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Coma Cluster: SDSS

Rotation curves of galaxies studied 
in detail from 1960’s by Freeman, 

Rubin, and others

 Dark Matter on Galactic Scales

 

Zwicky (1930’s): Classical evidence 
for dark matter from dispersion of 

cluster galaxies

Evidence for DM from Weak Lensing, CMB, etc....



Milky Way and Satellites (Circa turn of century)

Satellite Year Discovered

LMC 1519

SMC 1519

Sculptor 1937

Fornax 1938

Leo II 1950

Leo I 1950

Ursa Minor 1954

Draco 1954

Carina 1977

Sextans 1990

Sagittarius 1994

 Evidence for massive DM halo around the MW: (Hartwick & Sergent 1978, Frenk & 
White 1980, Little & Tremaine 1987, ...]
 Willman et al. 2004: Possible that a few times more satellites at the same luminosity
 About a dozen satellites of similar luminosity around M31

Why Were the ‘New’ Satellites Missed?

‘Old’ Dwarf Galaxy
‘New’ Dwarf Galaxy

The newest dwarf have luminosities of globular clusters,  but sizes of galaxies.

Leo I

How were the new satellites found? Willman et al (2005a,b)
Zucker et al (2006a,b)
Belokurov et al (2006a,b)
Irwin et al (2007)
Walsh et al. (2007)
Belokurov et al (2008)

Leo I



Milky Way Satellites Circa 2009

 Raw SDSS image
Candidate Member
         Stars only

Willman et al (2005a,b)
Zucker et al. (2006a,b)
Belokurov et al. (2006a,b)
Irwin et al. (2007)
Walsh et al. (2007)
Belokurov et al. (2008)

Images: Marla Geha

Satellite Year Discovered

LMC 1519
SMC 1519

Sculptor 1937
Fornax 1938
Leo II 1950
Leo I 1950

Ursa Minor 1954
Draco 1954
Carina 1977
Sextans 1990

Sagittarius 1994
Ursa Major I 2005

Willman 1 2005
Ursa Major II 2006

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

Segue 1 2006
Leo IV 2006

Hercules 2006
Bootes II 2007

Leo V 2008



Local Group4

Figure 5 shows the distribution of dwarf satellites and
GCs in the outer halo of M31. Only the GCs identi-
fied by Huxor et al. (2008) and Martin et al. (2006) are
shown, however these represent essentially all the con-
firmed clusters in the outer halo of M31 and have an av-
erage surface density of !0.3 per square degree beyond
a radius of 3 degrees. The group of 3 GCs within 30!

of And XVII is therefore quite unusual, with a probabil-
ity of chance alignment of !0.2% (similar to the chance
alignment of 2 of the GCs within 16!) and suggests that
at least one of these objects may be associated with the
dwarf. While several of the more luminous dwarf ellip-
tical companions of M31 possess their own GC systems
(see van den Bergh 2000), the only other M31 dSph with
a GC projected within 30! is And XIII. In this case, the
GC lies " 15! from the center of the dwarf but very much
in the foreground of M31 with a line-sight-distance of
631±58 kpc (Martin et al. 2006). No published distance
estimate is yet available for And XIII though recently ac-
quired Subaru imaging suggests it lies well beyond M31
(Chapman et al. 2008). Within the Milky Way dSph
population, only Fornax and Sagittarius possess their
own GC systems, however these are both considerably
more luminous than And XVII. Radial velocities and
deeper CMDs are required to test the reality of the as-
sociation of And XVII to the neighbouring star clusters.
If even one of these is confirmed, it would imply a spe-
cific frequency6 of " 400, making And XVII very un-
usual compared to other low luminosity galaxies, albeit
with the caveat that this may still be consistent with a
low overall probability of cluster formation in faint dwarf
galaxies.

Another curious aspect of And XVII is its projected
position on the sky. Patterns in the spatial distribu-
tion of satellites around host galaxies have long been a
subject of much interest (e.g. Holmberg 1969) and pre-
vious analyses of the M31 system have been reported
by Karachentsev (1996), McConnachie & Irwin (2006)
and Koch & Grebel (2006). Given the rapid improve-
ment in our census of M31 satellites in the last few
years, even these recent studies are based on fairly in-
complete samples. Considering projected positions on
the sky alone, Majewski et al. (2007) have recently com-
mented on the fact that many of the known satellites
of M31 lie along a vector which connects And XIV to
NGC 185 and NGC 147. Remarkably, And XVII is also
consistent with this alignment. The result from a linear
least-squares fit to the projected positions of NGC 147,
NGC 185, And XVII, NGC 205, M32, And I, And XII,
And XI, And XIII and And XIV is shown in Figure 4.
Of the 10 satellites (out of the 19 currently-known), none
deviate by more 50! (< 12 kpc) from this vector over its
19" (260 kpc) extent. However, more accurate distances
and further radial velocities are needed to test if this

alignment is a physical association rather than a chance
projection e!ect, compounded by inhomogeneous survey
depths.

