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Background | Why study the distribution of dark matter?

1. Calculate the expected distribution of DM in the 
Universe (assuming something about DM).

2. Compare with observations ⇒ constrain DM 

properties. 

3. Knowledge of the local/nearby DM distribution is 
important for direct/indirect DM particle 
detection.
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1. Theory | Calculating the dark matter distribution
1. Halo mass function

M-2

2. ‘Universal’ density profile
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r-3

Zemp et al. 2009; Vogelsberger et al. 2009

3. Local distribution

800 M. Vogelsberger et al.

the short dynamical time at the solar radius (about 1 per cent of
the Hubble time). This results in very efficient mixing of unbound
material and the stripping of all initially bound objects to a small
fraction of the maximum mass they may have had in the past (see
Vogelsberger et al. 2008, for a discussion of these processes). Note
that the actual density of DM in the solar neighbourhood and the
shape of the equidensity surfaces of the Milky Way’s DM distri-
bution will depend on how the gravitational effects of the baryonic
components have modified structure during the system’s formation.
Unfortunately, the shape of the inner DM halo of the Milky Way
is poorly constrained observationally (Helmi 2004; Law, Johnston
& Majewski 2005). The dissipative contraction of the visible com-
ponents probably increased the density of the DM component and
made it more axisymmetric (e.g. Gnedin et al. 2004; Kazantzidis
et al. 2004) but these processes are unlikely to affect the level of
small-scale structure. The very smooth behaviour we find in our
pure DM haloes should apply also to the more complex real Milky
Way.

4 V E L O C I T Y D I S T R I BU T I O N S

The velocity distribution of DM particles near the Sun is also an
important factor influencing the signal expected in direct detection
experiments. As mentioned in the Introduction, most previous work
has assumed this distribution to be smooth, and either Maxwellian
or multivariate Gaussian. Very different distributions are possible
in principle. For example, if the local density distribution is a su-
perposition of a relatively small number of DM streams, the local
velocity distribution would be effectively discrete with all particles
in a given stream sharing the same velocity (Sikivie, Tkachev &
Wang 1995; Stiff, Widrow & Frieman 2001; Stiff & Widrow 2003).
Clearly, it is important to understand whether such a distribution
is indeed expected, and whether a significant fraction of the local
mass density could be part of any individual stream.

We address this issue by dividing the inner regions of each of our
haloes into cubic boxes 2 kpc on a side, and focusing on those boxes
centred between 7 < r < 9 kpc from halo centre. In Aq-A-1, each
2 kpc box contains 104 to 105 particles, while in the level-2 haloes
they contain an order of magnitude fewer. For every box, we cal-
culate a velocity dispersion tensor and study the distribution of the
velocity components along its principal axes. In almost all boxes,
these axes are closely aligned with those the ellipsoidal equidensity
contours discussed in the last section. We also study the distribution
of the modulus of the velocity vector within each box. The upper
four panels of Fig. 2 show these distributions of a typical 2 kpc
box at the solar circle in Aq-A-1 (solid red lines). Here, and in the
following plots, we normalize distributions to have unit integral.
The black dashed lines in each panel show a multivariate Gaussian
distribution with the same mean and dispersion along each of the
principal axes. The difference between the two distributions in each
panel is plotted separately just above it. This particular box is quite
typical, in that we almost always find the velocity distribution to
be significantly anisotropic, with a major axis velocity distribution
which is platykurtic, and distributions of the other two components
which are leptokurtic. Thus, the velocity distribution differs signifi-
cantly from Maxwellian, or even from a multivariate Gaussian. The
individual velocity components have very smooth distributions with
no sign of spikes due to individual streams. This also is a feature
which is common to almost all our 2 kpc boxes. It is thus surprising
that the distribution of the velocity modulus shows clear features
in the form of bumps and dips with amplitudes of several tens of
per cent.
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Figure 2. Top four panels: velocity distributions in a 2 kpc box at the
solar circle for halo Aq-A-1. v1, v2 and v3 are the velocity components
parallel to the major, intermediate and minor axes of the velocity ellipsoid;
v is the modulus of the velocity vector. Red lines show the histograms
measured directly from the simulation, while black dashed lines show a
multivariate Gaussian model fit to the individual component distributions.
Residuals from this model are shown in the upper part of each panel. The
major axis velocity distribution is clearly platykurtic, whereas the other
two distributions are leptokurtic. All three are very smooth, showing no
evidence for spikes due to individual streams. In contrast, the distribution
of the velocity modulus, shown in the upper left-hand panel, shows broad
bumps and dips with amplitudes of up to 10 per cent of the distribution
maximum. Lower panel: velocity modulus distributions for all 2 kpc boxes
centred between 7 and 9 kpc from the centre of Aq-A-1. At each velocity,
a thick red line gives the median of all the measured distributions, while a
dashed black line gives the median of all the fitted multivariate Gaussians.
The dark and light blue contours enclose 68 and 95 per cent of all the
measured distributions at each velocity. The bumps seen in the distribution
for a single box are clearly present with similar amplitude in all boxes, and
so also in the median curve. The bin size is 5 km s−1 in all plots.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 395, 797–811
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SIDM Kochanek & White 2000

σ̂DM = σDMMT /a
2

516 KOCHANEK & WHITE Vol. 543

timescale rather than on a large multiple of the relaxation
timescale as in globular clusters. We Ðrst deÐne a relaxation
time for SIDM, and then compare the evolution of three
dynamical systems with and without SIDM. We begin with
the evolution of Hernquist proÐle galaxies, then consider
the e†ects of adiabatic compression of the dark matter by
the baryons in modifying this evolution, and Ðnally we
examine the collapse of a cold top-hat perturbation.

4.1. Relaxation T ime
For two-body relaxation, the relaxation time is deÐned to

be where p is the one-dimensional velocity dis-p2/D(vpara2 ),
persion and is the di†usion coefficient parallel to theD(vpara2 )
particle velocity (see Binney & Tremaine 1987, their ° 8).
For SIDM, the scattering-angle average of the velocity
change is just so the analogy of the two-body relax-12o *¿ o2,
ation di†usion coefficient is

D(v2) \ 1
2
P

opDM o *¿ o2f (¿0) f (¿1)d3¿0 d3¿1 (9)

\ 16

Jn
opDM p3 , (10)

assuming that the particle velocity distributions aref (¿)
Maxwellians with one-dimensional velocity dispersions of
p. The relaxation time is then

t
r
4

3p2
D(v2)

^ 1
3opDM p , (11)

where the factor of 3 arises because we considered the total
velocity rather than a single component. The relaxation
time associated with the mean interaction radius a/2, which
we will call the core relaxation time, is Attrc \ 1.7tdyn/pü DM.
the Hernquist break radius the relaxation time is 8tdyn/pü DM,
and at the half-mass radius (2.4a) it is As35tdyn/pü DM.
expected, the evolution seems to occur on the relaxation
timescale associated with the mean interaction radius, a/2.

Unlike globular clusters, the o P 1/r cusped density dis-
tributions evolve rapidly, and core collapse occurs after
only Ðve half-mass relaxation times (Quinlan 1996). The
two-body relaxation results will signiÐcantly overestimate

the actual core-collapse timescale, because the SIDM scat-
tering is not di†usive. A particle undergoes one scattering
with *v D v, rather than slowly di†using in energy due to
many small scatterings. Crudely, we expect the system to
form a constant-density core of size ^a/2 on the timescale

and core collapse faster than the two-body relaxationtrc,prediction of Ðve half-mass relaxation times. After core col-
lapse, the system will have a steeper o P 1/r2 cusp. This is
just the behavior we see in the simulations, as we now
describe.

4.2. Core Formation
We Ðrst examined the formation of a core and the alter-

ation of rotation curves as a function of the dimensionless
cross section, Figure 1 shows the density distributionspü DM.
at for all Ðve simulations. The scattering clearlyt ^ tdynproduces a constant-density core, while the simulation
without any scattering roughly maintains the input density
cusp. However, even after such a short time interval, the

simulation has begun its core collapse phase andpü DM \ 10
has a higher central density than any of the other SIDM
cases. Our results are very similar to those of Burkert (2000),
but the higher scattering rates found with the better approx-
imation to the scattering rate integral mean that we obtain
the same evolution with approximately 1/3 the SIDM cross
section.

We nonparametrically estimate the core radius by the
point at which the density drops to 1/4 the central density.
The central density is found by Ðnding the region over
which the Kolmogorov-Smirnov test provides a reasonable
likelihood that the particle distribution is consistent with a
constant density. This tends to provide us with an upper
limit to the core radius, with an accuracy that is limited
primarily by the Ðnite particle number at very small radius.
Figure 2 shows the evolution of the core radius with time
and the central density with core relaxation time, Fortrc.comparison, the core radius due to the Ðnite particle
number and numerical relaxation e†ects starts on the force-
smoothing scale (0.05a) and slowly evolves to 0.1a, which
represents a negligible systematic error for the much larger
core radii created by the SIDM (recall that our estimate of
the core radius is in fact an upper limit). We also Ðnd that
the evolution of the system with 8 ] 105 particles ispü DM \ 1

FIG. 1.ÈHalo density proÐles (left) and rotation curves (right) at for models with 0.3, 1.0, 3.0, and 10.0. The dotted line shows the initialt ^ tdyn pü DM \ 0,
Hernquist proÐle. Note that after only one dynamical time the and 10 cases have started to core collapse. The force softening is indicated by h.pü DM \ 3
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1. Theory | The importance of baryons

DM cannot radiate ⇒ roughly 

spherical structures

Navarro et al. 1996; Read & Gilmore 2005; Mashchenko et al. 2008; Governato et al. 2010; Pontzen & Gov. 2011 ... 
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1. Theory | The importance of baryons

DM cannot radiate ⇒ roughly 

spherical structures

   Baryons radiate ⇒ collapse 

to smaller and smaller scales

Baryons can dominate the gravitational potential 
in galaxies
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1. Theory | The importance of baryons: feedback in dwarfs

Fornax dwarf

• Smallest known galaxies. 

• Nearby ⇒ resolve individual stars.

• Very DM dominated ⇒ natural DM 

lab.

• Potential target for DM annihilation.
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Preliminary!

1. Theory | The importance of baryons: feedback in dwarfs

z = 11.19

• Baryonic physics affects the dark matter distribution, 
at least on small scales.

• The density distribution may depend on the 
formation history of the galaxy. 
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stars & dark 
matter

Lake 1989; Read 2008/9; Purcell 2009; Ling 2010
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Stars
Gas

 3 Milky Way mass gals. | Governato et al. 2007/2008
concordance LCDM

1.4x106 dark matter; 3x106 stars; 0.73x106 gas
force softening: 0.3 kpc

DM particle mass: 7.6x105 Msun
star particle mass: 0.23x105 Msun
gas particles mass: 0.34x105 Msun Read et al., MNRAS 2009; arXiv:0902.0009
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DM only

The “Dark Disc”
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Read et al., 2008/9; Bruch et al. 2009a/b.
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ρdd = 0.25-1.5ρshm; vlag = 0-150km/s; σ = 50-90km/s

Read et al., 2008/9; Bruch et al. 2009a/b.
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• Boosts the direct detection signal at low recoil energy by a 
factor ~3 in the 5-20keV range.

• Shifts the phase of the annual modulation signal allowing the 
WIMP mass to be determined.

• Significantly boosts WIMP capture in the Sun and Earth by 
factors of ~10 and ~1000, respectively.

ρdd = 0.25-1.5ρshm; vlag = 0-150km/s; σ = 50-90km/s

Read et al., 2008/9; Bruch et al. 2009a/b.
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2. Observations | The halo mass function

Read & Trentham 2005

Galaxy formation
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We then defined our final rotation curves to be the means of the
Monte Carlo rotation velocities and the uncertainties on the ro-
tation curves to be the standard deviations of the Monte Carlo
rotation velocities. The final radial velocity curves were derived
in the samemanner. By incorporating the uncertainties of the PA,
inclination, and center position, this technique yields more re-
alistic rotation curve error bars than simply propagating the very
small velocity uncertainties from each spectrum through the
analysis. The Monte Carlo uncertainties (which we refer to as
systematic uncertainties) are always much larger than the sta-
tistical uncertainties calculated by standard error propagation.
The uncertainties we use for the remainder of the paper are the
sum in quadrature of the systematic and statistical uncertainties.

2.3.3. Higgher Order Harmonic Fits

In addition to the standard use of RINGFIT described in
x 2.3.2, the algorithm can also be used to decompose the ve-
locity field into Fourier components up to the third order ( sin 3!
and cos 3!). If present, these higher order terms strongly sug-
gest the existence of a bar or other nonaxisymmetric perturba-
tion to the gravitational potential. With a high enough S/N, the
unique signatures of a bar, spiral arms, an elliptical potential,
or lopsidedness can be detected (Schoenmakers et al. 1997).We
find weak evidence for nonzero higher order components in the
velocity fields of NGC 4605, NGC 5949, and NGC 5963. Each
galaxy has several adjacent rings in which the fits deviate from

zero by!2 " (all four higher order terms for NGC 4605, cos 2!
and sin 3! for NGC 5949, and cos 2! and sin 2! for NGC
5963). Typical amplitudes of the higher order components are
2–5 km s"1, which should not be large enough to affect our
derivation of the density profiles in x 3. Although the signifi-
cance of these components does not generally exceed 2.5 " in a
given ring, we argue that these detections are probably real be-
cause (1) a number of consecutive rings have consistent Fourier
components, and (2) the rotation curve uncertainties appear to be
overestimated (see x 3.3). NGC 6689 does not have enough data
points in most of its rings to obtain reliable higher order fits.
For comparison, we find 3–5 km s"1 cos 2!, cos 3!, and sin 3!
components over small ranges of radii in the NGC 2976 velocity
field studied by Simon et al. (2003). Including terms up to the
third order in the tilted-ring models (seven free RINGFIT pa-
rameters instead of three) does significantly improve the reduced
#2 value of the fits in many cases, but this is often because the
number of data points in the ring is not much larger than seven,
so that the fit can go through every point. More detailed de-
scriptions of the higher order motions in each galaxy can be
found in x 3.5.

3. RESULTS

In this section, we fit the rotation curves with a variety of
functional forms to ascertain the shapes of the density profiles.
We first consider the likely contribution of the stellar disk to the

Fig. 3.—Velocity fields of the four galaxies discussed in this paper. (a) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 4605. (b) H$
velocity field of NGC 5949. (c) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 5963. (d ) H$ velocity field of NGC 6689.

SIMON ET AL.762 Vol. 621

Sim
on et al. 2005

for the outlying fields of themosaic. For NGC5963, the beam size
was 5B8 ; 5B3 (370 ; 331 pc), and the sensitivity was 31 mJy
beam!1. We detected CO in NGC 5949 and NGC 6689 with
observations at the University of Arizona Steward Observatory
(UASO) 12m telescope (Leroy et al. 2005), but the emission was
not bright enough to map with BIMA.

2.1.3. Optical and Near-Infrared Imaggingg and Reductions

We observed NGC 4605 and NGC 5963 with B, V, R, and I
filters at the 1.8 m Perkins Telescope at Lowell Observatory on
2002 February 11. NGC 5963 was also observed with much
longer exposure times in B and Rwith the 1 m Nickel Telescope
at Lick Observatory on 2003 June 23–24 in order to probe
farther out into the LSB disk of the galaxy. NGC 5949 was
imaged in B, V, R, and I at the Nickel on 2003 September 11, and
NGC 6689 was observed in Sloan r 0 and i0 bands with the
Mosaic camera on the 4 m Mayall Telescope at Kitt Peak on
2003 October 20. All imaging took place under photometric
conditions. Reduction and photometric calibration of these
images followed the description of Simon et al. (2003). To ex-
tend our set of images to the near-infrared, we used the Two
Micron All Sky Survey (2MASS) J, H, and Ks Atlas images of

each galaxy. Three-color optical images of all four galaxies are
displayed in Figure 1.

2.2. Isophotal Fits and Stellar Disk Rotation Curvves

We used the optical /near-IR images of these galaxies to place
reasonable limits on the contributions of their stellar disks to
their rotation curves. We extracted surface brightness profiles
from the images with the IRAF task ELLIPSE, as described
in Simon et al. (2003). For each image of each galaxy, we ran
ELLIPSE, allowing the center position, position angle (PA),
and ellipticity of the isophotes to vary with radius. We then
defined the isophotal center of the galaxy in that band to be the
weighted average of the ellipse centers. ELLIPSE was then run
again with the center fixed, and we measured the weighted
averages of the PA and ellipticity. We then averaged the iso-
photal centers,5 position angles, and ellipticities for each galaxy
in every available band to define fiducial values. In cases in

Fig. 1.—Three-color images of our four target galaxies. Each image uses the asinh scaling recommended by Lupton et al. (2004) to retain an optimal combination
of color and intensity information. (a) BVR image of NGC 4605 from Lowell Observatory. The southeast 2

3 of the galaxy is clearly brighter than the remainder.
(b) BVR image of NGC 5949 from Lick Observatory. The blacked-out rectangle on the east side of the galaxy is where a large dust grain was not completely
removed by flat fielding. We masked out the affected area for the photometric analysis. (c) BVR image of NGC 5963 from Lowell Observatory. (d ) r0H!i 0 image of
NGC 6689 from Kitt Peak National Observatory.

