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WIMP annihilation in satellites

Eariler studies: Baltz et al., 1999, Tyler 2002, Evans et al., 2004, Bergstrom & Hooper, 2006, Colafrancesco et al. 2007
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dSph D[kpc] LV (106 L!) !0 rc rt Vmax

from [20] from [20] [km s"1] [kpc] [kpc] [km s"1]

Ursa Minor 66 0.29 15 ± 4 0.30 1.50 15-40

Draco 80 0.26 5.5 ± 1.2 0.18 0.93 15-35

Sculptor 79 2.2 8.5 ± 1.0 0.28 1.63 11-19

Fornax 138 15.5 11.1 ± 2.5 0.39 2.71 19-36

Carina 101 0.43 6.8 ± 1.0 0.25 0.86 10-15

Sextans 86 0.50 5.8 ± 1.3 0.40 4.0 6-10

TABLE I: Properties of the dSphs used in this study. The adopted distance to each galaxy is shown in the second column.
For reference, third and forth columns list the luminosity and central velocity dispersion for each dwarf. The fifth and sixth
columns give the King core and tidal radii as determined from references [57, 58, 59, 60, 61, 62]. The last column shows a
derived result: the range of halo Vmax values that simultaneously matches the observed velocity dispersion profiles and the
CDM theoretical normalization priors (see Fig. 2).

FIG. 1: The velocity dispersion profiles for Ursa Minor, with
data from [57]. The short-dashed curve shows a model with
"s = 108 M! kpc"3 and rs = 0.63 kpc, while the long-dashed
curve depicts a model with "s = 107 M! kpc"3 and rs =
3.1 kpc. Both curves have # = 0.6.

[68], where they quote an upper limit to the stellar mass-
to-light ratio of ! 3, implying a total stellar mass of
! 6.6 " 105 M!. Though the stellar populations vary
somewhat in all dSphs, the stellar mass-to-light ratios
are similar [20]. This is at the very least an order of
magnitude below the deduced total mass in dark matter
in all cases (see below).

There are three empirically unconstrained parame-
ters which determine the observed line-of-sight profile
in Eq. (15): !, "s, and rs. To determine the con-
straints on these parameters, for each dSph we construct
a gaussian likelihood function, L # exp($#2), where
#2 =

!

ı($
2
ı $ $2

th,ı)/2%2ı . Here $th,ı is the theoreti-
cal velocity dispersion, $ı the measured dispersion in
the ıth bin, and %ı is the error on $ı. The assumption

of a gaussian likelihood function on the velocity disper-
sion is an excellent description of the data for ! 200
line-of-sight velocities [69]. To construct the allowed re-
gion, we determine the #2 for each dSph as a function
of the three parameters !, "s, and rs. Including & as
a free parameter has minimal e!ect on the shape of the
allowed region, as long as & is restricted in the range
0.7$1.2 [69]. Given L, we then integrate over the appro-
priate range of ! to obtain the two-dimensional likelihood
function, L", which we use to define the likelihood ratio
"#2 = $2 ln(L"/L"

max). We determine the allowed re-
gion in the "s $ rs plane using "#2 = 6.2, equivalent
to the approximate 95% confidence level region for two
degrees of freedom.

Figure 1 shows an example fit for Ursa Minor, where
we have used ! = 0.6. The short-dashed curve has a
maximum circular velocity, Vmax ! 70 kms#1, and the
long-dashed curve has Vmax ! 20 kms#1. These corre-
spond to rmax ! 0.6 kpc and ! 20 kpc, respectively.
This particular example highlights the degeneracy that
currently exists with the line-of-sight velocity dispersion
data: large Vmax solutions are still viable as long as they
are accompanied by an increase in the rmax.

Figure 2 shows the allowed regions in the "s $ rs plane
for each dSph. In all of the galaxies, the minima in #2

is not very well-defined; there is a degeneracy along the
axis of the allowed region. This is particularly true for
the cases where the best-fitting value of rs occurs out-
side the region probed by the stellar distribution. In this
region, changes to the combination of "s $ rs have very
little impact on the dark matter distribution in the re-
gion probed by the stars, so the allowed region actually
extends well beyond what is shown in the Fig. 2. We
note that if the contours are created for fixed values of !,
then as the value of ! is changed, the "s and rs allowed
region shifts along the line of degeneracy [e.g. 70]. Thus
our predicted L contribution changes very little whether
we keep ! fixed or marginalize over it (as we have done),
especially when we demand consistency with the CDM
model expectation for the "s-rs relation (see below).

Though Fig. 2 shows that the combination "s $ rs is
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FIG. 4: Examples of the flux spectrum of Ursa Minor for
three cases where the quanitities (log10 !s, log10 rs, M!) take
the values of (7.4,0.033,46) depicted with the long-dashed
line, (7.9,-0.067,46) shown as a short-dashed line, and (7.9,-
0.067,500) shown as the dot-dashed line. The value of L

that corresponds to these 3 cases is [2.08 ! 1014, 1.25 !

1015, 1.25 ! 1015]GeV cm!2s!1 respectively. The units for !s

are M" kpc!3, while rs is in kpc and M! in GeV. No en-
hancement of flux from substructure is included; substructure
could increase the flux by up to a factor of 100, increasing the
prospects for detection. The calculated flux is integrated over
an angular region of radius 0.1 degrees centered on the dSph,
and the value of P = PSUSY " 10!28cm3s!1GeV!2, which
corresponds to the most optimistic scenario for supersymmet-
ric dark matter (see Sec. II). Open squares show the am-
plitude of the "#ray extragalactic emission [74], while filled
circles correspond to the galactic emission of "-rays at high
galactic latitudes [75].