Full analysis of the satellite distribution around M31
requires a comprehensive search in the remaining quad-
rants. We are currently using MegaCam on CFHT to

Fig. 5.— A map of the distribution of currently-known dwarf
satellites and outer globular clusters of M31. Compact clusters are
represented by asterixes and extended clusters by triangles. The
inner ellipse has a semi-major axis of 27 kpc and represents the
bright disk of M31. More than half of the known satellites of M31
lie within ! 50! of a radial vector which passes through the center
of the galaxy and extends for " 19" (dashed line).

survey an additional quadrant to a radius of " 150 kpc.
Further, the Pan-Starrs 3! survey is due to get underway
in late 2008 and although only reaching depths compara-
ble to the INT/WFC survey, will do so over a much larger
area. The prospects are therefore extremely promising
for developing a more complete picture of the satellite
and globular cluster system of M31.

We would like to thank the referee for their careful
reading of the manuscript and helpful comments. AMNF
and AH are supported by a Marie Curie Excellence Grant
from the European Commission under contract MCEXT-
CT-2005-025869. NRT acknowledges financial support
via an STFC Senior Research Fellowship.

6 SN =NGC ! 100.4(MV +15), where NGC is the num-
ber of GCs and MV is the host galaxy apparent magnitude

(Harris & van den Bergh 1981).
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M31 satellites

Irwin et al. 2008

``Timing” arguments set a lower bound on 
the Local Group mass: 5 x 1012 Msun 
[Kahn & Woltjer 1959]



What is the minimum mass dark matter halo?
What is the minimum mass ``galaxy?”

Figure: Marla Geha

CDM Mass Function cut-off depends free-streaming length, acoustic oscillations 
[Hofmann, et al. 2001; Berezinsky et al. 2003; Loeb & Zaldarriaga 2005, Profumo et al 2006; Bertschinger 2007]

Gamma-ray signals [Diemand et al. 2006; Strigari et al. 2007; Pieri et al. 2008; Kuhlen et al. 2008]
Direct Detection [Kamionkowski and Koushiappas 2008]

• \ galaxies?

MASS-2



Low-mass stellar systems

Star Clusters? Galaxies?

Figure: Shane Walsh
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Low-mass stellar systems

Velocity (km s-1)

All have clear velocity peak with width 3-8 km/s.

Simon & Geha (2008)

Martin et al 2007
Munoz et al. 2006
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Mateo 1993

EM Algorithm 3

Fig. 1.— Projected distance from the dSph center (top panels) and magnesium index (bottom panels) versus velocity, Carina and Fornax dSphs.
Marker color indicates probability that the star belongs to the dSph population, evaluated using the EM algorithm. Black (red; magenta; green;
cyan; blue) markers signify P̂M ! 0.01 (P̂M > 0.01; > 0.50; > 0.68; > 0.95; > 0.99). In each main panel a pair of vertical, dotted lines encloses
stars that would pass conventional membership tests based on an iterative, 3! velocity threshold. Sub-panels at bottom give the observed velocity
distribution. The red curve in the bottom is the expected velocity distribution of foreground contaminants, derived from the Besançon Milky Way
model. The predicted Besançon distribution along the line of sight to each dSph is normalized according to the estimated membership fraction
N̂M/N .
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In the EM approach, maximum-likelihood estimates of
the parameter sets !mem and !non, as well as any un-
known parameters in p(a), take the values that maximize
E(lnL(!mem, !non)|S).

The iterative EM algorithm derives its name from its
two fundamental steps. In the “expectation” step, the
expected value of Mi is identified with the probability
PMi

and evaluated for all i according to Equation 3.
In the “maximization” step, the distribution parameters
are estimated by maximizing the expected log-likelihood
specified by Equation 4. The parameter estimates are
then used to update the values PMi

in the next expec-
tation step, followed by the updating of parameter esti-
mates in the subsequent maximization step, and so forth

until convergence occurs. In addition to estimates of the
parameter sets !mem, !non (and any free parameters in
the function p(a)), the algorithm provides useful esti-
mates of PMi

, the probability of membership, for all i.