5 For the two galaxies with visually obvious nuclei (NGC 4605 and NGC
5949), we found that the isophotal centers were located quite close to the nuclei.
In these cases, we fixed the ellipse centers on the nuclei instead of the formal
isophotal centers.
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We then defined our final rotation curves to be the means of the
Monte Carlo rotation velocities and the uncertainties on the ro-
tation curves to be the standard deviations of the Monte Carlo
rotation velocities. The final radial velocity curves were derived
in the samemanner. By incorporating the uncertainties of the PA,
inclination, and center position, this technique yields more re-
alistic rotation curve error bars than simply propagating the very
small velocity uncertainties from each spectrum through the
analysis. The Monte Carlo uncertainties (which we refer to as
systematic uncertainties) are always much larger than the sta-
tistical uncertainties calculated by standard error propagation.
The uncertainties we use for the remainder of the paper are the
sum in quadrature of the systematic and statistical uncertainties.

2.3.3. Higgher Order Harmonic Fits

In addition to the standard use of RINGFIT described in
x 2.3.2, the algorithm can also be used to decompose the ve-
locity field into Fourier components up to the third order ( sin 3!
and cos 3!). If present, these higher order terms strongly sug-
gest the existence of a bar or other nonaxisymmetric perturba-
tion to the gravitational potential. With a high enough S/N, the
unique signatures of a bar, spiral arms, an elliptical potential,
or lopsidedness can be detected (Schoenmakers et al. 1997).We
find weak evidence for nonzero higher order components in the
velocity fields of NGC 4605, NGC 5949, and NGC 5963. Each
galaxy has several adjacent rings in which the fits deviate from

zero by!2 " (all four higher order terms for NGC 4605, cos 2!
and sin 3! for NGC 5949, and cos 2! and sin 2! for NGC
5963). Typical amplitudes of the higher order components are
2–5 km s"1, which should not be large enough to affect our
derivation of the density profiles in x 3. Although the signifi-
cance of these components does not generally exceed 2.5 " in a
given ring, we argue that these detections are probably real be-
cause (1) a number of consecutive rings have consistent Fourier
components, and (2) the rotation curve uncertainties appear to be
overestimated (see x 3.3). NGC 6689 does not have enough data
points in most of its rings to obtain reliable higher order fits.
For comparison, we find 3–5 km s"1 cos 2!, cos 3!, and sin 3!
components over small ranges of radii in the NGC 2976 velocity
field studied by Simon et al. (2003). Including terms up to the
third order in the tilted-ring models (seven free RINGFIT pa-
rameters instead of three) does significantly improve the reduced
#2 value of the fits in many cases, but this is often because the
number of data points in the ring is not much larger than seven,
so that the fit can go through every point. More detailed de-
scriptions of the higher order motions in each galaxy can be
found in x 3.5.

3. RESULTS

In this section, we fit the rotation curves with a variety of
functional forms to ascertain the shapes of the density profiles.
We first consider the likely contribution of the stellar disk to the

Fig. 3.—Velocity fields of the four galaxies discussed in this paper. (a) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 4605. (b) H$
velocity field of NGC 5949. (c) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 5963. (d ) H$ velocity field of NGC 6689.
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for the outlying fields of themosaic. For NGC5963, the beam size
was 5B8 ; 5B3 (370 ; 331 pc), and the sensitivity was 31 mJy
beam!1. We detected CO in NGC 5949 and NGC 6689 with
observations at the University of Arizona Steward Observatory
(UASO) 12m telescope (Leroy et al. 2005), but the emission was
not bright enough to map with BIMA.

2.1.3. Optical and Near-Infrared Imaggingg and Reductions

We observed NGC 4605 and NGC 5963 with B, V, R, and I
filters at the 1.8 m Perkins Telescope at Lowell Observatory on
2002 February 11. NGC 5963 was also observed with much
longer exposure times in B and Rwith the 1 m Nickel Telescope
at Lick Observatory on 2003 June 23–24 in order to probe
farther out into the LSB disk of the galaxy. NGC 5949 was
imaged in B, V, R, and I at the Nickel on 2003 September 11, and
NGC 6689 was observed in Sloan r 0 and i0 bands with the
Mosaic camera on the 4 m Mayall Telescope at Kitt Peak on
2003 October 20. All imaging took place under photometric
conditions. Reduction and photometric calibration of these
images followed the description of Simon et al. (2003). To ex-
tend our set of images to the near-infrared, we used the Two
Micron All Sky Survey (2MASS) J, H, and Ks Atlas images of

each galaxy. Three-color optical images of all four galaxies are
displayed in Figure 1.

2.2. Isophotal Fits and Stellar Disk Rotation Curvves

We used the optical /near-IR images of these galaxies to place
reasonable limits on the contributions of their stellar disks to
their rotation curves. We extracted surface brightness profiles
from the images with the IRAF task ELLIPSE, as described
in Simon et al. (2003). For each image of each galaxy, we ran
ELLIPSE, allowing the center position, position angle (PA),
and ellipticity of the isophotes to vary with radius. We then
defined the isophotal center of the galaxy in that band to be the
weighted average of the ellipse centers. ELLIPSE was then run
again with the center fixed, and we measured the weighted
averages of the PA and ellipticity. We then averaged the iso-
photal centers,5 position angles, and ellipticities for each galaxy
in every available band to define fiducial values. In cases in

Fig. 1.—Three-color images of our four target galaxies. Each image uses the asinh scaling recommended by Lupton et al. (2004) to retain an optimal combination
of color and intensity information. (a) BVR image of NGC 4605 from Lowell Observatory. The southeast 2

3 of the galaxy is clearly brighter than the remainder.
(b) BVR image of NGC 5949 from Lick Observatory. The blacked-out rectangle on the east side of the galaxy is where a large dust grain was not completely
removed by flat fielding. We masked out the affected area for the photometric analysis. (c) BVR image of NGC 5963 from Lowell Observatory. (d ) r0H!i 0 image of
NGC 6689 from Kitt Peak National Observatory.

5 For the two galaxies with visually obvious nuclei (NGC 4605 and NGC
5949), we found that the isophotal centers were located quite close to the nuclei.
In these cases, we fixed the ellipse centers on the nuclei instead of the formal
isophotal centers.
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Strong lensing | Imaging dark matter in galaxies
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Fig. 2.— Ensemble-average mass maps of the lenses: J0911+055 (upper left), B1608+656

(upper right), B1115+080, B0957+561, B1104–181, B1520+530, B2149–274, B1600+434,
J0951+263, B0218+357. The larger tick marks in each panel correspond to 1′′. The contours

are in logarithmic steps, with critical density corresponding to the third contour from the
outside.
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We then defined our final rotation curves to be the means of the
Monte Carlo rotation velocities and the uncertainties on the ro-
tation curves to be the standard deviations of the Monte Carlo
rotation velocities. The final radial velocity curves were derived
in the samemanner. By incorporating the uncertainties of the PA,
inclination, and center position, this technique yields more re-
alistic rotation curve error bars than simply propagating the very
small velocity uncertainties from each spectrum through the
analysis. The Monte Carlo uncertainties (which we refer to as
systematic uncertainties) are always much larger than the sta-
tistical uncertainties calculated by standard error propagation.
The uncertainties we use for the remainder of the paper are the
sum in quadrature of the systematic and statistical uncertainties.

2.3.3. Higgher Order Harmonic Fits

In addition to the standard use of RINGFIT described in
x 2.3.2, the algorithm can also be used to decompose the ve-
locity field into Fourier components up to the third order ( sin 3!
and cos 3!). If present, these higher order terms strongly sug-
gest the existence of a bar or other nonaxisymmetric perturba-
tion to the gravitational potential. With a high enough S/N, the
unique signatures of a bar, spiral arms, an elliptical potential,
or lopsidedness can be detected (Schoenmakers et al. 1997).We
find weak evidence for nonzero higher order components in the
velocity fields of NGC 4605, NGC 5949, and NGC 5963. Each
galaxy has several adjacent rings in which the fits deviate from

zero by!2 " (all four higher order terms for NGC 4605, cos 2!
and sin 3! for NGC 5949, and cos 2! and sin 2! for NGC
5963). Typical amplitudes of the higher order components are
2–5 km s"1, which should not be large enough to affect our
derivation of the density profiles in x 3. Although the signifi-
cance of these components does not generally exceed 2.5 " in a
given ring, we argue that these detections are probably real be-
cause (1) a number of consecutive rings have consistent Fourier
components, and (2) the rotation curve uncertainties appear to be
overestimated (see x 3.3). NGC 6689 does not have enough data
points in most of its rings to obtain reliable higher order fits.
For comparison, we find 3–5 km s"1 cos 2!, cos 3!, and sin 3!
components over small ranges of radii in the NGC 2976 velocity
field studied by Simon et al. (2003). Including terms up to the
third order in the tilted-ring models (seven free RINGFIT pa-
rameters instead of three) does significantly improve the reduced
#2 value of the fits in many cases, but this is often because the
number of data points in the ring is not much larger than seven,
so that the fit can go through every point. More detailed de-
scriptions of the higher order motions in each galaxy can be
found in x 3.5.

3. RESULTS

In this section, we fit the rotation curves with a variety of
functional forms to ascertain the shapes of the density profiles.
We first consider the likely contribution of the stellar disk to the

Fig. 3.—Velocity fields of the four galaxies discussed in this paper. (a) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 4605. (b) H$
velocity field of NGC 5949. (c) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 5963. (d ) H$ velocity field of NGC 6689.
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for the outlying fields of themosaic. For NGC5963, the beam size
was 5B8 ; 5B3 (370 ; 331 pc), and the sensitivity was 31 mJy
beam!1. We detected CO in NGC 5949 and NGC 6689 with
observations at the University of Arizona Steward Observatory
(UASO) 12m telescope (Leroy et al. 2005), but the emission was
not bright enough to map with BIMA.

2.1.3. Optical and Near-Infrared Imaggingg and Reductions

We observed NGC 4605 and NGC 5963 with B, V, R, and I
filters at the 1.8 m Perkins Telescope at Lowell Observatory on
2002 February 11. NGC 5963 was also observed with much
longer exposure times in B and Rwith the 1 m Nickel Telescope
at Lick Observatory on 2003 June 23–24 in order to probe
farther out into the LSB disk of the galaxy. NGC 5949 was
imaged in B, V, R, and I at the Nickel on 2003 September 11, and
NGC 6689 was observed in Sloan r 0 and i0 bands with the
Mosaic camera on the 4 m Mayall Telescope at Kitt Peak on
2003 October 20. All imaging took place under photometric
conditions. Reduction and photometric calibration of these
images followed the description of Simon et al. (2003). To ex-
tend our set of images to the near-infrared, we used the Two
Micron All Sky Survey (2MASS) J, H, and Ks Atlas images of

each galaxy. Three-color optical images of all four galaxies are
displayed in Figure 1.

2.2. Isophotal Fits and Stellar Disk Rotation Curvves

We used the optical /near-IR images of these galaxies to place
reasonable limits on the contributions of their stellar disks to
their rotation curves. We extracted surface brightness profiles
from the images with the IRAF task ELLIPSE, as described
in Simon et al. (2003). For each image of each galaxy, we ran
ELLIPSE, allowing the center position, position angle (PA),
and ellipticity of the isophotes to vary with radius. We then
defined the isophotal center of the galaxy in that band to be the
weighted average of the ellipse centers. ELLIPSE was then run
again with the center fixed, and we measured the weighted
averages of the PA and ellipticity. We then averaged the iso-
photal centers,5 position angles, and ellipticities for each galaxy
in every available band to define fiducial values. In cases in

Fig. 1.—Three-color images of our four target galaxies. Each image uses the asinh scaling recommended by Lupton et al. (2004) to retain an optimal combination
of color and intensity information. (a) BVR image of NGC 4605 from Lowell Observatory. The southeast 2

3 of the galaxy is clearly brighter than the remainder.
(b) BVR image of NGC 5949 from Lick Observatory. The blacked-out rectangle on the east side of the galaxy is where a large dust grain was not completely
removed by flat fielding. We masked out the affected area for the photometric analysis. (c) BVR image of NGC 5963 from Lowell Observatory. (d ) r0H!i 0 image of
NGC 6689 from Kitt Peak National Observatory.

5 For the two galaxies with visually obvious nuclei (NGC 4605 and NGC
5949), we found that the isophotal centers were located quite close to the nuclei.
In these cases, we fixed the ellipse centers on the nuclei instead of the formal
isophotal centers.
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Fig. 2.— Ensemble-average mass maps of the lenses: J0911+055 (upper left), B1608+656

(upper right), B1115+080, B0957+561, B1104–181, B1520+530, B2149–274, B1600+434,
J0951+263, B0218+357. The larger tick marks in each panel correspond to 1′′. The contours

are in logarithmic steps, with critical density corresponding to the third contour from the
outside.
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We then defined our final rotation curves to be the means of the
Monte Carlo rotation velocities and the uncertainties on the ro-
tation curves to be the standard deviations of the Monte Carlo
rotation velocities. The final radial velocity curves were derived
in the samemanner. By incorporating the uncertainties of the PA,
inclination, and center position, this technique yields more re-
alistic rotation curve error bars than simply propagating the very
small velocity uncertainties from each spectrum through the
analysis. The Monte Carlo uncertainties (which we refer to as
systematic uncertainties) are always much larger than the sta-
tistical uncertainties calculated by standard error propagation.
The uncertainties we use for the remainder of the paper are the
sum in quadrature of the systematic and statistical uncertainties.

2.3.3. Higgher Order Harmonic Fits

In addition to the standard use of RINGFIT described in
x 2.3.2, the algorithm can also be used to decompose the ve-
locity field into Fourier components up to the third order ( sin 3!
and cos 3!). If present, these higher order terms strongly sug-
gest the existence of a bar or other nonaxisymmetric perturba-
tion to the gravitational potential. With a high enough S/N, the
unique signatures of a bar, spiral arms, an elliptical potential,
or lopsidedness can be detected (Schoenmakers et al. 1997).We
find weak evidence for nonzero higher order components in the
velocity fields of NGC 4605, NGC 5949, and NGC 5963. Each
galaxy has several adjacent rings in which the fits deviate from

zero by!2 " (all four higher order terms for NGC 4605, cos 2!
and sin 3! for NGC 5949, and cos 2! and sin 2! for NGC
5963). Typical amplitudes of the higher order components are
2–5 km s"1, which should not be large enough to affect our
derivation of the density profiles in x 3. Although the signifi-
cance of these components does not generally exceed 2.5 " in a
given ring, we argue that these detections are probably real be-
cause (1) a number of consecutive rings have consistent Fourier
components, and (2) the rotation curve uncertainties appear to be
overestimated (see x 3.3). NGC 6689 does not have enough data
points in most of its rings to obtain reliable higher order fits.
For comparison, we find 3–5 km s"1 cos 2!, cos 3!, and sin 3!
components over small ranges of radii in the NGC 2976 velocity
field studied by Simon et al. (2003). Including terms up to the
third order in the tilted-ring models (seven free RINGFIT pa-
rameters instead of three) does significantly improve the reduced
#2 value of the fits in many cases, but this is often because the
number of data points in the ring is not much larger than seven,
so that the fit can go through every point. More detailed de-
scriptions of the higher order motions in each galaxy can be
found in x 3.5.

3. RESULTS

In this section, we fit the rotation curves with a variety of
functional forms to ascertain the shapes of the density profiles.
We first consider the likely contribution of the stellar disk to the

Fig. 3.—Velocity fields of the four galaxies discussed in this paper. (a) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 4605. (b) H$
velocity field of NGC 5949. (c) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 5963. (d ) H$ velocity field of NGC 6689.
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for the outlying fields of themosaic. For NGC5963, the beam size
was 5B8 ; 5B3 (370 ; 331 pc), and the sensitivity was 31 mJy
beam!1. We detected CO in NGC 5949 and NGC 6689 with
observations at the University of Arizona Steward Observatory
(UASO) 12m telescope (Leroy et al. 2005), but the emission was
not bright enough to map with BIMA.