!sr
3!!(rc)
s , which explains the flat parts of the contours

in Fig. 3 (where they overlap with the CDM priors).

The contours in !2
sr

3
s ! !s plane in Fig. 3 have been

calculated assuming a smooth dark matter distribution.
The flux enhancement due to the presence of substruc-
ture will be discussed below. We have used P = PSUSY =
10!28cm3s!1GeV!2, which corresponds to the most opti-
mistic scenario for neutralino CDM. For other dark mat-
ter candidates, the fluxes shown should be rescaled by a
factor of P/PSUSY.

Figure 3 shows that the most promising candidates for
detection are Ursa Minor & Draco, with the largest flux
coming from Ursa Minor. These two dSphs have fluxes
" 10!11 cm!2s!1, within potential reach of upcoming "-
ray detectors. For example, the integral sensitivity for
a 5-# detection in 5 years of exposure with GLAST in
the signal dominated regime (energies above " 5 GeV)
is " 3 # 10!11cm!2s!1, and therefore these two dSphs
should be prime targets for observation with GLAST.

The various lines in Fig. 3 show flux levels for di!erent
solid angles of integration centered on the dSph. Because
most of the flux from a dark matter halo described with
an NFW profile originates from the region inside of rs,
integrating over an area that is larger than the appar-
ent angular extent subtended by rs does not lead to a
marginal increase in the flux (see e.g. Eq. (8)). For a
dSph at a distance D this angular extent is tan!1[rs/D].
Integrating over an angular area which has a apparent
radius smaller than rs leads to a reduction in flux (see
e.g. Eq. (7)). This is shown with the dot-dashed contours
in Fig. 3, where the solid angle is 0.1 degrees relative to
the solid contours which are for 2 degrees.

In order to quantify the prospects for detection we con-
sider the following examples. If a region of radius 0.1
degrees centered on Ursa Minor is integrated upon with
GLAST (with an orbit-averaged area ofAe! " 2#103cm2

[76]) for 5 years, and P $ 10!28cm3s!1GeV!2, then the
range in the number of photons expected is " [5 ! 35]
based on the allowed range of values in the !s ! rs plane.
Integrating over the same region with a Čerenkov de-
tector (such as VERITAS (atmospheric) or HAWC (wa-
ter)) has the advantage of a much larger e!ective area
(Ae! " 108cm2), but the disadvantage of a much larger
background (due the hadronization of cosmic rays) and
much smaller integration timescale (of order hours in-
stead of years). For ground detectors such as VERITAS,
or HAWC, with an e!ective area Ae! " 108cm2, and as
an example, 50 hours of integration, the corresponding
range in the number of photons expected is [10-70]. For
this latter estimate we assume P $ 10!31cm3s!1GeV!2

which corresponds to a neutralino of M" " 200 GeV and
a threshold energy of " 100 GeV.

As can be inferred from Fig. 3, the predicted fluxes
are roughly similar to within two orders of magnitude.
If a "-ray flux is detected in the direction of, for exam-
ple, Ursa Minor, then from the allowed !s!rs parameter
space of Ursa Minor we can determine the range of ex-
pected fluxes for the remaining five dSphs, by taking into
account the respective allowed !s ! rs parameter space
in each case. Table II provides the flux ratios expected
relative to a flux measurement from Ursa Minor. We cal-
culate these flux ratios by considering the highest and
lowest flux in the !2

sr
3
s !!s parameter space which is also

consistent with the CDM priors (shaded areas in Fig. 3).
If the highest flux predicted from Ursa Minor is "max

UMI
and the minimum is "min

UMI, then the range of flux ratios
from the rest dSphs relative to the flux from Ursa Minor
is "max

dSph/"min
UMI ! "min

dSph/"max
UMI. We calculate flux ratios

for two di!erent angular integrations, such that combi-
nations of the two removes any correlations between the
allowed regions by the inclusions of the distance to each
dwarf, i.e., a same allowed value of !2

sr
3
s in for example

two di!erent dSphs does not necessarily correspond to
the same flux (recall that the angular extent of rs for a
dSph at D is tan!1[rs/D], and that the flux is propor-
tional to !2

sr
3
s). This prediction is quite robust. First,

because measurement of "-ray fluxes must fall within



Satellite Year Discovered

LMC 1519

SMC 1519
Sculptor 1937
Fornax 1938
Leo II 1950
Leo I 1950

Ursa Minor 1954
Draco 1954
Carina 1977
Sextans 1990

Sagittarius 1994
Ursa Major I 2005

Willman 1 2005
Ursa Major II 2006

Bootes I 2006
Canes Venatici I 2006
Canes Venatici II 2006
Coma Berenices 2006

Segue 1 2006
Leo IV 2006

Hercules 2006
Bootes II 2007

Leo V 2008
Pisces I 2009
Segue 2 2009
Segue 3 2010
Pisces II 2010

Least luminous galaxies: Census
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• 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 di!erent
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 A!

• Define S as S = (A " Ā)/A!

• 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.— Aito! 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 di!ers 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



Star Clusters
Galaxies

Low mass stellar systems

Galaxies!

