarfs

Dwarf A counts

Dw
ar

f 
B 

co
un

ts

measurement

Alex Geringer-Sameth & Koushiappas, PRL 107,241303 (2011) 1108.2914

counts

ϕPP

ϕPP

Dwarf A counts

Dwarf B counts
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counts

ϕPP

ϕPP

Dwarf A counts

Dwarf B counts

Belt

Alex Geringer-Sameth & Koushiappas, PRL 107,241303 (2011) 1108.2914

Be
lts

Combining observations of dwarfs

Dwarf A counts

D
w
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Be
lts

Dwarf A counts

D
w

ar
f B
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ou

nt
s

counts

ϕPP

ϕPP

Dwarf A counts

Dwarf B counts

Belt

See Sutton, Classical and Quantum Gravity, 
26, 245007 (2009)

w / J

Alex Geringer-Sameth & Koushiappas, PRL 107,241303 (2011) 1108.2914

Combining observations of dwarfs
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Choosing a test statistic

Weight dwarfs according 
to expected signal and 
expected background

wi /
exposure⇥ J

background

observed counts

T =
X

i2dwarfs

wiNi

Geringer-Sameth & SMK, PRL 107,241303, 2011
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Choosing a test statistic

Weight dwarfs according 
to expected signal and 
expected background

wi /
exposure⇥ J

background

observed counts

T =
X

i2dwarfs

wiNi

Geringer-Sameth & SMK, PRL 107,241303, 2011
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Weight of photon is based on:

• Which dwarf it came from
• Energy
• Angular separation from 
location of dwarf

wi /
exposure⇥ J

background

Include spatial, spectral, instrumental 
information:

Each photon gets a weight

sum over all events from all dwarfs

{

Qi

T =
X

i2dwarfs

wiNi

T =
X

i2photons

w(Qi)

Choosing a test statistic

Weight dwarfs according 
to expected signal and 
expected background

observed counts

Geringer-Sameth & SMK, PRL 107,241303, 2011 Geringer-Sameth & SMK, PRD 86, 021302(R), 2012
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Choosing weights

wQ = log

✓
1 +

sQ
bQ

◆
signal

background

DM annihilation 
spectrum

+
Instrument response 

(effective area, PSF)
+

astrophysical 
background

INGREDIENTS
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The 130 GeV line

- Tough to explain with known 
astrophysics

- Peak is 200 pc away from GC

- Need a very large cross-section

- What about the Earth’s limb?

- Could it be systematic? 

Weniger, arXiv:1204.2797

Su & Finkbeiner, arXiv:1206.1616
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Change DM spectrum: optimal weights for a line search

photon weights

Geringer-Sameth & SMK, PRD 86, 021302(R), 2012
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photon weights

Geringer-Sameth & SMK, PRD 86, 021302(R), 2012

Change DM spectrum: optimal weights for a line search
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Stay tuned for results in the high-mass (>TeV) regime 
using a staked dwarf analysis with VERITAS...

Predicting the future 4

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.

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 limit com-
pared 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-
ied channels. The WIMP masses range from 10 GeV to
1 TeV, except for the ⌧+⌧� and W+W� channels, where
the lower bounds are 5 GeV and 100 GeV, respectively.
We restrict the range to WIMPmasses where reliable pre-
dictions for the gamma-ray yield were available. For the
first time, using gamma rays, we are able to rule out mod-
els with the most generic cross section (⇠ 3·10�26 cm3s�1

for a purely s-wave cross section), without assuming ad-
ditional astrophysical or particle physics boost factors.

In conclusion, we have presented a new analysis of the
Fermi-LAT data that for the first time combines mul-
tiple (10) Milky Way satellite galaxies in a single joint
likelihood fit and includes the e↵ects of uncertainties in
J-factors, yielding a more robust upper limit curve in the
(m

W

,h�
ann

vi) plane. This procedure allows us to rule out
WIMP annihilation with cross sections predicted by the
most generic cosmological calculation up to mass of ⇠ 27
GeV for the b

¯

b channel, and up to mass of ⇠ 37 GeV for
the ⌧+⌧� channel. Future improvements planned by the

Fermi-LAT Collaboration (apart from increased amount
of data) will include an improved event selection with a
larger e↵ective area and photon energy range, and the
inclusion of more satellite galaxies.
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