2.1.3. Optical and Near-Infrared Imaggingg and Reductions

We observed NGC 4605 and NGC 5963 with B, V, R, and I
filters at the 1.8 m Perkins Telescope at Lowell Observatory on
2002 February 11. NGC 5963 was also observed with much
longer exposure times in B and Rwith the 1 m Nickel Telescope
at Lick Observatory on 2003 June 23–24 in order to probe
farther out into the LSB disk of the galaxy. NGC 5949 was
imaged in B, V, R, and I at the Nickel on 2003 September 11, and
NGC 6689 was observed in Sloan r 0 and i0 bands with the
Mosaic camera on the 4 m Mayall Telescope at Kitt Peak on
2003 October 20. All imaging took place under photometric
conditions. Reduction and photometric calibration of these
images followed the description of Simon et al. (2003). To ex-
tend our set of images to the near-infrared, we used the Two
Micron All Sky Survey (2MASS) J, H, and Ks Atlas images of

each galaxy. Three-color optical images of all four galaxies are
displayed in Figure 1.

2.2. Isophotal Fits and Stellar Disk Rotation Curvves

We used the optical /near-IR images of these galaxies to place
reasonable limits on the contributions of their stellar disks to
their rotation curves. We extracted surface brightness profiles
from the images with the IRAF task ELLIPSE, as described
in Simon et al. (2003). For each image of each galaxy, we ran
ELLIPSE, allowing the center position, position angle (PA),
and ellipticity of the isophotes to vary with radius. We then
defined the isophotal center of the galaxy in that band to be the
weighted average of the ellipse centers. ELLIPSE was then run
again with the center fixed, and we measured the weighted
averages of the PA and ellipticity. We then averaged the iso-
photal centers,5 position angles, and ellipticities for each galaxy
in every available band to define fiducial values. In cases in

Fig. 1.—Three-color images of our four target galaxies. Each image uses the asinh scaling recommended by Lupton et al. (2004) to retain an optimal combination
of color and intensity information. (a) BVR image of NGC 4605 from Lowell Observatory. The southeast 2

3 of the galaxy is clearly brighter than the remainder.
(b) BVR image of NGC 5949 from Lick Observatory. The blacked-out rectangle on the east side of the galaxy is where a large dust grain was not completely
removed by flat fielding. We masked out the affected area for the photometric analysis. (c) BVR image of NGC 5963 from Lowell Observatory. (d ) r0H!i 0 image of
NGC 6689 from Kitt Peak National Observatory.

5 For the two galaxies with visually obvious nuclei (NGC 4605 and NGC
5949), we found that the isophotal centers were located quite close to the nuclei.
In these cases, we fixed the ellipse centers on the nuclei instead of the formal
isophotal centers.
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Fig. 2.— Ensemble-average mass maps of the lenses: J0911+055 (upper left), B1608+656

(upper right), B1115+080, B0957+561, B1104–181, B1520+530, B2149–274, B1600+434,
J0951+263, B0218+357. The larger tick marks in each panel correspond to 1′′. The contours

are in logarithmic steps, with critical density corresponding to the third contour from the
outside.
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Lensing

We then defined our final rotation curves to be the means of the
Monte Carlo rotation velocities and the uncertainties on the ro-
tation curves to be the standard deviations of the Monte Carlo
rotation velocities. The final radial velocity curves were derived
in the samemanner. By incorporating the uncertainties of the PA,
inclination, and center position, this technique yields more re-
alistic rotation curve error bars than simply propagating the very
small velocity uncertainties from each spectrum through the
analysis. The Monte Carlo uncertainties (which we refer to as
systematic uncertainties) are always much larger than the sta-
tistical uncertainties calculated by standard error propagation.
The uncertainties we use for the remainder of the paper are the
sum in quadrature of the systematic and statistical uncertainties.

2.3.3. Higgher Order Harmonic Fits

In addition to the standard use of RINGFIT described in
x 2.3.2, the algorithm can also be used to decompose the ve-
locity field into Fourier components up to the third order ( sin 3!
and cos 3!). If present, these higher order terms strongly sug-
gest the existence of a bar or other nonaxisymmetric perturba-
tion to the gravitational potential. With a high enough S/N, the
unique signatures of a bar, spiral arms, an elliptical potential,
or lopsidedness can be detected (Schoenmakers et al. 1997).We
find weak evidence for nonzero higher order components in the
velocity fields of NGC 4605, NGC 5949, and NGC 5963. Each
galaxy has several adjacent rings in which the fits deviate from

zero by!2 " (all four higher order terms for NGC 4605, cos 2!
and sin 3! for NGC 5949, and cos 2! and sin 2! for NGC
5963). Typical amplitudes of the higher order components are
2–5 km s"1, which should not be large enough to affect our
derivation of the density profiles in x 3. Although the signifi-
cance of these components does not generally exceed 2.5 " in a
given ring, we argue that these detections are probably real be-
cause (1) a number of consecutive rings have consistent Fourier
components, and (2) the rotation curve uncertainties appear to be
overestimated (see x 3.3). NGC 6689 does not have enough data
points in most of its rings to obtain reliable higher order fits.
For comparison, we find 3–5 km s"1 cos 2!, cos 3!, and sin 3!
components over small ranges of radii in the NGC 2976 velocity
field studied by Simon et al. (2003). Including terms up to the
third order in the tilted-ring models (seven free RINGFIT pa-
rameters instead of three) does significantly improve the reduced
#2 value of the fits in many cases, but this is often because the
number of data points in the ring is not much larger than seven,
so that the fit can go through every point. More detailed de-
scriptions of the higher order motions in each galaxy can be
found in x 3.5.

3. RESULTS

In this section, we fit the rotation curves with a variety of
functional forms to ascertain the shapes of the density profiles.
We first consider the likely contribution of the stellar disk to the

Fig. 3.—Velocity fields of the four galaxies discussed in this paper. (a) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 4605. (b) H$
velocity field of NGC 5949. (c) Combined H$ (circles) and CO ( filled-in regions) velocity field of NGC 5963. (d ) H$ velocity field of NGC 6689.
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for the outlying fields of themosaic. For NGC5963, the beam size
was 5B8 ; 5B3 (370 ; 331 pc), and the sensitivity was 31 mJy
beam!1. We detected CO in NGC 5949 and NGC 6689 with
observations at the University of Arizona Steward Observatory
(UASO) 12m telescope (Leroy et al. 2005), but the emission was
not bright enough to map with BIMA.

2.1.3. Optical and Near-Infrared Imaggingg and Reductions

We observed NGC 4605 and NGC 5963 with B, V, R, and I
filters at the 1.8 m Perkins Telescope at Lowell Observatory on
2002 February 11. NGC 5963 was also observed with much
longer exposure times in B and Rwith the 1 m Nickel Telescope
at Lick Observatory on 2003 June 23–24 in order to probe
farther out into the LSB disk of the galaxy. NGC 5949 was
imaged in B, V, R, and I at the Nickel on 2003 September 11, and
NGC 6689 was observed in Sloan r 0 and i0 bands with the
Mosaic camera on the 4 m Mayall Telescope at Kitt Peak on
2003 October 20. All imaging took place under photometric
conditions. Reduction and photometric calibration of these
images followed the description of Simon et al. (2003). To ex-
tend our set of images to the near-infrared, we used the Two
Micron All Sky Survey (2MASS) J, H, and Ks Atlas images of

each galaxy. Three-color optical images of all four galaxies are
displayed in Figure 1.

2.2. Isophotal Fits and Stellar Disk Rotation Curvves

We used the optical /near-IR images of these galaxies to place
reasonable limits on the contributions of their stellar disks to
their rotation curves. We extracted surface brightness profiles
from the images with the IRAF task ELLIPSE, as described
in Simon et al. (2003). For each image of each galaxy, we ran
ELLIPSE, allowing the center position, position angle (PA),
and ellipticity of the isophotes to vary with radius. We then
defined the isophotal center of the galaxy in that band to be the
weighted average of the ellipse centers. ELLIPSE was then run
again with the center fixed, and we measured the weighted
averages of the PA and ellipticity. We then averaged the iso-
photal centers,5 position angles, and ellipticities for each galaxy
in every available band to define fiducial values. In cases in

Fig. 1.—Three-color images of our four target galaxies. Each image uses the asinh scaling recommended by Lupton et al. (2004) to retain an optimal combination
of color and intensity information. (a) BVR image of NGC 4605 from Lowell Observatory. The southeast 2

3 of the galaxy is clearly brighter than the remainder.
(b) BVR image of NGC 5949 from Lick Observatory. The blacked-out rectangle on the east side of the galaxy is where a large dust grain was not completely
removed by flat fielding. We masked out the affected area for the photometric analysis. (c) BVR image of NGC 5963 from Lowell Observatory. (d ) r0H!i 0 image of
NGC 6689 from Kitt Peak National Observatory.

5 For the two galaxies with visually obvious nuclei (NGC 4605 and NGC
5949), we found that the isophotal centers were located quite close to the nuclei.
In these cases, we fixed the ellipse centers on the nuclei instead of the formal
isophotal centers.
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Fig. 1.—Line-of-sight velocity dispersion profiles (with 1 j error bars) for
Draco and UMi. See text for a detailed discussion.

Fig. 2.—Azimuthally averaged surface brightness profile of Draco. The solid
and dashed curves show, respectively, the best-fitting Plummer profile and a
King (1962) profile fit to the data within 25!.

for the effects of variable extinction using the reddening map
of Schlegel et al. (1998). The limiting magnitude of our ob-
servations is about 2 mag fainter than that of the Sloan Digital
Sky Survey data used by Odenkirchen et al. (2001) to determine
the light profile of Draco and permits more robust background
subtraction in the outer regions. In contrast to the Odenkirchen
et al. photometry, the profile in Figure 2 shows a clear break
at ∼25!. We note that a similar result has been recently claimed
by Kuhn et al. (2004). The light profile of UMi displays a
similar feature (e.g., Irwin & Hatzidimitriou 1995; Palma et
al. 2003; Martı́nez-Delgado et al. 2001) at about 34!. This
militates against the idea that the dSph’s currently possess ex-
tended halos (e.g. Stoehr et al. 2002).
Using simulations, Johnston et al. (1999, hereafter J99) sug-

gested that stellar systems in the Milky Way halo will show
breaks in their surface density profiles, beyond which unbound
or extratidal stars begin to predominate over bound stars. Their
results are superficially similar to our photometric data on Draco
and UMi, but there are some important differences. First, J99
found an enhanced velocity dispersion due to the extratidal stars,
and second, they argued for a slow falloff (proportional to R!1)
in surface brightness beyond the break. Johnston et al. (2002)
considered noncircular dSph orbits and found a wide variety of
profile shapes and outer falloff rates, with milder breaks and
steeper falloffs occurring around the apocenters ofmore eccentric
orbits. They also found that the ratio of the break radius to the
actual tidal radius varies with orbital phase and eccentricity and
is significantly below unity near apocenter.
Also shown in Figure 2 are the best-fitting King (1962) and

Plummer profiles for the surface brightness profile of Draco. The
former fits the inner parts well but requires an additional extra-
tidal population at to mimic the break. The latter provides′R 1 25
a reasonable description of the entire profile. In the rest of this

Letter, we use these models to try to understand the surprising
data on the velocity dispersions of Draco and UMi.

3. MODELING

3.1. Equilibrium Models

Using the simplifying assumptions of virial equilibrium and
spherical symmetry, the observable line-of-sight velocity dis-
persion jP as a function of projected radius R is

"
2 GM(r)

2j (R) p dr n(r)f (r)P !
I(R) rR

r
2w R

# dw 1! b(w) , (1)! [ ]22 2" wf (w) w ! RR

where is the surface brightness and is the stellarI(R) n(r)
luminosity density. This expression also involves the mass
profile of the dark matter halo and the stellar velocityM(r)
anisotropy parameter . The function

2 2b(r) p 1! Av S/Av Sv r

is the integrating factor for the spherical Jeans equation,f (r)
namely, .

r
exp [! dr 2b(r)/r]!0

Under the assumption of isotropy ( ), equation (1) be-b p 0
comes an Abel integral equation, which can be inverted to give
the mass profile of the dark matter halo (Binney & Tre-M(r)
maine 1987, § 4.2). Using an analytic fit to Draco’s projected
dispersion together with either a Plummer or a King profile in
the Abel inversion, we find that the cumulative mass M(r)
becomes unphysical ( ) beyond . An isotropic′dM/dr ! 0 r ∼ 30
model with a Plummer or King profile cannot reproduce the
observed sharp decline in jP for Draco. Analogous fits to the
dispersion profile and luminosity density of UMi lead to a
similar conclusion for its mass profile at the radius where its
velocity dispersion falls.

3.1.1. A Sharp Change in the Velocity Anisotropy?

One possibility is that the velocity anisotropy changes
abruptly from isotropy in the inner parts to strong(b p 0)
radial anisotropy ( ) in the outer parts. This could causeb r 1
a sharp drop in the projected dispersion, even if the stellar
density and dark matter profile vary slowly and smoothly. We
have investigated this option using equation (1) together with
an anisotropy parameter , which tends to an n nb(r) p r /(r # r )a

See also: Evans,  An & Walker 2009; Wilkinson et al. 2004; f(r) is integrating factor that depends only on β(r)
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Fig. 1.—Line-of-sight velocity dispersion profiles (with 1 j error bars) for
Draco and UMi. See text for a detailed discussion.

Fig. 2.—Azimuthally averaged surface brightness profile of Draco. The solid
and dashed curves show, respectively, the best-fitting Plummer profile and a
King (1962) profile fit to the data within 25!.

for the effects of variable extinction using the reddening map
of Schlegel et al. (1998). The limiting magnitude of our ob-
servations is about 2 mag fainter than that of the Sloan Digital
Sky Survey data used by Odenkirchen et al. (2001) to determine
the light profile of Draco and permits more robust background
subtraction in the outer regions. In contrast to the Odenkirchen
et al. photometry, the profile in Figure 2 shows a clear break
at ∼25!. We note that a similar result has been recently claimed
by Kuhn et al. (2004). The light profile of UMi displays a
similar feature (e.g., Irwin & Hatzidimitriou 1995; Palma et
al. 2003; Martı́nez-Delgado et al. 2001) at about 34!. This
militates against the idea that the dSph’s currently possess ex-
tended halos (e.g. Stoehr et al. 2002).
Using simulations, Johnston et al. (1999, hereafter J99) sug-

gested that stellar systems in the Milky Way halo will show
breaks in their surface density profiles, beyond which unbound
or extratidal stars begin to predominate over bound stars. Their
results are superficially similar to our photometric data on Draco
and UMi, but there are some important differences. First, J99
found an enhanced velocity dispersion due to the extratidal stars,
and second, they argued for a slow falloff (proportional to R!1)
in surface brightness beyond the break. Johnston et al. (2002)
considered noncircular dSph orbits and found a wide variety of
profile shapes and outer falloff rates, with milder breaks and
steeper falloffs occurring around the apocenters ofmore eccentric
orbits. They also found that the ratio of the break radius to the
actual tidal radius varies with orbital phase and eccentricity and
is significantly below unity near apocenter.
Also shown in Figure 2 are the best-fitting King (1962) and

Plummer profiles for the surface brightness profile of Draco. The
former fits the inner parts well but requires an additional extra-
tidal population at to mimic the break. The latter provides′R 1 25
a reasonable description of the entire profile. In the rest of this

Letter, we use these models to try to understand the surprising
data on the velocity dispersions of Draco and UMi.

3. MODELING

3.1. Equilibrium Models

Using the simplifying assumptions of virial equilibrium and
spherical symmetry, the observable line-of-sight velocity dis-
persion jP as a function of projected radius R is

"
2 GM(r)

2j (R) p dr n(r)f (r)P !
I(R) rR

r
2w R
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where is the surface brightness and is the stellarI(R) n(r)
luminosity density. This expression also involves the mass
profile of the dark matter halo and the stellar velocityM(r)
anisotropy parameter . The function

2 2b(r) p 1! Av S/Av Sv r

is the integrating factor for the spherical Jeans equation,f (r)
namely, .

r
exp [! dr 2b(r)/r]!0

Under the assumption of isotropy ( ), equation (1) be-b p 0
comes an Abel integral equation, which can be inverted to give
the mass profile of the dark matter halo (Binney & Tre-M(r)
maine 1987, § 4.2). Using an analytic fit to Draco’s projected
dispersion together with either a Plummer or a King profile in
the Abel inversion, we find that the cumulative mass M(r)
becomes unphysical ( ) beyond . An isotropic′dM/dr ! 0 r ∼ 30
model with a Plummer or King profile cannot reproduce the
observed sharp decline in jP for Draco. Analogous fits to the
dispersion profile and luminosity density of UMi lead to a
similar conclusion for its mass profile at the radius where its
velocity dispersion falls.

3.1.1. A Sharp Change in the Velocity Anisotropy?

One possibility is that the velocity anisotropy changes
abruptly from isotropy in the inner parts to strong(b p 0)
radial anisotropy ( ) in the outer parts. This could causeb r 1
a sharp drop in the projected dispersion, even if the stellar
density and dark matter profile vary slowly and smoothly. We
have investigated this option using equation (1) together with
an anisotropy parameter , which tends to an n nb(r) p r /(r # r )a

Light distribution

See also: Evans,  An & Walker 2009; Wilkinson et al. 2004; f(r) is integrating factor that depends only on β(r)
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Fig. 1.—Line-of-sight velocity dispersion profiles (with 1 j error bars) for
Draco and UMi. See text for a detailed discussion.