?

WIMP annihilation in SDSS satellites: Strigari et al 2008, Geha et al 2009, Bringmann et al 2009 



(josh) simon says...
Conclusions

• Assessing the evidence:
! Segue 1 - galaxy, no tides, no binaries

! UMa II - galaxy, tides

! Willman 1 - galaxy, tides??

! Bootes II - galaxy

! Coma Berenices - galaxy, no tides, no binaries

Likely good targets:              Not recommended:

Ursa Minor                                    Willman 1

Draco                                            UMa II

Segue 1

Coma Berenices

. . .

The contenders



Kinematic Models for dSphs

! Assume photometry

! Dark matter profile (e.g., core/cusp, NFW/Einasto)

! Statistics of stellar orbits (velocity anisotropy) 

! Solve spherical jeans equation, determine mass 

! Warning!: acceptable solution to the jeans eq. don’t guarantee consistent distribution 

function (e.g. Evans et al. 2009; An & Evans 2009)

[e.g. Lokas et al. 2004,2009; Strigari et al. 2007,2008; Gilmore et al. 2007; Walker et al. 2009.....]
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well-described by a Gaussian distribution (Muñoz et al. 2005, 2006; Walker et al. 2007, 2009; Geha et al.

2009b) and we include the dispersion arising from both the motion of the stars and the measurement errors

as Strigari et al. (2007):

L(A ) ! P({vi}|A ) =

n
!

i=1

1
"

2!("2
los,i
+ "2

m,i
)

exp

#

$

$

$

$

$

%

"
1

2

(vi " u)
2

"2
los,i
+ "2

m,i

&

'

'

'

'

'

(

, (6)

where {vi} are the individual l.o.s. stellar velocity measurements and "m,i are the measurement errors on

these velocities. The mean l.o.s. velocity of the dwarf galaxy is denoted by u. The full set of astrophysical

parameters isA = #s, rs,!$, %, u, and we discuss the two new parameters!$ and % below. The theoretical

l.o.s. dispersion, "los, is the projection of the 3D velocity dispersion on the plane of the sky and this is

determined using the Jeans equation (see Binney & Tremaine 1987) once A is specified. !$ is the stellar

mass to light ratio and it sets the mass of the baryons in these dwarf galaxies given the stellar luminosity.

The velocity dispersion anisotropy is% ! 1 " "2
t
/"2r , where "t and "r are the tangential and radial velocity

dispersion of the stars (measured with respect to the center of the dwarf galaxy). We assume that % is

constant for this analysis. The probability of the astrophysical parameters,A given a data set {vi} is obtained

via Bayes’ theorem: P(A |{vi}) # P({vi}|A )P(A ). The prior probability, P(A ), for the halo parameters,

{rs, #s} is based on "CDM simulations (Diemand et al. 2007; Springel et al. 2008) and described in detail

in Martinez et al. (2009). For !$ we take the prior to be uniform between 0.5 and 5, and for % the prior is

uniform between "1 and 1.

The astrophysical factor J after marginalization over all the parameters inA for each dwarf galaxy

within an angular region of diameter 1$ is given in Table 4. The chosen 1$ region for the calculation of J

is a good match to the LAT PSF at energies of 1" 2 GeV where most of the models under consideration

are best constrained. At lower energies, the PSF is significantly larger, but beyond 1 $ the dwarf dark matter

density has a negligible impact on the overall J computation, and at higher energies, the statistics with the

current data are rather limited. Note that, due to their uncertain nature as true dark matter dominated dSphs

or large uncertainties in their dark matter content, the Segue 2, Willman 1, and Bootes II dSphs have not

been considered in this analysis. In addition, new stellar data on Segue 1 and Bootes II are being currently

reduced and will be used in a forthcoming publication. We also exclude Ursa Major I, Hercules, and Leo

IV, because their J values are smaller than those of the rest of the sample, yielding a final sample of 8 dSphs

used for the dark matter constraints.

In principle, annihilations in cold and dense substructure in the dwarf galaxy halo can increase J.

However, previous studies have shown that this boost due to annihilations in substructure is unlikely to be

larger than a factor of few (see e.g. Martinez et al. 2009). Similarly, a boost in the annihilation cross-section

in dwarfs due to a Sommerfeld enhancement (e.g. Arkani-Hamed et al. 2009), where the annihilation cross-

section depends on the relative velocity of the particles, would increase the expected gamma-ray signal and

improve our constraints. In order to be conservative, we have not included either of these e#ects.



J factor uncertainty: Segue 1 
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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 di!use 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 " = 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

Fermi modeling: Draco 
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Fig. 3.— mSUGRA (upper left), MSSM (upper right), Kaluza-Klein UED (lower left) and Anomaly me-

diated (lower right) models in the (mwimp,< !v >) plane. All mSUGRA and MSSM plotted models are

consistent with all accelerator constraints and red points have a neutralino thermal relic abundance corre-

sponding to the inferred cosmological dark matter density (blue points have a lower thermal relic density,

and we assume that neutralinos still comprise all of the darkmatter in virtue of additional non-thermal pro-

duction processes). The lines indicate the Fermi 95% upper limits obtained from likelihood analysis on the

selected dwarfs given in Table 4.