3. EM APPLIED TO DSPH DATA

We now develop an EM algorithm for estimating pa-
rameters of the distributions sampled by the MMFS
data. In this application we evaluate the membership
of stars using MMFS data that sample two independent
distributions, velocity and magnesium index. Also, in-
spection of the top panels in Figures 1 and 2 reveals
that the fraction of contamination tends to increase as a
function of distance from the dSph center. Projected ra-
dius therefore serves as the independent variable in the
unconditional probability function p(a). In a previous
application of the EM algorithm to dSph data, Sen et al.

Walker et al. 2008

 Dark Matter deduced directly from stellar kinematics
 Early hints of very high M/L, and that halos had similar 

masses (Mateo 1993, Gilmore et la. 2007)

Simon & Geha 2007



Ultra-faint satellites
Classical satellites

Walker et al. 
2007 ApJ

Simon & Geha 
2007 ApJ

Dwarf halo kinematics  



Satellite Mass Scale
Inhomogeneous Reionization and Satellites Galaxies 7
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FIG. 6.— Top Panel: The ratio of subhalo mass at the time of accretion to
luminosity for our abundance matching model (red circles) with zreion = 9.6.
Filled circle represent halos that are within the SDSS completeness radius,
equation 3, while open circles are outside this distance. Cyan stars represent
Milky Way satellites. In order to make this comparison, we used the values
for mass within 300 kpc at the present epoch,M0.3, published in Strigari et al.
(2008) and converted them to subhalo masses using their published relation
for the average MDM(M0.3) calibrated to N-body simulations. Bottom Panel:
The relation betweenM0.3 and luminosity for our abundance matching model
and observations. Here, we have converted the masses of the via Lactea sub-
halo to M0.3 values using the formula provided by Strigari et al. (2008).

tion M0.3 = 107M!(Mvir/109M!)0.35, where Mvir is the virial
mass of the subhalo at the time of accretion. We must caution
that this relation is expected to be dependent on cosmology
and ignores all scatter. The observations are remarkably well
matched by our model with excellent agreement for all but
the most most luminous galaxies. In the lower panel of Fig-
ure 6 we consider this data in a different way by plottingM0.3
as a function of luminosity. Here, we take the data directly
from Strigari et al. (2008) and convert the via Lactea subhalo
masses to M0.3 using the above formula. While the numbers
are in general agreement, the abundance matching model (red

circles) shows a clear trend with luminosity, M0.3 ! L0.17
V , as

opposed to the observations (cyan stars) which indicate more
of a common mass scale. The trend in our model results di-
rectly from the abundance matching method, which assigns
luminosities to subhalos satellite based on vmax at the time
of accretion. The addition of scatter into either the LV (vmax)
or M0.3(Mvir) relations, which we expect at these low mass
scales, can help to flatten this trend slightly and bring it more
in line with observations. The SPS model (green triangles)
also produces a similar trend with luminosity albeit with a sig-
nificantly larger scatter, making the slope of theM0.3(LV ) rela-
tion consistent with zero. Previous studies of simulations have
observed a similar trend (e.g., Maccio’ et al. 2008; Li et al.
2008; Koposov 2009) using semi-analytic modeling of galax-
ies and/or subhalo distributions.

4.4. Circular Velocity and Radial Distributions

We next consider the mass distribution of the satellite galax-
ies hosting halos. Figure 7 shows the changes in the vmax

distribution for satellites as zreion is varied, given a threshold
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zreion = 9.6

zreion = 11.6

FIG. 7.— The peak circular velocity functions for subhalos hosting
satellite galaxies. The solid line shows the velocity function for all via
Lacteasubhalos. The red dotted, green dashed, and blue dash-dotted lines
show the distribution for subhalos hosting satellite galaxies for zreion =

6.6,9.6, and 11.6 with Tvir(Mt) = 3! 108K, as in Figure 5. The long dashed
black line shows observed distribution for Milky Way satellites, corrected for
sky coverage and detection efficiency. The cyan bands show combined Monte
Carlo and statistical errors.

mass of Tvir(Mt) = 8" 103K as in Figure 5. Here, the solid
black line shows the distribution for all via Lactea subhalos,
while the red dotted, green dashed, and blue dot-dashed show
the distributions from our model for three values of zreion =
6.6, 9.6, and 11.6. Because the abundance matching method
was more successful than the SPS model in reproducing the
observed luminosity function without the need to tune any pa-
rameters, we only include satellites that pass the radial cut of
equation 3 using the abundance matching criteria. As can be
seen, an earlier zreion suppresses the distribution of subhalos
with all values of vmax, although the effect is more pronounced
for low mass halos. Still, this suppression is present even for
vmax

>
# 20km/s, where most of the classical dwarfs live. This

indicates that zreion can effect satellite galaxies of all masses
and luminosities.