Fig. 2.—Azimuthally averaged surface brightness profile of Draco. The solid
and dashed curves show, respectively, the best-fitting Plummer profile and a
King (1962) profile fit to the data within 25!.

for the effects of variable extinction using the reddening map
of Schlegel et al. (1998). The limiting magnitude of our ob-
servations is about 2 mag fainter than that of the Sloan Digital
Sky Survey data used by Odenkirchen et al. (2001) to determine
the light profile of Draco and permits more robust background
subtraction in the outer regions. In contrast to the Odenkirchen
et al. photometry, the profile in Figure 2 shows a clear break
at ∼25!. We note that a similar result has been recently claimed
by Kuhn et al. (2004). The light profile of UMi displays a
similar feature (e.g., Irwin & Hatzidimitriou 1995; Palma et
al. 2003; Martı́nez-Delgado et al. 2001) at about 34!. This
militates against the idea that the dSph’s currently possess ex-
tended halos (e.g. Stoehr et al. 2002).
Using simulations, Johnston et al. (1999, hereafter J99) sug-

gested that stellar systems in the Milky Way halo will show
breaks in their surface density profiles, beyond which unbound
or extratidal stars begin to predominate over bound stars. Their
results are superficially similar to our photometric data on Draco
and UMi, but there are some important differences. First, J99
found an enhanced velocity dispersion due to the extratidal stars,
and second, they argued for a slow falloff (proportional to R!1)
in surface brightness beyond the break. Johnston et al. (2002)
considered noncircular dSph orbits and found a wide variety of
profile shapes and outer falloff rates, with milder breaks and
steeper falloffs occurring around the apocenters ofmore eccentric
orbits. They also found that the ratio of the break radius to the
actual tidal radius varies with orbital phase and eccentricity and
is significantly below unity near apocenter.
Also shown in Figure 2 are the best-fitting King (1962) and

Plummer profiles for the surface brightness profile of Draco. The
former fits the inner parts well but requires an additional extra-
tidal population at to mimic the break. The latter provides′R 1 25
a reasonable description of the entire profile. In the rest of this

Letter, we use these models to try to understand the surprising
data on the velocity dispersions of Draco and UMi.

3. MODELING

3.1. Equilibrium Models

Using the simplifying assumptions of virial equilibrium and
spherical symmetry, the observable line-of-sight velocity dis-
persion jP as a function of projected radius R is

"
2 GM(r)

2j (R) p dr n(r)f (r)P !
I(R) rR

r
2w R

# dw 1! b(w) , (1)! [ ]22 2" wf (w) w ! RR

where is the surface brightness and is the stellarI(R) n(r)
luminosity density. This expression also involves the mass
profile of the dark matter halo and the stellar velocityM(r)
anisotropy parameter . The function

2 2b(r) p 1! Av S/Av Sv r

is the integrating factor for the spherical Jeans equation,f (r)
namely, .

r
exp [! dr 2b(r)/r]!0

Under the assumption of isotropy ( ), equation (1) be-b p 0
comes an Abel integral equation, which can be inverted to give
the mass profile of the dark matter halo (Binney & Tre-M(r)
maine 1987, § 4.2). Using an analytic fit to Draco’s projected
dispersion together with either a Plummer or a King profile in
the Abel inversion, we find that the cumulative mass M(r)
becomes unphysical ( ) beyond . An isotropic′dM/dr ! 0 r ∼ 30
model with a Plummer or King profile cannot reproduce the
observed sharp decline in jP for Draco. Analogous fits to the
dispersion profile and luminosity density of UMi lead to a
similar conclusion for its mass profile at the radius where its
velocity dispersion falls.

3.1.1. A Sharp Change in the Velocity Anisotropy?

One possibility is that the velocity anisotropy changes
abruptly from isotropy in the inner parts to strong(b p 0)
radial anisotropy ( ) in the outer parts. This could causeb r 1
a sharp drop in the projected dispersion, even if the stellar
density and dark matter profile vary slowly and smoothly. We
have investigated this option using equation (1) together with
an anisotropy parameter , which tends to an n nb(r) p r /(r # r )a

See also: Evans,  An & Walker 2009; Wilkinson et al. 2004; f(r) is integrating factor that depends only on β(r)
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Fig. 1.—Line-of-sight velocity dispersion profiles (with 1 j error bars) for
Draco and UMi. See text for a detailed discussion.

Fig. 2.—Azimuthally averaged surface brightness profile of Draco. The solid
and dashed curves show, respectively, the best-fitting Plummer profile and a
King (1962) profile fit to the data within 25!.

for the effects of variable extinction using the reddening map
of Schlegel et al. (1998). The limiting magnitude of our ob-
servations is about 2 mag fainter than that of the Sloan Digital
Sky Survey data used by Odenkirchen et al. (2001) to determine
the light profile of Draco and permits more robust background
subtraction in the outer regions. In contrast to the Odenkirchen
et al. photometry, the profile in Figure 2 shows a clear break
at ∼25!. We note that a similar result has been recently claimed
by Kuhn et al. (2004). The light profile of UMi displays a
similar feature (e.g., Irwin & Hatzidimitriou 1995; Palma et
al. 2003; Martı́nez-Delgado et al. 2001) at about 34!. This
militates against the idea that the dSph’s currently possess ex-
tended halos (e.g. Stoehr et al. 2002).
Using simulations, Johnston et al. (1999, hereafter J99) sug-

gested that stellar systems in the Milky Way halo will show
breaks in their surface density profiles, beyond which unbound
or extratidal stars begin to predominate over bound stars. Their
results are superficially similar to our photometric data on Draco
and UMi, but there are some important differences. First, J99
found an enhanced velocity dispersion due to the extratidal stars,
and second, they argued for a slow falloff (proportional to R!1)
in surface brightness beyond the break. Johnston et al. (2002)
considered noncircular dSph orbits and found a wide variety of
profile shapes and outer falloff rates, with milder breaks and
steeper falloffs occurring around the apocenters ofmore eccentric
orbits. They also found that the ratio of the break radius to the
actual tidal radius varies with orbital phase and eccentricity and
is significantly below unity near apocenter.
Also shown in Figure 2 are the best-fitting King (1962) and

Plummer profiles for the surface brightness profile of Draco. The
former fits the inner parts well but requires an additional extra-
tidal population at to mimic the break. The latter provides′R 1 25
a reasonable description of the entire profile. In the rest of this

Letter, we use these models to try to understand the surprising
data on the velocity dispersions of Draco and UMi.

3. MODELING

3.1. Equilibrium Models

Using the simplifying assumptions of virial equilibrium and
spherical symmetry, the observable line-of-sight velocity dis-
persion jP as a function of projected radius R is

"
2 GM(r)

2j (R) p dr n(r)f (r)P !
I(R) rR

r
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where is the surface brightness and is the stellarI(R) n(r)
luminosity density. This expression also involves the mass
profile of the dark matter halo and the stellar velocityM(r)
anisotropy parameter . The function

2 2b(r) p 1! Av S/Av Sv r

is the integrating factor for the spherical Jeans equation,f (r)
namely, .

r
exp [! dr 2b(r)/r]!0

Under the assumption of isotropy ( ), equation (1) be-b p 0
comes an Abel integral equation, which can be inverted to give
the mass profile of the dark matter halo (Binney & Tre-M(r)
maine 1987, § 4.2). Using an analytic fit to Draco’s projected
dispersion together with either a Plummer or a King profile in
the Abel inversion, we find that the cumulative mass M(r)
becomes unphysical ( ) beyond . An isotropic′dM/dr ! 0 r ∼ 30
model with a Plummer or King profile cannot reproduce the
observed sharp decline in jP for Draco. Analogous fits to the
dispersion profile and luminosity density of UMi lead to a
similar conclusion for its mass profile at the radius where its
velocity dispersion falls.

3.1.1. A Sharp Change in the Velocity Anisotropy?

One possibility is that the velocity anisotropy changes
abruptly from isotropy in the inner parts to strong(b p 0)
radial anisotropy ( ) in the outer parts. This could causeb r 1
a sharp drop in the projected dispersion, even if the stellar
density and dark matter profile vary slowly and smoothly. We
have investigated this option using equation (1) together with
an anisotropy parameter , which tends to an n nb(r) p r /(r # r )a

Mass distribution
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Fig. 1.—Line-of-sight velocity dispersion profiles (with 1 j error bars) for
Draco and UMi. See text for a detailed discussion.

Fig. 2.—Azimuthally averaged surface brightness profile of Draco. The solid
and dashed curves show, respectively, the best-fitting Plummer profile and a
King (1962) profile fit to the data within 25!.

for the effects of variable extinction using the reddening map
of Schlegel et al. (1998). The limiting magnitude of our ob-
servations is about 2 mag fainter than that of the Sloan Digital
Sky Survey data used by Odenkirchen et al. (2001) to determine
the light profile of Draco and permits more robust background
subtraction in the outer regions. In contrast to the Odenkirchen
et al. photometry, the profile in Figure 2 shows a clear break
at ∼25!. We note that a similar result has been recently claimed
by Kuhn et al. (2004). The light profile of UMi displays a
similar feature (e.g., Irwin & Hatzidimitriou 1995; Palma et
al. 2003; Martı́nez-Delgado et al. 2001) at about 34!. This
militates against the idea that the dSph’s currently possess ex-
tended halos (e.g. Stoehr et al. 2002).
Using simulations, Johnston et al. (1999, hereafter J99) sug-

gested that stellar systems in the Milky Way halo will show
breaks in their surface density profiles, beyond which unbound
or extratidal stars begin to predominate over bound stars. Their
results are superficially similar to our photometric data on Draco
and UMi, but there are some important differences. First, J99
found an enhanced velocity dispersion due to the extratidal stars,
and second, they argued for a slow falloff (proportional to R!1)
in surface brightness beyond the break. Johnston et al. (2002)
considered noncircular dSph orbits and found a wide variety of
profile shapes and outer falloff rates, with milder breaks and
steeper falloffs occurring around the apocenters ofmore eccentric
orbits. They also found that the ratio of the break radius to the
actual tidal radius varies with orbital phase and eccentricity and
is significantly below unity near apocenter.
Also shown in Figure 2 are the best-fitting King (1962) and

Plummer profiles for the surface brightness profile of Draco. The
former fits the inner parts well but requires an additional extra-
tidal population at to mimic the break. The latter provides′R 1 25
a reasonable description of the entire profile. In the rest of this

Letter, we use these models to try to understand the surprising
data on the velocity dispersions of Draco and UMi.

3. MODELING

3.1. Equilibrium Models

Using the simplifying assumptions of virial equilibrium and
spherical symmetry, the observable line-of-sight velocity dis-
persion jP as a function of projected radius R is

"
2 GM(r)

2j (R) p dr n(r)f (r)P !
I(R) rR
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where is the surface brightness and is the stellarI(R) n(r)
luminosity density. This expression also involves the mass
profile of the dark matter halo and the stellar velocityM(r)
anisotropy parameter . The function

2 2b(r) p 1! Av S/Av Sv r

is the integrating factor for the spherical Jeans equation,f (r)
namely, .

r
exp [! dr 2b(r)/r]!0

Under the assumption of isotropy ( ), equation (1) be-b p 0
comes an Abel integral equation, which can be inverted to give
the mass profile of the dark matter halo (Binney & Tre-M(r)
maine 1987, § 4.2). Using an analytic fit to Draco’s projected
dispersion together with either a Plummer or a King profile in
the Abel inversion, we find that the cumulative mass M(r)
becomes unphysical ( ) beyond . An isotropic′dM/dr ! 0 r ∼ 30
model with a Plummer or King profile cannot reproduce the
observed sharp decline in jP for Draco. Analogous fits to the
dispersion profile and luminosity density of UMi lead to a
similar conclusion for its mass profile at the radius where its
velocity dispersion falls.

3.1.1. A Sharp Change in the Velocity Anisotropy?

One possibility is that the velocity anisotropy changes
abruptly from isotropy in the inner parts to strong(b p 0)
radial anisotropy ( ) in the outer parts. This could causeb r 1
a sharp drop in the projected dispersion, even if the stellar
density and dark matter profile vary slowly and smoothly. We
have investigated this option using equation (1) together with
an anisotropy parameter , which tends to an n nb(r) p r /(r # r )a
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Fig. 1.—Line-of-sight velocity dispersion profiles (with 1 j error bars) for
Draco and UMi. See text for a detailed discussion.

Fig. 2.—Azimuthally averaged surface brightness profile of Draco. The solid
and dashed curves show, respectively, the best-fitting Plummer profile and a
King (1962) profile fit to the data within 25!.

for the effects of variable extinction using the reddening map
of Schlegel et al. (1998). The limiting magnitude of our ob-
servations is about 2 mag fainter than that of the Sloan Digital
Sky Survey data used by Odenkirchen et al. (2001) to determine
the light profile of Draco and permits more robust background
subtraction in the outer regions. In contrast to the Odenkirchen
et al. photometry, the profile in Figure 2 shows a clear break
at ∼25!. We note that a similar result has been recently claimed
by Kuhn et al. (2004). The light profile of UMi displays a
similar feature (e.g., Irwin & Hatzidimitriou 1995; Palma et
al. 2003; Martı́nez-Delgado et al. 2001) at about 34!. This
militates against the idea that the dSph’s currently possess ex-
tended halos (e.g. Stoehr et al. 2002).
Using simulations, Johnston et al. (1999, hereafter J99) sug-

gested that stellar systems in the Milky Way halo will show
breaks in their surface density profiles, beyond which unbound
or extratidal stars begin to predominate over bound stars. Their
results are superficially similar to our photometric data on Draco
and UMi, but there are some important differences. First, J99
found an enhanced velocity dispersion due to the extratidal stars,
and second, they argued for a slow falloff (proportional to R!1)
in surface brightness beyond the break. Johnston et al. (2002)
considered noncircular dSph orbits and found a wide variety of
profile shapes and outer falloff rates, with milder breaks and
steeper falloffs occurring around the apocenters ofmore eccentric
orbits. They also found that the ratio of the break radius to the
actual tidal radius varies with orbital phase and eccentricity and
is significantly below unity near apocenter.
Also shown in Figure 2 are the best-fitting King (1962) and

Plummer profiles for the surface brightness profile of Draco. The
former fits the inner parts well but requires an additional extra-
tidal population at to mimic the break. The latter provides′R 1 25
a reasonable description of the entire profile. In the rest of this

Letter, we use these models to try to understand the surprising
data on the velocity dispersions of Draco and UMi.

3. MODELING

3.1. Equilibrium Models

Using the simplifying assumptions of virial equilibrium and
spherical symmetry, the observable line-of-sight velocity dis-
persion jP as a function of projected radius R is
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2j (R) p dr n(r)f (r)P !
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r
2w R

# dw 1! b(w) , (1)! [ ]22 2" wf (w) w ! RR

where is the surface brightness and is the stellarI(R) n(r)
luminosity density. This expression also involves the mass
profile of the dark matter halo and the stellar velocityM(r)
anisotropy parameter . The function

2 2b(r) p 1! Av S/Av Sv r

is the integrating factor for the spherical Jeans equation,f (r)
namely, .

r
exp [! dr 2b(r)/r]!0

Under the assumption of isotropy ( ), equation (1) be-b p 0
comes an Abel integral equation, which can be inverted to give
the mass profile of the dark matter halo (Binney & Tre-M(r)
maine 1987, § 4.2). Using an analytic fit to Draco’s projected
dispersion together with either a Plummer or a King profile in
the Abel inversion, we find that the cumulative mass M(r)
becomes unphysical ( ) beyond . An isotropic′dM/dr ! 0 r ∼ 30
model with a Plummer or King profile cannot reproduce the
observed sharp decline in jP for Draco. Analogous fits to the
dispersion profile and luminosity density of UMi lead to a
similar conclusion for its mass profile at the radius where its
velocity dispersion falls.

3.1.1. A Sharp Change in the Velocity Anisotropy?

One possibility is that the velocity anisotropy changes
abruptly from isotropy in the inner parts to strong(b p 0)
radial anisotropy ( ) in the outer parts. This could causeb r 1
a sharp drop in the projected dispersion, even if the stellar
density and dark matter profile vary slowly and smoothly. We
have investigated this option using equation (1) together with
an anisotropy parameter , which tends to an n nb(r) p r /(r # r )a

Velocity anisotropy

See also: Evans,  An & Walker 2009; Wilkinson et al. 2004; f(r) is integrating factor that depends only on β(r)
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• Several systems now with 1000s of velocities 

• Return to distribution function modelling

• Model data directly (no binning)

• Maximise information in the data 

• Break degeneracies! 
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Fig. 1.—Solid histogram: UMi’s stellar velocity distribution inside apertures
with diameters 4!–7!, centered on the location of second clump (R.A. p

relative to UMi’s center; see Fig. 2). Dotted histogram: Dis-′ ′12 , decl. p 8
tribution of velocities of the entire UMi sample, normalized to have the same
number of stars as the solid histogram.