FERMI

Abdo et al., Astrophys.J. 712 (2010) 147-158
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Segue 1 gamma-ray observations
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FIG. 1: Current exclusion regions from Fermi 9-month gamma-ray observations of Segue 1 (bounded below by the blue solid
diagonal line) and MAGIC gamma-ray observations of Segue 1 (bounded below by the purple solid curved line). The exclusion
regions use the conservative 2! lower limit of Lann given in Table I within " = 0.25 (Fermi) and " = 0.1 (MAGIC). The
dashed blue and purple lines depict the respective cross-section bounds using the optimistic 2! upper limits of Lann. For the
## ! W+W! channel, the black dot is the region favored by a model of wino-like neutralinos that explains the PAMELA
positron data [40]. Note that m! ! mt " 175 GeV for the ##! tt̄ channel.

The energy spectra for the longer channel !!! "" with
"! µ+µ! are given by

dN!e

dx
= "5

3
+ 3x2 " 4

3
x3 + 2 ln

1
x

(10)

dN!µ

dx
= "19

18
+

3
2
x2 " 4

9
x3 +

5
3

ln
1
x

, (11)

where x = E!/m" [39]. (The #i and #̄i spectra are the
same for each channel). When these neutrinos reach
Earth, the probability that #i will have oscillated into
#µ is roughly [45]

P (#µ ! #µ) # P (#̄µ ! #̄µ) # 0.39,

P (#e ! #µ) # P (#̄e ! #̄µ) # 0.22 (12)

(we take this oscillation probability also into account for
the direct channel !!! #µ#̄µ). Since Segue 1 lies in the

Northern Hemisphere, these neutrinos travel through the
Earth towards IceCube. While #e and ## predominantly
give rise to cascade-like events in IceCube, #µ’s can con-
vert to muons in the ice and produce track-like events
that yield much better angular resolution [46]. We thus
focus exclusively on detecting the muons from the #µ’s.
(In particular, we also ignore the muons produced from
## ! $ ! µ.)

Given dN!µ,!̄µ/dE! above, one obtains the di!erential
neutrino flux, d"!µ,!̄µ/dE! , from Eq. (1). The muon
energy spectrum detected by IceCube in a time T is given
by

Nµ

dEµ
(Eµ) = T

! m!

Eµ

dE!
%m

mN

d"!µ,!̄µ

dE!

" d&!

dEµ
+

d&!̄

dEµ

#

$R(Eµ, Eth)Ae!(Eµ). (13)
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Fig. 2.— Uncertainty on the predicted dark matter annihilation luminosity from a dwarf galaxy (including
only astrophysical uncertainties from the mass modeling, not the unknown particle physics) as a function of
the number of stellar velocity measurements. While the uncertainty hits a floor of ! 25% for large data sets,
our current small samples mean that the uncertainties can be greatly reduced by additional observations.



LAT collaboration: Fermi/LAT observations of Local Group galaxies: detection of M 31 and search for M 33

Fig. 1. Gaussian kernel (! = 0.5!) smoothed counts maps of the region of interest (ROI) in a true local projection before (left) and after subtraction
of the background model (right) for the energy range 200 MeV–20 GeV and for a pixel size of 0.05! " 0.05!. Overlaid are IRIS 100 µm contours
of M 31 convolved with the LAT point spread function to indicate the extent and shape of the galaxy. The boxes show the locations of the 4 point
sources that have been included in the background model.

("J2000, #J2000) = (00h43.9m ± 1.8m,+41!23# ± 22#) that again
encloses the centre of M 31 within the 1! confidence contour.

We determined the statistical significance of the detection,
as well as its spectral parameters, by fitting a spatial template for
M 31 to the data on top of the gamma-ray background model that
we introduced above. The M 31 template was derived from the
Improved Reprocessing of the IRAS Survey (IRIS) 100 µm far
infrared map (Miville-Deschênes & Lagache 2005). Far infrared
emission can be taken as a first-order approximation of the ex-
pected distribution of gamma-ray emission from a galaxy since it
traces interstellar gas convolved with the recent massive star for-
mation activity. The spatial distributions of di!use gamma-ray
emission from our own Galaxy or the LMC are indeed traced by
far-infrared emission to the first order.

From the IRIS 100 µm map, we removed any pedestal emis-
sion, which we estimated from an annulus around M 31, and we
clipped the image beyond a radius of 1.6!.

Using this IRIS 100 µm spatial template for M 31 and assum-
ing a power-law spectral shape led to a detection above the back-
ground at TS= 28.8, which corresponds to a detection signifi-
cance of 5.0! for 2 free parameters. We obtained a >100 MeV
photon flux of (11.0 ± 4.7stat ± 2.0sys) " 10$9 ph cm$2 s$1 and
a spectral index of " = 2.1 ± 0.2stat ± 0.1sys using this model.
Systematic errors include uncertainties in our knowledge of the
e!ective area of the LAT and uncertainties in the modelling of
di!use Galactic gamma-ray emission. As an alternative we fitted
the data using the IRIS 60 µm, IRIS 25 µm, a template based on
H" emission (Finkbeiner 2003) or the geometrical ellipse shape
we used earlier for source localization. All these templates pro-
vide results that are close to (and consistent with) those obtained
using the IRIS 100 µm map. Fitting the data using a point source
at the centre of M 31 provided a slightly smaller TS (25.5) and a
steeper spectral index (" = 2.5± 0.2stat ± 0.1sys), which provides
marginal evidence (at the 1.8! confidence level) of a spatial ex-
tension of the source beyond the energy-dependent LAT point
spread function.