Fig. 2.—Result of search for kinematic subpopulations in UMi. Contours are
linearly spaced stellar isopleths; the second peak of UMi’s stellar population is
visible at relative to UMi’s center at R.A.p 15h09m10s.2,′ ′R.A. p 12 , decl. p 8
decl.p (J2000.0). Gray stars are UMi red giant branch member stars′ ′′!67!1252
with measured velocities. The filled circles represent points at which a model
with a kinematically cold subpopulation is at least 1000 times more likely than
a model composed of a single 8.8 km s"1 Gaussian. The dotted circles are the
apertures containing the stellar sample for each circle. The size of each circle is
proportional to the logarithm of the likelihood, and the largest circle represents
a likelihood ratio of , with an optimal clump fraction , mean44.7# 10 f p 0.7
clump velocity , and clump dispersion ."1 "1v p "1 km s j p 0.5 km sss

rower than the 8.8 km s"1 Gaussian describing UMi’s overall
line-of-sight velocity distribution (Fig. 1). This observation sug-
gested constructing a model of UMi’s population consisting of
the sum of two Gaussians, one representing the underlying

Gaussian and the other representing a sub-"1j p 8.8 km s0
population of unknown fraction f, velocity offset , and velocityvs
dispersion js. Assuming an observational velocity uncertainty
jobs, the probability of observing a particular velocity in this
model is

P(vFf,j ,j ,j ) ps 0 obs

21 (v " v )s 2 2!f exp " 2p(j ! j )Z s obs[ ]2 2{ }2 j ! js obs

21 v 2 2!! (1" f ) exp " 2p(j ! j ) , (1)Z 0 obs( )[ ]2 2{ }2 j ! j0 obs

and the likelihood of obtaining a ensemble of velocities {v}i
with errors is{j }obs, i

P({v , j }) p P(vFf, j , j , j ). (2)"obs, i s 0 obs, ii i
i

Next we scanned the face of UMi in right ascension and dec-
lination in 2! increments. At each point, we collected all veloc-
ities in a 6! radius aperture and computed the statistical likelihood
of drawing these velocities from an 8.8 km s "1 Gaussian (eq.
[2], with ), as well as the likelihood of drawing the ve-f p 0
locities from each member of a grid of two-Gaussian models
(eq. [2], with , ,f p 0.1, 0.2, … ,1.0 v p "10, " 9, … ,10s
js p 0.5, 1.0, …, 15.0). When the likelihood of the best-fitting
two-Gaussian model exceeded the likelihood of the single-
Gaussian model by a large factor, we deemed that aperture to

contain a kinematic subpopulation distinct from the rest of UMi’s
stars. Figure 2 shows the result of the scanning procedure. Large
circles are apertures where we found a significant (likelihood
ratio greater than 103) subpopulation. At the largest circle, the
best two-Gaussian population ( ,"1j p 0.5 km s v p "1 kms s
, ) is times more likely than the default 8.8"1 4s f p 0.7 4.7# 10

km s"1 single-Gaussian model. Moreover, the largest circle is
very close to where the isopleth contours indicate the presence
of a secondary peak in the stars. The small value of suggestsvs
that the subpopulation is on either a radial orbit or a face-on
circular orbit. We note that our best-fit js is ill-determined be-
cause it is much smaller than the velocity measurement errors.
Also, this small value of js applies only to the surviving phase-
space region of the progenitor cluster—any faster stars may have
joined UMi’s general population. We verified the statistical sig-
nificance of the second kinematical population with a Monte
Carlo test: we repeatedly generated artificial data drawn from an
8.8 km s"1 Gaussian at the same locations and with the same
velocity uncertainties as our actual data and subjected it to the
scanning procedure described above. We found that only 11 of
2000 (0.055%) artificial data sets give as large a likelihood ratio
as the actual data anywhere in UMi. Only one of these false
positives suggested an orbit in the plane of the sky, and all of
the others had .v 1 5s

3. IMPLICATIONS OF THE COLD SUBPOPULATION

To investigate the survival of a cold kinematical subpopu-
lation in a dSph, we integrated the motion of a group of un-
bound stars inside a plausible halo model. We assumed a halo
density law , which has a core for2 2 "1/2r(r) ∝ (a ! r ) a 1 0
and a r"1 cusp for . We dropped an unbound clumpa p 0

Kleyna et al. 2003
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rower than the 8.8 km s"1 Gaussian describing UMi’s overall
line-of-sight velocity distribution (Fig. 1). This observation sug-
gested constructing a model of UMi’s population consisting of
the sum of two Gaussians, one representing the underlying

Gaussian and the other representing a sub-"1j p 8.8 km s0
population of unknown fraction f, velocity offset , and velocityvs
dispersion js. Assuming an observational velocity uncertainty
jobs, the probability of observing a particular velocity in this
model is
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and the likelihood of obtaining a ensemble of velocities {v}i
with errors is{j }obs, i

P({v , j }) p P(vFf, j , j , j ). (2)"obs, i s 0 obs, ii i
i

Next we scanned the face of UMi in right ascension and dec-
lination in 2! increments. At each point, we collected all veloc-
ities in a 6! radius aperture and computed the statistical likelihood
of drawing these velocities from an 8.8 km s "1 Gaussian (eq.
[2], with ), as well as the likelihood of drawing the ve-f p 0
locities from each member of a grid of two-Gaussian models
(eq. [2], with , ,f p 0.1, 0.2, … ,1.0 v p "10, " 9, … ,10s
js p 0.5, 1.0, …, 15.0). When the likelihood of the best-fitting
two-Gaussian model exceeded the likelihood of the single-
Gaussian model by a large factor, we deemed that aperture to

contain a kinematic subpopulation distinct from the rest of UMi’s
stars. Figure 2 shows the result of the scanning procedure. Large
circles are apertures where we found a significant (likelihood
ratio greater than 103) subpopulation. At the largest circle, the
best two-Gaussian population ( ,"1j p 0.5 km s v p "1 kms s
, ) is times more likely than the default 8.8"1 4s f p 0.7 4.7# 10

km s"1 single-Gaussian model. Moreover, the largest circle is
very close to where the isopleth contours indicate the presence
of a secondary peak in the stars. The small value of suggestsvs
that the subpopulation is on either a radial orbit or a face-on
circular orbit. We note that our best-fit js is ill-determined be-
cause it is much smaller than the velocity measurement errors.
Also, this small value of js applies only to the surviving phase-
space region of the progenitor cluster—any faster stars may have
joined UMi’s general population. We verified the statistical sig-
nificance of the second kinematical population with a Monte
Carlo test: we repeatedly generated artificial data drawn from an
8.8 km s"1 Gaussian at the same locations and with the same
velocity uncertainties as our actual data and subjected it to the
scanning procedure described above. We found that only 11 of
2000 (0.055%) artificial data sets give as large a likelihood ratio
as the actual data anywhere in UMi. Only one of these false
positives suggested an orbit in the plane of the sky, and all of
the others had .v 1 5s

3. IMPLICATIONS OF THE COLD SUBPOPULATION

To investigate the survival of a cold kinematical subpopu-
lation in a dSph, we integrated the motion of a group of un-
bound stars inside a plausible halo model. We assumed a halo
density law , which has a core for2 2 "1/2r(r) ∝ (a ! r ) a 1 0
and a r"1 cusp for . We dropped an unbound clumpa p 0
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gested constructing a model of UMi’s population consisting of
the sum of two Gaussians, one representing the underlying

Gaussian and the other representing a sub-"1j p 8.8 km s0
population of unknown fraction f, velocity offset , and velocityvs
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FIG. 9.— Results for the Carina, Fornax and Sculptor dSphs. Panels display posterior PDFs for model parameters, obtained from applying the two stellar subcomponent models
introduced in Section 3. Table 2 lists median values and 68% (95%) confidence intervals derived from these PDFs.

FIG. 10.— Left, center: Constraints on halflight radii and masses enclosed therein, for two independent stellar subcomponents in the Fornax and Sculptor dSphs. Plotted points
come directly from our final MCMC chains, and color indicates relative likelihood (normalized by the maximum-likelihood value). Overplotted are straight lines indicating the central
(and therefore maximum) slopes of cored (limr→0 d logM/d log r] = 3) and cusped (limr→0 d logM/d log r] = 2) dark matter halos. Right: Posterior PDFs for the slope Γ obtained for
Fornax and Sculptor. The vertical dotted line marks the maximum (i.e., central) value of an NFW profile (i.e., cusp with γDM = 1, limr→0[d logM/d log r] = 2). These measurements
rule out NFW and/or steeper cusps (γDM ≥ 1) with significance s! 96% (Fornax) and s! 99% (Sculptor).

6.3. Rotation
Mass estimates for stellar subcomponents identified by our

method are directly proportional to the corresponding esti-
mates of stellar velocity dispersions. In principle, any con-
tribution to these velocity dispersions by ‘non-thermal’ mo-
tions such as rotational support or unresolved binary orbital
motions (next section) might introduce a bias in our mass esti-
mates beyond those that we have already identified in Section
4.4.1.
A stellar subcomponent that receives significant support

against gravity from rotation about an axis not aligned with
the line of sight will exhibit a smooth variation in mean ve-
locity as a function of position. For the simplest (solid body)
rotation models, rotation introduces a gradient in mean line-
of-sight velocity. All three of the dSphs studied here exhibit
statistically significant gradients in their velocities as mea-

sured in the heliocentric and Milky Way rest frames (Walker
et al. 2008; Battaglia et al. 2008a). However, our method at-
tributes any such gradient not to rotation (which we implicitly
assume is insignificant), but wholly to the perspective effect
induced by the dSph’s systemic motion transverse to the line
of sight (Section 3.3). Since we account for this effect in our
likelihood function, our method effectively removes the con-
tribution of any apparent velocity gradient from our estimates
of the subcomponent velocity dispersions.
Onemight object that such gradients can arise due to a com-

bination of perspective effects and rotation, and that by at-
tributing any detected gradients entirely to perspective effects,
we unduly ignore what might be real and dynamically signif-
icant rotation. This concern is particularly relevant for Sculp-
tor, where the proper motion that we estimate disagrees with
both published astrometric measurements (Schweitzer et al.

Walker & Peñarrubia 2011
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Fig. 14. Value of the inner slope α of the mass-density profiles
plotted against the radius of the innermost point. Open circles
are from the dBMR sample, stars are the Jan. 00 part of our
sample, as published in dBMBR. Filled circles indicate the
new galaxies from the Feb. 01 part of the sample. Over-plotted
are the theoretical slopes of a pseudo-isothermal halo model
(dotted lines) with core radii of 0.5 (left-most), 1 (centre) and
2 (right-most) kpc. The full line represents a NFW model, the
dashed line a CDM r−1.5 model. Both of the latter models have
parameters c = 8 and V200 = 100 km s−1, which were chosen
to approximately fit the data points in the lower part of the
diagram.

breaks down and the stellar component is important in
the inner parts.

9.2.3. Constant M/L! profiles

We tested this by re-deriving the slopes for the constant
M/L! = 1.4 case (see dBMR for a justification of this
value). The halo rotation curve was found by quadratically
subtracting the gas-rotation curve and the rotation curve
of the stars. This treatment is likely to be too naive, as
in a non-minimum disk case one expects the disk to influ-
ence the dark matter distribution to some degree (though
perhaps not for LSB galaxies). A full treatment of this
problem is beyond the scope of this paper, and the naive
procedure suffices to illustrate the main point: as the stel-
lar mass-to-light ratio is increased the inner slope of the
halo mass-density profile becomes flatter.

The slopes for the constant M/L! case are listed in
Table 7. In Fig. 15 we again plot the derived slopes against
the inner radii for the galaxies in our sample where a
constant M/L! model was available. A comparison with
Fig. 14 shows that the data points have all moved up, as
expected. In a number of cases we found rather large pos-
itive slopes, which would imply that these galaxies have
hollow halos. This is rather improbable, and a more re-
alistic explanation is that the value M/L! = 1.4 is an
overestimate of the true M/L∗.

Table 7. Inner power-law slopes α.

Name αmin ∆α rin (kpc) αcon ∆α

F563-1 –0.01 0.70 0.55 0.21 1.38

U628 –1.29 0.08 0.95 –1.37 1.37

U711 –0.12 0.07 0.38 – –

U731 –0.52 0.45 0.35 –0.44 0.15

U1230 –0.13 0.26 0.74 0.08 0.47

U1281 –0.04 0.01 0.08 – –

U3137 –0.20 0.10 0.27 – –

U3371 –0.16 0.10 0.56 –0.02 0.19

U4173 –0.77 0.13 0.73 –0.26 0.46

U4325 –0.33 0.03 0.15 –0.24 0.06

U5005 –0.58 0.09 0.76 –0.53 0.24

U5750 –0.17 0.27 0.81 0.26 0.71

N100 –0.19 0.17 0.19 – –

N1560 –0.26 0.26 0.04 –0.04 0.24

N2366 0.24 0.13 0.09 0.45 0.45

N4395 –0.40 0.07 0.05 –0.52 0.02

N3274 –0.90 0.13 0.10 –0.67 0.17

N4455 –0.57 0.21 0.10 –0.70 0.25

U10310 0.10 0.36 0.22 – –

N5023 –0.39 0.14 0.07 – –

IC2233 –0.20 0.22 0.15 – –

DDO52 0.34 0.50 0.14 – –

DDO64 –0.21 0.11 0.09 –0.16 0.58

DDO47 –0.42 0.25 0.27 –0.28 0.30

DDO185 –0.18 0.29 0.07 –0.23 0.61

DDO189 –0.82 0.05 0.46 –0.87 0.35

Fig. 15. The inner power-law slopes α for the constant
M/L∗ = 1.4 assumption.

N3274 has a slope of −0.66 in the constant M/L!

case, which is consistent with the slope one would expect
for a halo with a core-radius of a few tenths of a kpc.
Though this galaxy obviously cannot be used to prove or
disprove either model, it is clear that galaxies which show
steep inner slopes are likely to be of high surface bright-
ness with inner regions dominated by stars. In order to

de Blok &
 Bosm

a 2002

ρ ∝ rα
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Adam Amara; Credit for Abell 1669: NASA, ESA, and Johan Richard (Caltech, USA)

Observations | The halo density profile: galaxies/clusters

Adapted from an ESA Euclid Figure; Credit for Abell 1669: NASA, ESA, and Johan Richard (Caltech, USA)
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FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 !) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2

2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A ! 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(

−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 !) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v" + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v" = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).
vorbR

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)
vorbφ

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βφ sin(λ(t) − λφ)
vorbz

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-
tion and the dispersion σ = |vcirc|/

√
2. For the dark disk,

the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses ! 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to

Particle physics | Astrophysics

Direct detection:

Thursday, August 25, 2011



3. Hunting for DM | The importance of astrophysics 

2

0 5 10 15 20
10

!4

10
!3

10
!2

d
R

/d
E

 [
c
o

u
n

ts
/k

g
/d

/k
e

V
]

Energy [keV]

FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 !) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2

2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A ! 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(

−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 !) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v" + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v" = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).
vorbR

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)
vorbφ

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βφ sin(λ(t) − λφ)
vorbz

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-
tion and the dispersion σ = |vcirc|/

√
2. For the dark disk,

the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses ! 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to
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FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 !) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2

2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A ! 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(

−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 !) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v" + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v" = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).
vorbR

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)
vorbφ

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βφ sin(λ(t) − λφ)
vorbz

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-
tion and the dispersion σ = |vcirc|/

√
2. For the dark disk,

the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses ! 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to
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FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 !) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2

2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A ! 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(

−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 !) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v" + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v" = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).
vorbR

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)
vorbφ

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βφ sin(λ(t) − λφ)
vorbz

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-
tion and the dispersion σ = |vcirc|/

√
2. For the dark disk,

the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses ! 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to
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FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 !) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2

2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A ! 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(

−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 !) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v" + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v" = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).
vorbR

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)
vorbφ

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βφ sin(λ(t) − λφ)
vorbz

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-
tion and the dispersion σ = |vcirc|/

√
2. For the dark disk,

the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses ! 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to
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FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 !) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2

2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A ! 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(

−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 !) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v" + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v" = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).
vorbR

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)
vorbφ

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βφ sin(λ(t) − λφ)
vorbz

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-
tion and the dispersion σ = |vcirc|/

√
2. For the dark disk,

the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses ! 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to
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FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 !) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2

2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A ! 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(

−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 !) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v" + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v" = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).
vorbR

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)
vorbφ

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βφ sin(λ(t) − λφ)
vorbz

(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-
tion and the dispersion σ = |vcirc|/

√
2. For the dark disk,

the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses ! 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to
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Sag Stream
0.85 < q < 1.05

 q=0.7
 q=1 (spherical) SHM
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−0.013M⊙/pc3

(ρdm = 0.98+0.50
−0.50GeV/cm3)
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3. Hunting for DM | Annihilation signals: where to look 

Dark matter annihilation in dwarf galaxies: perspectives for a future γ-ray observatory 3

γ-rays (dashed lines). For charged annihilation products, internal
bremsstrahlung (IB) has recently been investigated and been found
to enhance the spectrum close to the kinematic cut-off (e.g., Bring-
mann et al. 2008). As an illustration, the long-dashed line in Fig. 1
corresponds to the benchmark configuration for a wino-like neu-
tralino taken from Bringmann et al. (2008). However, the shape and
amplitude of this spectrum are strongly model dependent (Bring-
mann et al. 2009) and, as argued in Cannoni et al. (2010), this con-
tribution is relevant only for models, and at energies, where the line
contribution is dominant over the secondary photons.

In this work, we wish to make as model-independent a study
as possible, and so do not consider internal bremsstrahlung. In the
remainder of this paper, all our results will be based on an average
spectrum taken from the parameterisation (Bergström et al. 1998,
solid line in Fig. 1):

dNγ

dEγ
=

1
mχ

dNγ

dx
=

1
mχ

0, 73 e−7,8x

x1,5
, (4)

with x = Eγ/mχ. Finally, to be conservative in the detection
limits, the so-called Sommerfeld enhancement which increases the
DM annihilation cross-sections (Hisano et al. 2004, 2005) is not
considered1.

2.1.2 The astrophysics term – the J-factor

The second term in equation 1 is the astrophysics term – the J-
factor – that depends on the density distribution of dark matter in
the dwarf. It corresponds to the line of sight (l.o.s.) integration of
the dark matter density squared over solid angle∆Ω in the dSph:

J =

Z

∆Ω

Z

ρ2
DM(l, Ω) dldΩ. (5)

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1 − cos(αint)) .

All of our calculations rely on a numerical integration that has been
optimised to deal with any profile and pointing direction (centred
on the dSphs or offset from them). We use the publicly available
CLUMPY package (Charbonnier et al. 2010) which also allows the
calculation of the contribution from substructures within the dSph,
and the contribution of the smooth and clumpy galactic DM back-
ground (as shown in Section 4). The reader is referred to the above
paper for the technical details2. We also provide approximate for-
mulae from a simple toy model in Appendix A for quick estimate
of the J factor and cross-checks with the numerical results.

1 This effect depends on the mass and the velocity of the particle. The
resulting boost of the signal and the impact on detectability of the dSphs
has been discussed, e.g., in Pieri et al. (2009).
2 The plots presented here for the best-fit and confidence limits for J show
the graphical capabilities of the package which is based on the ROOT
CERN libraries. Using CLUMPY, all of our results can be easily updated
for future analysis, or for any user-preferred profile parameters (or MCMC
analysis) from a simple user-friendly interface. CLUMPY is available for
download FROM HERE? ADD WEBPAGE.[Justin: thinks we should
point to a webpage to download clumpy and suggests the astro-code wiki:
http://www.astrosim.net/code/.]

2.1.3 DM profiles

For the dark matter halo we use a generalised (α, β, γ) Hernquist
profile given by (Hernquist 1990; Dehnen 1993; Zhao 1996):

ρ(r) = ρs

„

r
rs

«−γ»

1 +

„

r
rs

«α–
γ−β

α

, (6)

where the parameter α controls the sharpness of the transition
from inner slope limr→0 d ln(ρ)/d ln(r) = −γ to outer slope
limr→∞ d ln(ρ)/d ln(r) = −β.

For profiles such as γ ! 1.5, the quantity J from the inner
regions diverges. A saturation scale rsat exists, corresponding to
the typical scale where the annihilation rate [〈σv〉ρ(rsat)/mχ]−1

balances the gravitational infalling rate of DM particles (Gρ̄)−1/2

(Berezinsky et al. 1992). Taking ρ̄ to be about 200 times the critical
density gives

ρsat ≈ 3.1018
“ mχ

100 GeV

”

×
„

10−26cm3 s−1

〈σv〉

«

M$ kpc−3.

(7)
The associated saturation radius is given by

rsat = rs ×
„

ρs

ρsat

«1/γ

& rs . (8)

This limit is used for all of our calculations.

2.2 Motivation for a generic approach and reference models

In many studies, the γ-ray luminosity (from DM annihilations) is
calculated from a point-source approximation. This is valid so long
as the inner profile is steep, in which case the total luminosity of the
dSph is completely dominated by a very small central region. How-
ever, if the profile is shallow and/or the dSph is nearby, the effective
size of the dSph on the sky is larger than the point spread function
(PSF) of the detector, and the point-source approximation breaks
down. For upcoming instruments and particularly shallow DM pro-
files, the effective size of the dwarf may even compare to the field
of view (FOV) of the instrument. This difference in the radial ex-
tent of the signal matters in terms of detection (see Section 3). For
this reason, we do not assume that the dwarf is a point-source in
this paper, but rather derive sky-maps for the expected γ-ray flux.

2.2.1 Illustration: a cored vs cusped profile

Figure 2 shows J as a function of the integration angle αint for
a dwarf at 20 kpc (pointing towards the centre of the dwarf). The
black line is for a cored profile (γ = 0) and the green line is for a
cuspy profile (γ = 1.5). Both are normalised to one at αint = 5◦.
For the cuspy profile, ∼ 100% of the signal is emitted in the first
bin (i.e. point-like emission). For the cored profile, J slowly builds
up withαint, and 80% of the signal is obtained for α80% ≈ 3◦. This
is also seen by means of the symbols, that show the contribution
of DM shells in two angular bins. Whereas the green empty stars
have a spiky distribution in the first bin (γ = 1.5), the black stars
(γ = 0) show a very broad distribution for J .

Obviously, the integration angle required to have a sizeable
fraction of the signal depends on several parameters: the distance
d of the dSph, the inner profile γ, and the scale radius rs. The de-
tectability being related to the radial extent of the signal, it also
depends on these parameters.

c© Xxxx RAS, MNRAS 000, 1–21
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2.1.1 The particle physics factor

The particle physics factor (Φpp) is given by:

Φpp(Eγ) ≡
dΦγ

dEγ
=

1
4π

〈σannv〉
2m2

χ
× dNγ

dEγ
, (2)

where mχ is the mass of the DM particle, σann is its self-
annihilation cross-section and 〈σannv〉 the average over its velocity
distribution, and dNγ/dEγ is the differential photon yield per an-
nihilation. A benchmark value is 〈σannv〉 ∼ 3 × 10−26 cm3 s−1

(Jungman et al. 1996), which would result in a present-day DM
abundance satisfying cosmological constraints.

Unlike the annihilation cross section and particle mass, the
differential annihilation spectrum (dNγ/dEγ(Eγ)) requires us to
adopt a specific DM particle model. We focus on a well-motivated
class of models that are within reach of up-coming direct and in-
direct experiments: the Minimal Supersymmetric Standard Model
(MSSM). In this framework, the neutralino is typically the light-
est stable particle and therefore one of the most favoured DM can-
didates (see e.g. Bertone et al. 2005). A γ-ray continuum is pro-
duced from the decay of hadrons (e.g. π0 → γγ) resulting from
the DM annihilation. Neutralino annihilations can also directly pro-
duce mono-energetic γ-ray lines through loop processes, with the
formation of either a pair of γ-rays (χχ → γγ; Bergström & Ullio
1997), or a Z0 boson and a γ-ray (χχ → γZ0; Ullio & Bergström
1998). We do not take into account such line production processes
since they are usually sub-dominant and very model dependent
(Bringmann et al. 2008). The differential photon spectrum we use
is restricted to the continuum contribution and is written as:

dNγ

dEγ
(Eγ) =

∑

i

bi
dN i

γ

dEγ
(Eγ ,mχ) , (3)

where the different annihilation final states i are characterised by a
branching ratio bi.

Using the parameters in Fornengo et al. (2004), we plot the
continuum spectra calculated for a 1 TeV mass neutralino in Fig.
1. Apart from the τ+τ− channel (dash-dotted line), all the an-
nihilation channels in the continuum result in very similar spec-
tra of γ-rays (dashed lines). For charged annihilation products,
internal bremsstrahlung (IB) has recently been investigated and
found to enhance the spectrum close to the kinematic cut-off (e.g.,
Bringmann et al. 2008). As an illustration, the long-dashed line in
Fig. 1 corresponds to the benchmark configuration for a wino-
like neutralino taken from Bringmann et al. (2008). However, the
shape and amplitude of this spectrum are strongly model dependent
(Bringmann et al. 2009) and, as argued in Cannoni et al. (2010),
this contribution is relevant only for models (and at energies) where
the line contribution is dominant over the secondary photons.

We wish to be as model-independent as possible, and so do not
consider internal bremsstrahlung. In the remainder of this paper, all
our results will be based on an average spectrum taken from the
parametrisation (Bergström et al. 1998, solid line in Fig. 1):

dNγ

dEγ
=

1
mχ

dNγ

dx
=

1
mχ

0.73 e−7.8x

x1.5
, (4)

with x ≡ Eγ/mχ. Finally, in order to be conservative in deriving
detection limits, we also do not consider the possible ‘Sommerfeld
enhancement’ of the DM annihilation cross-section (Hisano et al.

!/m"x = E
-210 -110 1

"
/d

x
"

 d
N

2 x

-410

-310

-210

-110

1 m et al. (1998)oAverage, Bergstr
(IB) BM4, Bringmann et al. (2008)

Fornengo et al. (2004)
-#+#

gluons
Z bosons
W bosons

bb
cc
tt
ss

d or duu
 = 1 TeV!m

Figure 1. Differential spectra (multiplied by x2) of γ-rays from the frag-
mentation of neutrino annihilation products (here for a DM particle mass
of mχ = 1 TeV). Several different channels are shown, taken from
Fornengo et al. (2004) and an average parametrisation Bergström et al.
(1998) is marked by the black solid line; this is what we adopt through-
out this paper. The black dashed line is the benchmark model BM4
(Bringmann et al. 2008) which includes internal bremsstrahlung and serves
to illustrate that very different spectra are possible. However, the example
shown here is dominated by line emission and therefore highly model de-
pendent; for this reason, we do not consider such effects in this paper.

2004, 2005).2 This depends inversely on the DM particle velocity,
and thus requires precise modelling of the velocity distribution of
the DM within the dSph; we will investigate this in a separate study.

2.1.2 The J-factor

The second term in Eq. (1) is the astrophysical J-factor which de-
pends on the spatial distribution of DM as well as on the beam size.
It corresponds to the l.o.s. integration of the DM density squared
over solid angle ∆Ω in the dSph:

J =

∫

∆Ω

∫

ρ2DM(l,Ω) dldΩ. (5)

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1− cos(αint)) .

The J-factor is useful because it allows us to rank the dSphs by
their expected γ-ray flux, independently of any assumed DM par-
ticle physics model. Moreover, the knowledge of the relative J-
factors would also help us to evaluate the validity of any poten-
tial detection of a given dSph, because for a given particle physics
model we could then scale the signal to what we should expect to
see in the other dSphs.

All calculations of J presented in this paper were performed
using the publicly available CLUMPY package (Charbonnier, Com-
bet, Maurin, in preparation) which includes models for a smooth
DM density profile for the dSph, clumpy dark matter sub-structures
inside the dSph, and a smooth and clumpy Galactic DM distribu-
tion. 3

2 This effect depends on the mass and the velocity of the particle; the re-
sulting boost of the signal and the impact on detectability of the dSphs has
been discussed, e.g., in Pieri et al. (2009).
3 In Appendix B, we provide approximate formulae for quick estimates of
the J-factor and cross-checks with the numerical results.
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Figure 15. Median J-factor values (symbols) and 68%/95% CLs (solid bars; dashed bars) for the fixed γprior analysis (the result for γprior = 1.5 is not
shown because it is not reliable, see Sect. G2). The blue dashed line shows the expected scaling with distance for point sources: 3.1 · 1015d−2 [M2

" kpc−5].
The panels show, from top to bottom, three integration angles αint = 0.01◦, 0.1◦, and αc ≈ 2rh/d (an angle very similar to the angle enclosing 80% of
the flux, see Fig. 16) that optimises the determination of the J-factor for a given dSph (hence the error bars are smaller in this plot than in the other two). The
yellow solid lines (and broken lines in the bottom panel) correspond to the Galactic DM background including both the smooth and clumpy distributions. For
the bottom panel, this is not a smooth curve since it depends on the integration angle αint that varies from dSph to dSph in this figure. Note that the choice of
using the critical angle αint = αc is optimal in the sense that it gives the most constrained value for J . But where the Galactic background annihilation signal
approaches that of the dSphs (see for example, Sextans and Fornax), the motivation for staring at the dSphs rather than simply looking at the Galactic halo is
gone.

5.2.3 J(d) and departure from the 1/d2 scaling

Fig. 15 shows the J median values, 65% and 95% CIs as symbols,
dashed and solid error bars respectively, for an integration angle
of 0.01◦ (top), 0.1◦ (middle), and αc ≈ 2rhalf/d (Walker et al.
2011) The x-axis is the distance to the dSph (in kpc). For point-like
sources, the J-factor of a single dSph scales as 1/d2, as illustrated
by the blue-dashed line. Departure from this scaling is interpreted
as a combination of a mass effect and/or a profile effect. For in-
stance, Sextans and Carina are dSphs with smaller M300 with re-
spect to the other ones (see Tab. 2); consequently they are located
below the dashed blue line in the top panel of Fig. 15. The excep-
tion is Leo II, which has a ‘small’ mass but is nevertheless above

the dashed line. Although this analysis cannot constrain γ, we are
tempted to interpret this oddity in terms of a ‘cuspier’ profile (w.r.t.
those for other dSphs), which would be consistent with the fact that
its J remains similar in moving from αint = 0.1◦ (middle panel)
to 0.01◦ (top panel). However, an alternative explanation (which
would be more consistent with the results obtained in this paper)
could be the fact that Leo II has the smallest amount of kinematic
data at present, and that its J is overestimated (see Appendix H1 to
support this line of argument). We repeat that the relative brightness
of the dSphs is further affected for background-dominated instru-
ments (as described in Sec. 3), so that the ranking has to be based
on Fig 16 discussed in the next section.

Dark matter annihilation in dwarf galaxies: perspectives for a future γ-ray observatory 3

γ-rays (dashed lines). For charged annihilation products, internal
bremsstrahlung (IB) has recently been investigated and been found
to enhance the spectrum close to the kinematic cut-off (e.g., Bring-
mann et al. 2008). As an illustration, the long-dashed line in Fig. 1
corresponds to the benchmark configuration for a wino-like neu-
tralino taken from Bringmann et al. (2008). However, the shape and
amplitude of this spectrum are strongly model dependent (Bring-
mann et al. 2009) and, as argued in Cannoni et al. (2010), this con-
tribution is relevant only for models, and at energies, where the line
contribution is dominant over the secondary photons.

In this work, we wish to make as model-independent a study
as possible, and so do not consider internal bremsstrahlung. In the
remainder of this paper, all our results will be based on an average
spectrum taken from the parameterisation (Bergström et al. 1998,
solid line in Fig. 1):

dNγ

dEγ
=

1
mχ

dNγ

dx
=

1
mχ

0, 73 e−7,8x

x1,5
, (4)

with x = Eγ/mχ. Finally, to be conservative in the detection
limits, the so-called Sommerfeld enhancement which increases the
DM annihilation cross-sections (Hisano et al. 2004, 2005) is not
considered1.

2.1.2 The astrophysics term – the J-factor

The second term in equation 1 is the astrophysics term – the J-
factor – that depends on the density distribution of dark matter in
the dwarf. It corresponds to the line of sight (l.o.s.) integration of
the dark matter density squared over solid angle∆Ω in the dSph:

J =

Z

∆Ω

Z

ρ2
DM(l, Ω) dldΩ. (5)

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1 − cos(αint)) .

All of our calculations rely on a numerical integration that has been
optimised to deal with any profile and pointing direction (centred
on the dSphs or offset from them). We use the publicly available
CLUMPY package (Charbonnier et al. 2010) which also allows the
calculation of the contribution from substructures within the dSph,
and the contribution of the smooth and clumpy galactic DM back-
ground (as shown in Section 4). The reader is referred to the above
paper for the technical details2. We also provide approximate for-
mulae from a simple toy model in Appendix A for quick estimate
of the J factor and cross-checks with the numerical results.

1 This effect depends on the mass and the velocity of the particle. The
resulting boost of the signal and the impact on detectability of the dSphs
has been discussed, e.g., in Pieri et al. (2009).
2 The plots presented here for the best-fit and confidence limits for J show
the graphical capabilities of the package which is based on the ROOT
CERN libraries. Using CLUMPY, all of our results can be easily updated
for future analysis, or for any user-preferred profile parameters (or MCMC
analysis) from a simple user-friendly interface. CLUMPY is available for
download FROM HERE? ADD WEBPAGE.[Justin: thinks we should
point to a webpage to download clumpy and suggests the astro-code wiki:
http://www.astrosim.net/code/.]