Using the gamma-ray luminosity spectrum determined from
a GALPROP model of the MW that was scaled to the as-
sumed distance of 780 kpc of M 31 (Strong et al. 2010)5 in-
stead of a power law allows determination of the >100 MeV
luminosity ratio r$ between M 31 and the MW. We obtain r$ =
0.55 ± 0.11stat ± 0.10sys where we linearly added uncertainties
in the assumed halo size of the model to the systematic errors
in the measurement. The luminosity of M 31 is thus about half
that of the MW. The model gives TS= 28.9, which is compa-
rable to the value obtained using a power law, yet now with
only one free parameter, the detection significance rises to 5.3!.
According to this model, the >100 MeV photon flux of M 31 is
(9.1 ± 1.9stat ± 1.0sys) " 10$9 ph cm$2 s$1.

We determined the spectrum of the gamma-ray emission
from M 31 independently of any assumption about the spectral
shape by fitting the IRIS 100 µm template in five logarithmically
spaced energy bins covering the energy range 200 MeV–50 GeV
to the data. Figure 2 shows the resulting spectrum on which we
superimposed the GALPROP model of the MW for r$ = 0.55.
Overall, the agreement between the observed spectrum of M 31
and the model is very satisfactory. The upturn in the spectrum
at high energies, though not significant, could possibly be at-
tributed to emission from the BL Lac object 1ES 0037+405, the
only known blazar in the line of sight towards M 31. In a dedi-
cated analysis above 5 GeV, we found a cluster of 6–7 counts that
are positionally consistent with coming from that blazar. Adding
1ES 0037+405 as a point source to our model and extending
the energy range for the fit to 200 MeV–300 GeV results in a
TS= 16$20 for the source, where the range reflects uncertainties

5 We use throughout this work a representative model of the MW from
Strong et al. (2010) with a halo size of 4 kpc and that assumes di!u-
sive reacceleration. The model is based on cosmic-ray, Fermi-LAT and
other data, and includes interstellar pion-decay, inverse Compton and
Bremsstrahlung. Varying the halo size between 2 and 10 kpc a!ects
the >100 MeV luminosity and photon flux by less than 10% and 3%,
respectively.
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Fig. 3. Gamma-ray >100 MeV luminosity versus total number of hydro-
gen atoms (top panel) and star formation rate (bottom panel) for Local
Group galaxies and the starbursts M 82 and NGC 253. In the bottom
panel, the lines are power-law fits to the data for the MW, M 31, the
LMC, and the SMC, for which the slope was free (solid) or fixed to 1
(dashed).

M 33 thus may be within reach of the LAT within the next few
years.

The L!-SFR plot does suggest a correlation in common for
Local Group and starburst galaxies. Although it is premature
to draw conclusions about any strong correlation over such a
wide range of galaxy properties because of the small size of our
sample, if such a correlation exists, it would be analogous to
the well-known tight correlation between radio and far-infrared
emission over a wide range of galaxy types (e.g. Murphy et al.
2006). The latter is linked to the relation between CRs and
SFR, and although not yet fully understood, it is thought to re-
sult to some extent from CR electron calorimetry. While pro-
ton calorimetry clearly can be excluded as an explanation of
the L!-SFR correlation because the intermediate-size galaxies
of the Local Group are thought to be very ine!cient at retaining
CR protons, the dominant CR component (Strong et al. 2010),
a correlation may relate to the contribution of CR leptons to
the gamma-ray emission. Depending on the ISM and CR trans-
port conditions, CR leptons may lose their energy predominantly
through gamma-ray-emitting processes (like inverse-Compton
or Bremsstrahlung, as opposed to ionization and synchrotron)
and dominate the total gamma-ray luminosity7. This could drive
the correlation between L! and SFR for galactic systems with
high lepton calorimetric e!ciency. Whatever the explanation
for this global correlation, it is worthwhile noting that it holds

7 Some variants of the GALPROP MW model actually predict that
leptons can be responsible for up to!50% of its >100 MeV gamma-ray
photon flux (Strong et al. 2010).

despite the fact that conditions may vary considerably within a
galaxy (e.g. the peculiar 30 Doradus region in the LMC, or the
very active cores of starbursts).

The L! vs SFR plane therefore seems to hold potential for
defining constraints on CR production and transport processes.
The inferred L! values are, however, not uniquely due to CR-
ISM interactions but include a contribution of individual galactic
sources such as pulsars and their nebulae. The relative contribu-
tions of discrete sources and CR-ISM interactions to the total
gamma-ray emission very likely vary with galaxy properties like
SFR, which may complicate the interpretation of any L! trend in
terms of CR large-scale population and transport.