2.1.3 DM profiles

For the dark matter halo we use a generalised (α, β, γ) Hernquist
profile given by (Hernquist 1990; Dehnen 1993; Zhao 1996):

ρ(r) = ρs

„

r
rs

«−γ»

1 +

„

r
rs

«α–
γ−β

α

, (6)

where the parameter α controls the sharpness of the transition
from inner slope limr→0 d ln(ρ)/d ln(r) = −γ to outer slope
limr→∞ d ln(ρ)/d ln(r) = −β.

For profiles such as γ ! 1.5, the quantity J from the inner
regions diverges. A saturation scale rsat exists, corresponding to
the typical scale where the annihilation rate [〈σv〉ρ(rsat)/mχ]−1

balances the gravitational infalling rate of DM particles (Gρ̄)−1/2

(Berezinsky et al. 1992). Taking ρ̄ to be about 200 times the critical
density gives

ρsat ≈ 3.1018
“ mχ

100 GeV

”

×
„

10−26cm3 s−1

〈σv〉

«

M$ kpc−3.

(7)
The associated saturation radius is given by

rsat = rs ×
„

ρs

ρsat

«1/γ

& rs . (8)

This limit is used for all of our calculations.

2.2 Motivation for a generic approach and reference models

In many studies, the γ-ray luminosity (from DM annihilations) is
calculated from a point-source approximation. This is valid so long
as the inner profile is steep, in which case the total luminosity of the
dSph is completely dominated by a very small central region. How-
ever, if the profile is shallow and/or the dSph is nearby, the effective
size of the dSph on the sky is larger than the point spread function
(PSF) of the detector, and the point-source approximation breaks
down. For upcoming instruments and particularly shallow DM pro-
files, the effective size of the dwarf may even compare to the field
of view (FOV) of the instrument. This difference in the radial ex-
tent of the signal matters in terms of detection (see Section 3). For
this reason, we do not assume that the dwarf is a point-source in
this paper, but rather derive sky-maps for the expected γ-ray flux.

2.2.1 Illustration: a cored vs cusped profile

Figure 2 shows J as a function of the integration angle αint for
a dwarf at 20 kpc (pointing towards the centre of the dwarf). The
black line is for a cored profile (γ = 0) and the green line is for a
cuspy profile (γ = 1.5). Both are normalised to one at αint = 5◦.
For the cuspy profile, ∼ 100% of the signal is emitted in the first
bin (i.e. point-like emission). For the cored profile, J slowly builds
up withαint, and 80% of the signal is obtained for α80% ≈ 3◦. This
is also seen by means of the symbols, that show the contribution
of DM shells in two angular bins. Whereas the green empty stars
have a spiky distribution in the first bin (γ = 1.5), the black stars
(γ = 0) show a very broad distribution for J .

Obviously, the integration angle required to have a sizeable
fraction of the signal depends on several parameters: the distance
d of the dSph, the inner profile γ, and the scale radius rs. The de-
tectability being related to the radial extent of the signal, it also
depends on these parameters.

c© Xxxx RAS, MNRAS 000, 1–21
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2.1.1 The particle physics factor

The particle physics factor (Φpp) is given by:

Φpp(Eγ) ≡
dΦγ

dEγ
=

1
4π

〈σannv〉
2m2

χ
× dNγ

dEγ
, (2)

where mχ is the mass of the DM particle, σann is its self-
annihilation cross-section and 〈σannv〉 the average over its velocity
distribution, and dNγ/dEγ is the differential photon yield per an-
nihilation. A benchmark value is 〈σannv〉 ∼ 3 × 10−26 cm3 s−1

(Jungman et al. 1996), which would result in a present-day DM
abundance satisfying cosmological constraints.

Unlike the annihilation cross section and particle mass, the
differential annihilation spectrum (dNγ/dEγ(Eγ)) requires us to
adopt a specific DM particle model. We focus on a well-motivated
class of models that are within reach of up-coming direct and in-
direct experiments: the Minimal Supersymmetric Standard Model
(MSSM). In this framework, the neutralino is typically the light-
est stable particle and therefore one of the most favoured DM can-
didates (see e.g. Bertone et al. 2005). A γ-ray continuum is pro-
duced from the decay of hadrons (e.g. π0 → γγ) resulting from
the DM annihilation. Neutralino annihilations can also directly pro-
duce mono-energetic γ-ray lines through loop processes, with the
formation of either a pair of γ-rays (χχ → γγ; Bergström & Ullio
1997), or a Z0 boson and a γ-ray (χχ → γZ0; Ullio & Bergström
1998). We do not take into account such line production processes
since they are usually sub-dominant and very model dependent
(Bringmann et al. 2008). The differential photon spectrum we use
is restricted to the continuum contribution and is written as:

dNγ

dEγ
(Eγ) =

∑

i

bi
dN i

γ

dEγ
(Eγ ,mχ) , (3)

where the different annihilation final states i are characterised by a
branching ratio bi.

Using the parameters in Fornengo et al. (2004), we plot the
continuum spectra calculated for a 1 TeV mass neutralino in Fig.
1. Apart from the τ+τ− channel (dash-dotted line), all the an-
nihilation channels in the continuum result in very similar spec-
tra of γ-rays (dashed lines). For charged annihilation products,
internal bremsstrahlung (IB) has recently been investigated and
found to enhance the spectrum close to the kinematic cut-off (e.g.,
Bringmann et al. 2008). As an illustration, the long-dashed line in
Fig. 1 corresponds to the benchmark configuration for a wino-
like neutralino taken from Bringmann et al. (2008). However, the
shape and amplitude of this spectrum are strongly model dependent
(Bringmann et al. 2009) and, as argued in Cannoni et al. (2010),
this contribution is relevant only for models (and at energies) where
the line contribution is dominant over the secondary photons.

We wish to be as model-independent as possible, and so do not
consider internal bremsstrahlung. In the remainder of this paper, all
our results will be based on an average spectrum taken from the
parametrisation (Bergström et al. 1998, solid line in Fig. 1):

dNγ

dEγ
=

1
mχ

dNγ

dx
=

1
mχ

0.73 e−7.8x

x1.5
, (4)

with x ≡ Eγ/mχ. Finally, in order to be conservative in deriving
detection limits, we also do not consider the possible ‘Sommerfeld
enhancement’ of the DM annihilation cross-section (Hisano et al.
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Figure 1. Differential spectra (multiplied by x2) of γ-rays from the frag-
mentation of neutrino annihilation products (here for a DM particle mass
of mχ = 1 TeV). Several different channels are shown, taken from
Fornengo et al. (2004) and an average parametrisation Bergström et al.
(1998) is marked by the black solid line; this is what we adopt through-
out this paper. The black dashed line is the benchmark model BM4
(Bringmann et al. 2008) which includes internal bremsstrahlung and serves
to illustrate that very different spectra are possible. However, the example
shown here is dominated by line emission and therefore highly model de-
pendent; for this reason, we do not consider such effects in this paper.

2004, 2005).2 This depends inversely on the DM particle velocity,
and thus requires precise modelling of the velocity distribution of
the DM within the dSph; we will investigate this in a separate study.

2.1.2 The J-factor

The second term in Eq. (1) is the astrophysical J-factor which de-
pends on the spatial distribution of DM as well as on the beam size.
It corresponds to the l.o.s. integration of the DM density squared
over solid angle ∆Ω in the dSph:

J =

∫

∆Ω

∫

ρ2DM(l,Ω) dldΩ. (5)

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1− cos(αint)) .

The J-factor is useful because it allows us to rank the dSphs by
their expected γ-ray flux, independently of any assumed DM par-
ticle physics model. Moreover, the knowledge of the relative J-
factors would also help us to evaluate the validity of any poten-
tial detection of a given dSph, because for a given particle physics
model we could then scale the signal to what we should expect to
see in the other dSphs.

All calculations of J presented in this paper were performed
using the publicly available CLUMPY package (Charbonnier, Com-
bet, Maurin, in preparation) which includes models for a smooth
DM density profile for the dSph, clumpy dark matter sub-structures
inside the dSph, and a smooth and clumpy Galactic DM distribu-
tion. 3

2 This effect depends on the mass and the velocity of the particle; the re-
sulting boost of the signal and the impact on detectability of the dSphs has
been discussed, e.g., in Pieri et al. (2009).
3 In Appendix B, we provide approximate formulae for quick estimates of
the J-factor and cross-checks with the numerical results.
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Figure 15. Median J-factor values (symbols) and 68%/95% CLs (solid bars; dashed bars) for the fixed γprior analysis (the result for γprior = 1.5 is not
shown because it is not reliable, see Sect. G2). The blue dashed line shows the expected scaling with distance for point sources: 3.1 · 1015d−2 [M2

" kpc−5].
The panels show, from top to bottom, three integration angles αint = 0.01◦, 0.1◦, and αc ≈ 2rh/d (an angle very similar to the angle enclosing 80% of
the flux, see Fig. 16) that optimises the determination of the J-factor for a given dSph (hence the error bars are smaller in this plot than in the other two). The
yellow solid lines (and broken lines in the bottom panel) correspond to the Galactic DM background including both the smooth and clumpy distributions. For
the bottom panel, this is not a smooth curve since it depends on the integration angle αint that varies from dSph to dSph in this figure. Note that the choice of
using the critical angle αint = αc is optimal in the sense that it gives the most constrained value for J . But where the Galactic background annihilation signal
approaches that of the dSphs (see for example, Sextans and Fornax), the motivation for staring at the dSphs rather than simply looking at the Galactic halo is
gone.

5.2.3 J(d) and departure from the 1/d2 scaling

Fig. 15 shows the J median values, 65% and 95% CIs as symbols,
dashed and solid error bars respectively, for an integration angle
of 0.01◦ (top), 0.1◦ (middle), and αc ≈ 2rhalf/d (Walker et al.
2011) The x-axis is the distance to the dSph (in kpc). For point-like
sources, the J-factor of a single dSph scales as 1/d2, as illustrated
by the blue-dashed line. Departure from this scaling is interpreted
as a combination of a mass effect and/or a profile effect. For in-
stance, Sextans and Carina are dSphs with smaller M300 with re-
spect to the other ones (see Tab. 2); consequently they are located
below the dashed blue line in the top panel of Fig. 15. The excep-
tion is Leo II, which has a ‘small’ mass but is nevertheless above

the dashed line. Although this analysis cannot constrain γ, we are
tempted to interpret this oddity in terms of a ‘cuspier’ profile (w.r.t.
those for other dSphs), which would be consistent with the fact that
its J remains similar in moving from αint = 0.1◦ (middle panel)
to 0.01◦ (top panel). However, an alternative explanation (which
would be more consistent with the results obtained in this paper)
could be the fact that Leo II has the smallest amount of kinematic
data at present, and that its J is overestimated (see Appendix H1 to
support this line of argument). We repeat that the relative brightness
of the dSphs is further affected for background-dominated instru-
ments (as described in Sec. 3), so that the ranking has to be based
on Fig 16 discussed in the next section.
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Figure 15. Median J-factor values (symbols) and 68%/95% CLs (solid bars; dashed bars) for the fixed γprior analysis (the result for γprior = 1.5 is not
shown because it is not reliable, see Sect. G2). The blue dashed line shows the expected scaling with distance for point sources: 3.1 · 1015d−2 [M2

" kpc−5].
The panels show, from top to bottom, three integration angles αint = 0.01◦, 0.1◦, and αc ≈ 2rh/d (an angle very similar to the angle enclosing 80% of
the flux, see Fig. 16) that optimises the determination of the J-factor for a given dSph (hence the error bars are smaller in this plot than in the other two). The
yellow solid lines (and broken lines in the bottom panel) correspond to the Galactic DM background including both the smooth and clumpy distributions. For
the bottom panel, this is not a smooth curve since it depends on the integration angle αint that varies from dSph to dSph in this figure. Note that the choice of
using the critical angle αint = αc is optimal in the sense that it gives the most constrained value for J . But where the Galactic background annihilation signal
approaches that of the dSphs (see for example, Sextans and Fornax), the motivation for staring at the dSphs rather than simply looking at the Galactic halo is
gone.

5.2.3 J(d) and departure from the 1/d2 scaling

Fig. 15 shows the J median values, 65% and 95% CIs as symbols,
dashed and solid error bars respectively, for an integration angle
of 0.01◦ (top), 0.1◦ (middle), and αc ≈ 2rhalf/d (Walker et al.
2011) The x-axis is the distance to the dSph (in kpc). For point-like
sources, the J-factor of a single dSph scales as 1/d2, as illustrated
by the blue-dashed line. Departure from this scaling is interpreted
as a combination of a mass effect and/or a profile effect. For in-
stance, Sextans and Carina are dSphs with smaller M300 with re-
spect to the other ones (see Tab. 2); consequently they are located
below the dashed blue line in the top panel of Fig. 15. The excep-
tion is Leo II, which has a ‘small’ mass but is nevertheless above

the dashed line. Although this analysis cannot constrain γ, we are
tempted to interpret this oddity in terms of a ‘cuspier’ profile (w.r.t.
those for other dSphs), which would be consistent with the fact that
its J remains similar in moving from αint = 0.1◦ (middle panel)
to 0.01◦ (top panel). However, an alternative explanation (which
would be more consistent with the results obtained in this paper)
could be the fact that Leo II has the smallest amount of kinematic
data at present, and that its J is overestimated (see Appendix H1 to
support this line of argument). We repeat that the relative brightness
of the dSphs is further affected for background-dominated instru-
ments (as described in Sec. 3), so that the ranking has to be based
on Fig 16 discussed in the next section.
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γ-rays (dashed lines). For charged annihilation products, internal
bremsstrahlung (IB) has recently been investigated and been found
to enhance the spectrum close to the kinematic cut-off (e.g., Bring-
mann et al. 2008). As an illustration, the long-dashed line in Fig. 1
corresponds to the benchmark configuration for a wino-like neu-
tralino taken from Bringmann et al. (2008). However, the shape and
amplitude of this spectrum are strongly model dependent (Bring-
mann et al. 2009) and, as argued in Cannoni et al. (2010), this con-
tribution is relevant only for models, and at energies, where the line
contribution is dominant over the secondary photons.

In this work, we wish to make as model-independent a study
as possible, and so do not consider internal bremsstrahlung. In the
remainder of this paper, all our results will be based on an average
spectrum taken from the parameterisation (Bergström et al. 1998,
solid line in Fig. 1):

dNγ

dEγ
=

1
mχ

dNγ

dx
=

1
mχ

0, 73 e−7,8x

x1,5
, (4)

with x = Eγ/mχ. Finally, to be conservative in the detection
limits, the so-called Sommerfeld enhancement which increases the
DM annihilation cross-sections (Hisano et al. 2004, 2005) is not
considered1.

2.1.2 The astrophysics term – the J-factor

The second term in equation 1 is the astrophysics term – the J-
factor – that depends on the density distribution of dark matter in
the dwarf. It corresponds to the line of sight (l.o.s.) integration of
the dark matter density squared over solid angle∆Ω in the dSph:

J =

Z

∆Ω

Z

ρ2
DM(l, Ω) dldΩ. (5)

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1 − cos(αint)) .

All of our calculations rely on a numerical integration that has been
optimised to deal with any profile and pointing direction (centred
on the dSphs or offset from them). We use the publicly available
CLUMPY package (Charbonnier et al. 2010) which also allows the
calculation of the contribution from substructures within the dSph,
and the contribution of the smooth and clumpy galactic DM back-
ground (as shown in Section 4). The reader is referred to the above
paper for the technical details2. We also provide approximate for-
mulae from a simple toy model in Appendix A for quick estimate
of the J factor and cross-checks with the numerical results.

1 This effect depends on the mass and the velocity of the particle. The
resulting boost of the signal and the impact on detectability of the dSphs
has been discussed, e.g., in Pieri et al. (2009).
2 The plots presented here for the best-fit and confidence limits for J show
the graphical capabilities of the package which is based on the ROOT
CERN libraries. Using CLUMPY, all of our results can be easily updated
for future analysis, or for any user-preferred profile parameters (or MCMC
analysis) from a simple user-friendly interface. CLUMPY is available for
download FROM HERE? ADD WEBPAGE.[Justin: thinks we should
point to a webpage to download clumpy and suggests the astro-code wiki:
http://www.astrosim.net/code/.]

2.1.3 DM profiles

For the dark matter halo we use a generalised (α, β, γ) Hernquist
profile given by (Hernquist 1990; Dehnen 1993; Zhao 1996):

ρ(r) = ρs

„

r
rs

«−γ»

1 +

„

r
rs

«α–
γ−β

α

, (6)

where the parameter α controls the sharpness of the transition
from inner slope limr→0 d ln(ρ)/d ln(r) = −γ to outer slope
limr→∞ d ln(ρ)/d ln(r) = −β.