Also more exotic processes, such as annihilation or decay
of WIMPs (weakly interacting massive particles), might con-
tribute to the overall signal from M 31. Several extensions of
the Standard Model of particle physics naturally predict the ex-
istence of WIMPs (e.g. supersymmetry, universal extra dimen-
sions). Rather than focusing on a specific scenario, we estimate
a conservative upper bound on this contribution in the case of
a generic 100 GeV WIMP annihilating exclusively into bottom
quarks, which is one of the leading tree level annihilation chan-
nels of a WIMP predicted by supersymmetric theories. The nor-
malization of the predicted spectrum is initially set to zero and
is increased until it just meets, but does not exceed, the 95%
confidence upper limit on the measured M 31 spectrum at any
energy. We find that when assuming an Einasto dark matter halo
profile (Navarro et al. 2010) that matches the M 31 kinematic
data (Klypin et al. 2002), this contribution corresponds to a 95%
confidence upper limit on the annihilation cross section of ap-
proximately 5 " 10#25 cm3 s#1.
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Figure 2. The top left-hand panel shows the projected dark matter density at z = 0 in a slice of thickness 13.7 Mpc through the full box (137 Mpc on a side) of
our 9003 parent simulation, centred on the ‘Aq-A’ halo that was selected for resimulation. The other five panels show this halo resimulated at different numerical
resolutions. In these panels, all particles within a cubic box of side length 2.5 ! r50 centred on the halo are shown. The image brightness is proportional to the
logarithm of the squared dark matter density S(x, y) projected along the line of sight, and the colour hue encodes the local velocity dispersion weighted by the
squared density along the line of sight. We use a two-dimensional colour table (as shown on the left-hand side) to show both of these quantities simultaneously.
The colour hue information is orthogonal to the brightness information; when converted to black and white, only the density information remains, with a
one-dimensional grey-scale colour map as shown on the left-hand side. The circles mark r50.

excursion set method. Based on local dark matter density estimates
calculated with the SPH kernel interpolation approach for all high-
resolution particles, we first identify a set of subhalo candidates,
which are locally overdense structures found within a given input
group of particles identified with a FOF (friends-of-friends) group
finder (Davis et al. 1985). These are then subjected to a gravita-
tional unbinding procedure that iteratively eliminates all unbound
particles. Provided more than 20 bound particles remain, we record
the particle group as a genuine subhalo in our group catalogue. For
each subhalo, we calculate a number of physical properties, such

as the maximum circular velocity, spin and velocity dispersion, and
we store the particles in order of the gravitational binding energy,
which is useful for tracking subhaloes between simulation outputs
at different times. We have fully parallelized the SUBFIND and
FOF algorithms for distributed memory systems and inclined them
in our simulation code GADGET-3. Thus group finding can be done
on the fly during the simulation, if desired. This is often advanta-
geous as these calculations are computationally quite intense and
require equally large memory as the dynamical simulation code
itself.

C" 2008 The Authors. Journal compilation C" 2008 RAS, MNRAS 391, 1685–1711
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Figure 3. Projected dark matter density in our six di!erent 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) =

!

!2(r) dz, (1)

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

"(x, y) =
1

S(x, y)

!

"loc(r) !2(r) dz. (2)

Here the local dark matter density !(r) and the local veloc-
ity dispersion "loc(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

c" 0000 RAS, MNRAS 000, 000–000

137 Mpc 1 Mpc

Cold dark matter



Is data consistent with theory?

Consider a subhalo in simulation

Imagine a galaxy with the stellar density profile lives there 

Predict velocity dispersion (assuming isotropy) 

Compare with observed velocity dispersion

Test goodness-of-fit
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vo,ı is the observed velocity of the ith star and vo is the mean
of these velocities over all stars in the galaxy. The quantity
eı represents the measurement uncertainty of the ith star,
and angle brackets represent an average over all the stars in
a radial bin. We further assume that the error on vo is neg-
ligible and that the actual velocities are uncorrelated with
their measurement error. With these assumptions, !̂2 is an
unbiased estimator of the corresponding population quan-
tity, and approximating the sampling distributions of !v2"
and !e2" as normal, the uncertainty on !̂ can be estimated
as

"2 =
1

2N
!v2"2

!v2" # !e2"
. (9)

Given an estimate of the intrinsic velocity dispersion
profile of each satellite based on Eq. 8, we step through all
the subhalos in the six Aquarius simulations to determine
which subhalo has the (spherically averaged) potential that
best describes the data. Specifically, for each Aquarius sub-
halo, we derive a spherical potential from the mass profile
M(r) and then use the Jeans equation (2) to calculate the
line-of-sight velocity dispersion profile, !los(R), which cor-
responds to the model star count profile of Table 1 and an
everywhere isotropic velocity dispersion tensor. This line-of-
sight velocity dispersion is then averaged over the positions
of all the stars in each annulus to predict the population
mean square velocity within that annulus. For each satellite-
subhalo pair we then determine the quantity

#2 =

Nbins
!

ı=1

[!̂ı # !(Rı)]
2

"2ı
, (10)

where Nbins is the number of annuli and Rı is the mean value
of the projected radius of the stars in the ıth annulus. For a
given satellite, it then follows that the best fitting Aquarius
subhalo is the one that minimizes Eq. 10.

Once a “best” subhalo has been identified in this way,
we can quantify whether it actually provides an acceptable
fit by comparing the #2 value from Eq. 10 to the theoretical
distribution of #2 for Nbins degrees of freedom. If p is the
fraction of the theoretical distribution at larger values than
the measured #2, then we can exclude the hypothesis that
the observed satellite has isotropic velocity dispersions and
is hosted by this “best” subhalo at confidence level 1# p.
(Note that, given our assumptions, there are no free prame-
ters when comparing observed and predicted dispersion pro-
files for a specific subhalo.) If p is not very small, then we
conclude that the observed satellite could be hosted by a
!CDM subhalo. Note that the converse does not apply. If
p is very small, the observed satellite could still live in a
!CDM subhalo if it has significant velocity anisotropies.

4 RESULTS

In this section we turn to the implemention of the algo-
rithms described above. We begin by finding the Aquarius
subhalo that best matches the line-of-sight velocity disper-
sion of each satellite under the assumption of negligible ve-
locity anisotropy and for the model stellar density profile we
have fitted to the observed counts. We then check whether
the line-of-sight velocity distributions of these models are
consistent with those observed.
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Figure 2. Solid curves show the line-of-sight velocity dispersion
predicted for each of the satellites we consider by inserting the
potential determined from the best fitting Aquarius subhalo and
the photometric profile of Table 1 into Eq. 1, assuming no velocity
anisotropies. The observational data are taken from Mateo et al.
(2008) (Leo I) and Walker et al. (2009) (Fornax, Carina, Sculptor,
and Sextans). The errors on the velocity dispersion in each bin
are assigned according to Eq. 9.

Table 1. Number of member stars with measured radial velocities
in each of our five galaxies, together with the parameters in Eq. 4
for our preferred fits to their star count profiles, as shown inFig. 1.
The final column gives the value of !2 per degree of freedom for
these count profile fits.

Satellite # of stars a b c r0 [kpc] !2/d.o.f

Fornax 2409 1 4 4.5 0.67 1.0
Leo I 328 0 3 7.5 0.4 1.6
Carina 758 0.5 3 5.3 0.29 1.1
Sculptor 1392 0.5 3 5.5 0.32 0.4
Sextans 424 0.5 3 3.3 0.44 0.1

4.1 Best-fitting subhalos

Figure 2 compares the observed velocity dispersion profiles
of our five satellites to those predicted by Eq. 2 when a
stellar system with a count profile given by Eq. 4 with the
parameters in Table 1, with a stellar mass-to-light ratio of 1,
and with negligible velocity anisotropy, is embedded in the
Aquarius subhalo that fits best according to the criterion of
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Figure 4. Velocity distributions in four bins for each of our satellites. In each panel, a solid curve shows the theoretical distribution
averaged over the radial positions of all the stars in the bin, and then smoothed with a gaussian representing the typical observational
error on the stellar velocities. Labels at upper right list both the total number of stars in each bin and the approximate radial range they
encompass.

panel using a KS test. We take the modulus here because
the distribution of the line-of-sight velocity relative to the
galaxy mean is expected to be symmetric about zero for
any equilibrium model (even rotating and/or non-spherical
ones) after averaging over a circular annulus. As a result,
all shape information is contained in the distribution of |vı|,
and restricting the test in this way enhances its sensitivity
to higher order moments. The maximum di!erence between
the normalised cumulative distributions of |vı| for data and
model is then a measure of the confidence level at which
we can reject the null hypothesis that our simple isotropic,
spherical model represents the full, observed line-of-sight ve-
locity distribution in the annulus.

Results of this KS test for each of the four annuli and
for all of our satellites are shown in Table 2, with bins 1-4
ordered by increasing radius. These values indicate that our
predicted velocity distributions are generally in good agree-
ment with the data. The annuli with the lowest probabilities
are bins 3 and 4 of Fornax and bin 4 of Leo I; for Fornax
bin 3 and Leo I bin 4 the null hypothesis can be excluded
with > 99% confidence. As can be seen in Fig. 4, the mea-
sured line profiles appear less peaked (platykurtic) than the
models in these annuli. For Fornax the e!ect is quite weak,

but is nevertheless significantly detected because of the large
number of stars involved. For all the other panels of Fig. 4
di!erences are less significant and are quite small. Note that
the kurtosis of these distributions is expected to be quite
sensitive to velocity anisotropy, so the fact that our models
fit fairly well can be taken as an indication that anisotropies
are probably weak.

A more direct measurement of the kurtosis of the line-
of-sight velocity distributions can be obtained by estimating
their fourth moment directly. For each annulus, we calculate
a sample kurtosis from the N stars it contains as

! = !v4"/!v2"2 # 3. (11)

The kurtosis is defined so that a gaussian model gives ! = 0.
We approximate the uncertainty of the sample kurtosis by
!

24/N , the scatter expected for random samples from a
normal distribution. For our theoretical model, we calculate
second and fourth moments from Eq. 7, after smoothing
to account for measurement errors, and we then substitute
these into Eq. 11 to obtain the predicted kurtosis.

The results of this exercise are shown in Fig. 5. The
models predict very little kurtosis in almost all annuli, and
the data agree with this in most cases. Comparing Fig. 5

Higher order moments: Fornax

!Best statistics (2400 stars). 

Consistent with isotropy and 

spherical symmetry
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To model the three-dimensional stellar density profile,
!!, we use functions of the form (Zhao 1997):

!!(r) !
1

xa(1 + xb)(c!a)/b
(4)

where x = r/r0 and {a, b, c, r0} are free parameters that
will be estimated in the next section by fitting the observed
surface density profile of each satellite. We focus on cuspy
central profiles (0 ! a ! 1) because we find that they are
required to fit the observed, nearly flat velocity dispersion
profiles if we assume isotropic stellar velocity dispersions
("(r) = 0) and an Einasto halo profile. Although such cuspy
profiles have not been used previously in studies of the MW
satellites, they are, in fact, required to fit the inner surface
brightness profiles of elliptical galaxies of all luminosities,
including faint ones (Gebhardt et al. 1996) and so seem a

priori quite plausible for dSph galaxies also.
If the stellar mass is everywhere negligible compared to

the dark matter mass, the projected velocity dispersion in
Eq. 2 is independent of the constant of proportionality in
Eq. 4 that sets the stellar mass-to-light ratio, M!/L!. How-
ever, if the stars contribute significantly to the potential of
the galaxy, then we must determine the appropriate normal-
izing factor for Eq. 4 and thus its contribution to the overall
mass distribution of the galaxy. For each of the dSphs we
will take M!/L! = 1, consistent with the observational re-
sults (Mateo 1998; Coleman et al. 2005). We find that small
variations in M!/L!, indicative, perhaps, of multiple stellar
populations or di!erences in stellar initial mass function,
have little e!ect on the results we present below.