For profiles such as γ ! 1.5, the quantity J from the inner
regions diverges. A saturation scale rsat exists, corresponding to
the typical scale where the annihilation rate [〈σv〉ρ(rsat)/mχ]−1

balances the gravitational infalling rate of DM particles (Gρ̄)−1/2

(Berezinsky et al. 1992). Taking ρ̄ to be about 200 times the critical
density gives

ρsat ≈ 3.1018
“ mχ

100 GeV

”

×
„

10−26cm3 s−1

〈σv〉

«

M$ kpc−3.

(7)
The associated saturation radius is given by

rsat = rs ×
„

ρs

ρsat

«1/γ

& rs . (8)

This limit is used for all of our calculations.

2.2 Motivation for a generic approach and reference models

In many studies, the γ-ray luminosity (from DM annihilations) is
calculated from a point-source approximation. This is valid so long
as the inner profile is steep, in which case the total luminosity of the
dSph is completely dominated by a very small central region. How-
ever, if the profile is shallow and/or the dSph is nearby, the effective
size of the dSph on the sky is larger than the point spread function
(PSF) of the detector, and the point-source approximation breaks
down. For upcoming instruments and particularly shallow DM pro-
files, the effective size of the dwarf may even compare to the field
of view (FOV) of the instrument. This difference in the radial ex-
tent of the signal matters in terms of detection (see Section 3). For
this reason, we do not assume that the dwarf is a point-source in
this paper, but rather derive sky-maps for the expected γ-ray flux.

2.2.1 Illustration: a cored vs cusped profile

Figure 2 shows J as a function of the integration angle αint for
a dwarf at 20 kpc (pointing towards the centre of the dwarf). The
black line is for a cored profile (γ = 0) and the green line is for a
cuspy profile (γ = 1.5). Both are normalised to one at αint = 5◦.
For the cuspy profile, ∼ 100% of the signal is emitted in the first
bin (i.e. point-like emission). For the cored profile, J slowly builds
up withαint, and 80% of the signal is obtained for α80% ≈ 3◦. This
is also seen by means of the symbols, that show the contribution
of DM shells in two angular bins. Whereas the green empty stars
have a spiky distribution in the first bin (γ = 1.5), the black stars
(γ = 0) show a very broad distribution for J .

Obviously, the integration angle required to have a sizeable
fraction of the signal depends on several parameters: the distance
d of the dSph, the inner profile γ, and the scale radius rs. The de-
tectability being related to the radial extent of the signal, it also
depends on these parameters.

c© Xxxx RAS, MNRAS 000, 1–21
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2.1.1 The particle physics factor

The particle physics factor (Φpp) is given by:

Φpp(Eγ) ≡
dΦγ

dEγ
=

1
4π

〈σannv〉
2m2

χ
× dNγ

dEγ
, (2)

where mχ is the mass of the DM particle, σann is its self-
annihilation cross-section and 〈σannv〉 the average over its velocity
distribution, and dNγ/dEγ is the differential photon yield per an-
nihilation. A benchmark value is 〈σannv〉 ∼ 3 × 10−26 cm3 s−1

(Jungman et al. 1996), which would result in a present-day DM
abundance satisfying cosmological constraints.

Unlike the annihilation cross section and particle mass, the
differential annihilation spectrum (dNγ/dEγ(Eγ)) requires us to
adopt a specific DM particle model. We focus on a well-motivated
class of models that are within reach of up-coming direct and in-
direct experiments: the Minimal Supersymmetric Standard Model
(MSSM). In this framework, the neutralino is typically the light-
est stable particle and therefore one of the most favoured DM can-
didates (see e.g. Bertone et al. 2005). A γ-ray continuum is pro-
duced from the decay of hadrons (e.g. π0 → γγ) resulting from
the DM annihilation. Neutralino annihilations can also directly pro-
duce mono-energetic γ-ray lines through loop processes, with the
formation of either a pair of γ-rays (χχ → γγ; Bergström & Ullio
1997), or a Z0 boson and a γ-ray (χχ → γZ0; Ullio & Bergström
1998). We do not take into account such line production processes
since they are usually sub-dominant and very model dependent
(Bringmann et al. 2008). The differential photon spectrum we use
is restricted to the continuum contribution and is written as:

dNγ

dEγ
(Eγ) =

∑

i

bi
dN i

γ

dEγ
(Eγ ,mχ) , (3)

where the different annihilation final states i are characterised by a
branching ratio bi.

Using the parameters in Fornengo et al. (2004), we plot the
continuum spectra calculated for a 1 TeV mass neutralino in Fig.
1. Apart from the τ+τ− channel (dash-dotted line), all the an-
nihilation channels in the continuum result in very similar spec-
tra of γ-rays (dashed lines). For charged annihilation products,
internal bremsstrahlung (IB) has recently been investigated and
found to enhance the spectrum close to the kinematic cut-off (e.g.,
Bringmann et al. 2008). As an illustration, the long-dashed line in
Fig. 1 corresponds to the benchmark configuration for a wino-
like neutralino taken from Bringmann et al. (2008). However, the
shape and amplitude of this spectrum are strongly model dependent
(Bringmann et al. 2009) and, as argued in Cannoni et al. (2010),
this contribution is relevant only for models (and at energies) where
the line contribution is dominant over the secondary photons.

We wish to be as model-independent as possible, and so do not
consider internal bremsstrahlung. In the remainder of this paper, all
our results will be based on an average spectrum taken from the
parametrisation (Bergström et al. 1998, solid line in Fig. 1):

dNγ

dEγ
=

1
mχ

dNγ

dx
=

1
mχ

0.73 e−7.8x

x1.5
, (4)

with x ≡ Eγ/mχ. Finally, in order to be conservative in deriving
detection limits, we also do not consider the possible ‘Sommerfeld
enhancement’ of the DM annihilation cross-section (Hisano et al.
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Figure 1. Differential spectra (multiplied by x2) of γ-rays from the frag-
mentation of neutrino annihilation products (here for a DM particle mass
of mχ = 1 TeV). Several different channels are shown, taken from
Fornengo et al. (2004) and an average parametrisation Bergström et al.
(1998) is marked by the black solid line; this is what we adopt through-
out this paper. The black dashed line is the benchmark model BM4
(Bringmann et al. 2008) which includes internal bremsstrahlung and serves
to illustrate that very different spectra are possible. However, the example
shown here is dominated by line emission and therefore highly model de-
pendent; for this reason, we do not consider such effects in this paper.

2004, 2005).2 This depends inversely on the DM particle velocity,
and thus requires precise modelling of the velocity distribution of
the DM within the dSph; we will investigate this in a separate study.

2.1.2 The J-factor

The second term in Eq. (1) is the astrophysical J-factor which de-
pends on the spatial distribution of DM as well as on the beam size.
It corresponds to the l.o.s. integration of the DM density squared
over solid angle ∆Ω in the dSph:

J =

∫

∆Ω

∫

ρ2DM(l,Ω) dldΩ. (5)

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1− cos(αint)) .

The J-factor is useful because it allows us to rank the dSphs by
their expected γ-ray flux, independently of any assumed DM par-
ticle physics model. Moreover, the knowledge of the relative J-
factors would also help us to evaluate the validity of any poten-
tial detection of a given dSph, because for a given particle physics
model we could then scale the signal to what we should expect to
see in the other dSphs.

All calculations of J presented in this paper were performed
using the publicly available CLUMPY package (Charbonnier, Com-
bet, Maurin, in preparation) which includes models for a smooth
DM density profile for the dSph, clumpy dark matter sub-structures
inside the dSph, and a smooth and clumpy Galactic DM distribu-
tion. 3

2 This effect depends on the mass and the velocity of the particle; the re-
sulting boost of the signal and the impact on detectability of the dSphs has
been discussed, e.g., in Pieri et al. (2009).
3 In Appendix B, we provide approximate formulae for quick estimates of
the J-factor and cross-checks with the numerical results.
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Figure 17. Sensitivity reach in the mχ − 〈σv〉 plan for FCA (100 hr) and Fermi (5 yr), for our best candidates UMi (median value and 95% CIs) and Leo II
(median only). Black asterisks represent points from MSSM models that fall within 3 standard deviations of the relic density measured in the 3 year WMAP
data set (taken from Acciari et al. 2010).

of ACTs (Acciari et al. 2010; Abramowski et al. 2011a) it can be
seen that our limits are not dissimilar from those that have already
been published. For Fermi this is not surprising, since the source
is unresolved and any difference should relate only to the assumed
increase in exposure from 1 to 5 years, resulting in a factor of a
few at best. The similarity in sensitivity between current and future
ACTs is perhaps more surprising, but this as stated earlier relates
to the naı̈ve assumptions made on the form for the J-factor and the
solid angle integrated over; in order to reach the currently claimed
limits requires a deep exposure with an instrument as sensitive as
CTA.

One last thing to note is that a common way to synthesise a
deeper exposure is to stack observations of different sources to-
gether to provide an effective long exposure of a generic source.
For a common universal halo profile this may be fine, however any
analysis will have to take into account the different integration an-
gles for each individual source correctly. If all dSphs do not share
a common halo profile and hence have different γ values, we have
to rely on the varying-γ analysis presented in the previous section
and the relative ranking of potential targets would then be different.

6 DISCUSSION AND CONCLUSIONS

We have revisited the expected DM annihilation signal from dSph
galaxies for current (Fermi-LAT) and future (e.g. CTA) γ-ray ob-
servatories. The main innovative features of our analysis are that:
(i) We have considered the effect of the angular size of the dSphs
for the first time. This is important since, while nearby dSphs have
higher γ ray flux, their larger angular extent can make them sub-
prime targets if the sensitivity is limited by cosmic ray and γ-ray
backgrounds. (ii) We determined the astrophysical J-factor for the
classical dSphs directly from photometric and kinematic data. We
assumed very little about their underlying DM distribution, mod-
elling the dSph DM profile as a smooth split-power law, both with

and without DM sub-clumps. (iii) We used a MCMC technique to
marginalise over unknown parameters and determine the sensitiv-
ity of our derived J-factors to both model and measurement un-
certainties. (iv) We used simulated DM profiles to demonstrate that
our J-factor determinations recover the correct solution within our
quoted uncertainties.

Our key findings are as follows:

(i) Sub-clumps in the dSphs do not usefully boost the signal.
For all configurations where the sub-clump distribution follows the
underlying smooth DM halo, the boost factor is at most ∼ 2 − 3.
Moreover, to obtain even this mild boost, one has to integrate the
signal over the whole angular extent of the dSph. This is unlikely
to be an effective strategy as the diffuse Galactic DM signal will
dominate for integration angles αint ! 1◦.

(ii) Point-like emission from a dSph is a very poor approxi-
mation for high angular resolution instruments, such as the next-
generation CTA. For a nearby dSph, using the point-like approxi-
mation can lead to an order of magnitude overestimate of the de-
tection sensitivity. In the case of a nearby cored profile consisting
of very high mass DM particles, a point source approximation can
be unsatisfactory even for the modest angular resolution of Fermi-
LAT.

(iii) With the Jeans’ analysis, no DM profile can be ruled out by
current data. The use of the MCMC technique on artificial data also
shows that such an analysis is unable to provide reliable values for
J if the profiles are cuspy (γ = 1.5). However, using a prior on the
inner DM cusp slope 0 " γprior " 1 provides J-factor estimates
accurate to a factor of a few.

(iv) The best dSph targets are not simply those closest to us, as
might naı̈vely be expected. A good candidate has to combine high
mass, close proximity, small angular size (# 1◦; i.e. not too close);
and a well-constrained DM profile. With these criteria in mind, we
find three categories: well-constrained and promising (Ursa Minor,
Sculptor and Draco), well-constrained but less promising (Carina,
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Power, C.; Read, J. I.; Sarkar, S.; Walker, M. G.; Wilkinson, M. I. 2011

Thursday, August 25, 2011



3. Hunting for DM | Annihilation signals: where to look 

The bottom line ... 20 Charbonnier, Combet, Daniel et al.

 [TeV]!m
-210 -110 1 10

]
-1  s3

 v
> 

[c
m

"<

-2910

-2810

-2710

-2610

-2510

-2410

-2310

-2210

-2110

-2010
 UMi (median, 95% CLs)
 Leo II (median)

Fermi - 5 years

FCA - 100 hours

Figure 17. Sensitivity reach in the mχ − 〈σv〉 plan for FCA (100 hr) and Fermi (5 yr), for our best candidates UMi (median value and 95% CIs) and Leo II
(median only). Black asterisks represent points from MSSM models that fall within 3 standard deviations of the relic density measured in the 3 year WMAP
data set (taken from Acciari et al. 2010).

of ACTs (Acciari et al. 2010; Abramowski et al. 2011a) it can be
seen that our limits are not dissimilar from those that have already
been published. For Fermi this is not surprising, since the source
is unresolved and any difference should relate only to the assumed
increase in exposure from 1 to 5 years, resulting in a factor of a
few at best. The similarity in sensitivity between current and future
ACTs is perhaps more surprising, but this as stated earlier relates
to the naı̈ve assumptions made on the form for the J-factor and the
solid angle integrated over; in order to reach the currently claimed
limits requires a deep exposure with an instrument as sensitive as
CTA.

One last thing to note is that a common way to synthesise a
deeper exposure is to stack observations of different sources to-
gether to provide an effective long exposure of a generic source.
For a common universal halo profile this may be fine, however any
analysis will have to take into account the different integration an-
gles for each individual source correctly. If all dSphs do not share
a common halo profile and hence have different γ values, we have
to rely on the varying-γ analysis presented in the previous section
and the relative ranking of potential targets would then be different.

6 DISCUSSION AND CONCLUSIONS

We have revisited the expected DM annihilation signal from dSph
galaxies for current (Fermi-LAT) and future (e.g. CTA) γ-ray ob-
servatories. The main innovative features of our analysis are that:
(i) We have considered the effect of the angular size of the dSphs
for the first time. This is important since, while nearby dSphs have
higher γ ray flux, their larger angular extent can make them sub-
prime targets if the sensitivity is limited by cosmic ray and γ-ray
backgrounds. (ii) We determined the astrophysical J-factor for the
classical dSphs directly from photometric and kinematic data. We
assumed very little about their underlying DM distribution, mod-
elling the dSph DM profile as a smooth split-power law, both with

and without DM sub-clumps. (iii) We used a MCMC technique to
marginalise over unknown parameters and determine the sensitiv-
ity of our derived J-factors to both model and measurement un-
certainties. (iv) We used simulated DM profiles to demonstrate that
our J-factor determinations recover the correct solution within our
quoted uncertainties.

Our key findings are as follows:

(i) Sub-clumps in the dSphs do not usefully boost the signal.
For all configurations where the sub-clump distribution follows the
underlying smooth DM halo, the boost factor is at most ∼ 2 − 3.
Moreover, to obtain even this mild boost, one has to integrate the
signal over the whole angular extent of the dSph. This is unlikely
to be an effective strategy as the diffuse Galactic DM signal will
dominate for integration angles αint ! 1◦.

(ii) Point-like emission from a dSph is a very poor approxi-
mation for high angular resolution instruments, such as the next-
generation CTA. For a nearby dSph, using the point-like approxi-
mation can lead to an order of magnitude overestimate of the de-
tection sensitivity. In the case of a nearby cored profile consisting
of very high mass DM particles, a point source approximation can
be unsatisfactory even for the modest angular resolution of Fermi-
LAT.

(iii) With the Jeans’ analysis, no DM profile can be ruled out by
current data. The use of the MCMC technique on artificial data also
shows that such an analysis is unable to provide reliable values for
J if the profiles are cuspy (γ = 1.5). However, using a prior on the
inner DM cusp slope 0 " γprior " 1 provides J-factor estimates
accurate to a factor of a few.

(iv) The best dSph targets are not simply those closest to us, as
might naı̈vely be expected. A good candidate has to combine high
mass, close proximity, small angular size (# 1◦; i.e. not too close);
and a well-constrained DM profile. With these criteria in mind, we
find three categories: well-constrained and promising (Ursa Minor,
Sculptor and Draco), well-constrained but less promising (Carina,
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Conclusions

• On galaxy cluster scales dark matter is cold and seemingly ‘vanilla’.

• On LSB galaxy scales and below there is mounting evidence for dark 
matter cores. However, these can arise naturally as a consequence 
of rapid, multiple, gas inflows and outflows driven by mergers and 
supernovae. Improved simulations that successfully model 
hydrodynamic processes are vital to make further progress.

• Baryons are also important for estimating the local dark matter 
distribution. Including them leads to the expectation that our Galaxy 
has a dark matter disc. 

• We have recently revisited the local dark matter density, finding: 
ρDM = 0.98 ± 0.5 GeV/cm3. This may be at tension with simple 
extrapolations from the Milky Way rotation curve.

• The Galactic centre is really the only game in town for annihilation 
signals for current/planned instruments [unless Sommerfeld ... ]. 
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