As also noted above, throughout our analysis we will
assume locally isotropic velocity distributions, "(r) = 0 for
all r. This is a strong assumption and it is thus remarkable
that we find that we can fit all the kinematic data without
relaxing it.

2.2 Velocity Distributions

The preceding discussion demonstrates the well-known fact
that the observable quantities I"(R) and #2

los(R) are insuf-
ficient to determine the mass profile, M(r), of a spherical
system unless the velocity anisotropy, "(r), is specified. Ad-
ditional kinematic information is contained in higher order
moments of the line-of-sight velocity distribution, so appro-
priate modeling of these moments may constrain "(r) and
so M(r) (e.g. Gerhard 1993; Lokas & Mamon 2003). A fully
consistent dynamical model must clearly match the full line-
of-sight velocity distribution at all radii.

If we assume "(r) = 0, it is possible to invert the observ-
ables I"(R) and #2

los(R) to obtain not only a unique M(r)
but also the unique distribution function, f($), which repro-
duces these observables within the potential corresponding
to M(r). This distribution function then determines the full
line-of-sight velocity distribution at each R. Thus, once we
have found a subhalo with M(r) consistent with the I"(R)
and #2

los(R) measurements for a particular dSph, we can
check the consistency of the resulting model by comparing
its line-of-sight velocity distributions with those observed.

To obtain these velocity distributions, we begin with
the Eddington inversion formula,

f($) =
1"
8%2

! 0

"

d2!!
d"2

d""
"# $

, (5)

where $ = "(r) + v2/2 is the binding energy, " is the grav-
itational potential, and v is the modulus of the velocity.
Potentials for the stars and the dark matter can be sep-
arately constructed numerically via the Poisson equation,
$2"ı = 4%G!ı. The indices on potential and density repre-
sent a specific component, the dark matter or the stars. The
total potential is then the sum of the two.

The Eddington formula in Eq. 5 determines the velocity
distribution as a function of the binding energy. However, to
compare to observations we need line-of-sight velocity dis-
tributions for a set of circular annuli. Defining vlos as the
component of velocity along the line-of-sight and perform-
ing the appropriate weighting over three-dimensional radii r,
the distribution of line-of-sight velocities at projected radius
R is given by

f̂(vlos;R) !
! rlos

R

rdr"
r2 #R2

! 0

!(r)+v2

los
/2

f($)d$, (6)

where rlos is defined by 2"(rlos) = v2los; for a given velocity
vlos, we determine rlos via a numerical root-finding algo-
rithm. The normalization of Eq. 6 will not be important for
the purposes of our discussion.

Once we have determined the velocity distribution in
Eq. 6 it is straightforward to construct higher order moments
of this distribution. In particular, the nth moment of the
distribution is given by

%vnlos;R& =
"

vnlosf̂(vlos;R)dvlos
"

f̂(vlos;R)dvlos
, (7)

where, as in Eq. 6, we have explicitly written f̂ as a func-
tion of the line-of-sight velocity. As an example that will
be important for us below, the RMS velocity determined
from Eq. 6 is

#

%v2los;R&. We are thus able to check our nu-
merical calculation of the velocity distribution function by
comparing the RMS velocity determined from Eq. 7 to the
equivalent quantity determined from Eq. 1.

Eq. 6 gives the theoretical velocity distribution at R,
but in practice, to compare to the observations, we must de-
termine the distribution of f̂ at the position of each observed
star, and then average it over all the stars in each annulus.
Thus, our mean f̂(vlos) for a given annulus is the mean of
the values at the position of the stars, with the individual
f̂ distributions all normalized to unity. With this procedure
there are no approximations related to finite bin size when
comparing our theoretical model to the data.

3 DATA ANALYSIS

In this section we perform our analysis of the photomet-
ric and kinematic data. We first discuss how we use the
star count data to identify parameter values for Eq. 4 that
describe each satellite well. We then describe our handling
and interpretation of the line-of-sight velocity data, and the
way in which we use these data to identify specific Aquar-
ius subhalos that could host each satellite. In particular, we
describe the criterion by which we judge goodness-of-fit for
a given satellite-subhalo match.

Isotropic distribution function

Potential sum of contribution 

from DM and stars



Implications

Data agree with LCDM theory assuming

spherical symmetry

isotropy

No dark matter core/cusp issue 

Missing satellites problem is now a ‘Fornax’ problem 

Where are the satellite galaxies with circular velocity 30-50 km/s? 



Conclusions/Future work

Fermi dwarf limits getting very interesting. 

Stacking analysis forthcoming

Improve modeling of astrophysics 

Still a lot to learn about formation of MW and its 

satellites