The long-dashed black line with data points again rep-
resents the observations. The vmax values for the satel-
lites, including errors, were calculated using the method of
Strigari et al. (2007b,a) using kinematic data taken from the
literature (Walker et al. 2007; Simon & Geha 2007). The line
was calculated using the 22 observed satellites and correct-
ing them for SDSS sky coverage and detection efficiency
(Koposov et al. 2008). The cyan region denotes errors on
this curve and were calculated using a Monte Carlo approach.
In this approach, published errors are used where possible;
where no robust errors are published, the average error distri-
bution is mapped onto the remaining SDSS dwarfs. While this
process does not produce uncorrelated error bars, it should be
significantly more robust than simply using statistical uncer-
tainties. We should also note that, because the reconstruction
of vmax from observations gives a very strong lower bound but
only a weak upper bound, the errors on the lowest points are
probably underestimated because very few satellites will scat-
ter into this bin as we create a Monte Carlo representation of
the distribution. These systematic errors were combined with
statistical errors assuming a Poisson distribution.

Figure 8 further explores the impact of varying zreion on the
properties of the satellites and the subhalo hosts by consider-
ing the radial distribution within the halo. The lines represent

Halos observed to have similar mass 
within 300 pc. Though possibly a wider 
range in virial masses

Strigari et al. 2008

Busha et al. 2009



Tidal Disruption of satellites

Sagittarius dwarf [S. Majewski]

Although we have two examples of tidally-
disrupted satellites (Sagittarius and Palmor 5 
GC), tidal effects on new satellites inconclusive

 Consistent with recent numerical simulations 
of Penarrubia et al. 

Sgr stream constraints halo shape [Helmi et al.] and 
possible fifth force [Kesden & Kamionkowski]



Milky Way Rotation Curve
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Fig. 11.— The Galactic sky coverage of the observed BHB stars (red dots) and selected
simulated stars (black dots), drawn from Simulation I.

– 40 –

Fig. 17.— As in Figure 16, but here the circular velocity curves were derived under the
assumption of a contracted NFW profile. The solid line is the best-fit circular velocity curve
to the Vcir(r) estimates, while the large symbols in the two plots are the Vcir(r) estimates.

Contributions of the adopted model components (i.e. disk, bulge, and halo) and the circular
velocity curves based on the Jeans Equation are plotted in di!erent linestyles. Estimates of

virial mass, Mvir, virial radius, rvir and concentration parameter, c are labeled on the plots.

Xue et al. 2008 uses 
population of BHB stars 

out to 60 kpc

Mass estimates broadly consistent 
with those that use satellite 
dynamics (Little & Tremaine 1987, 

Kocahnek 1996, Evans & Wilkinson 1999)
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this sample enables construction of the full line-of-sight velocity distribution at

di!erent Galactocentric radii. To interpret these distributions, we compare them
to matched mock observations drawn from two di!erent cosmological galaxy for-
mation simulations designed to resemble the Milky Way, which we presume to

have an appropriate orbital distribution of halo stars. Specifically, we select sim-
ulated halo stars in the same volume as the observations, and derive the distribu-

tions P(Vlos/Vcir) of their line-of-sight velocities for di!erent radii, normalized by
the simulation’s local circular velocity. We then determine which value of Vcir(r)

brings the observed distribution into agreement with the corresponding distribu-
tions from the simulations. These values are then adopted as observational esti-
mates for Vcir(r), after a small Jeans Equation correction is made to account for

slight data/simulation di!erences in the radial density distribution. This proce-
dure results in an estimate of the Milky Way’s circular velocity curve to ! 60 kpc,

which is found to be slightly falling from the adopted value of 220 km s!1 at the
Sun’s location, and implies M(< 60 kpc) = 4.0 ± 0.7 " 1011M". The radial
dependence of Vcir(r), derived in statistically independent bins, is found to be

consistent with the expectations from an NFW dark matter halo with the estab-
lished stellar mass components at its center. If we assume an NFW halo profile

of characteristic concentration holds, we can use the observations to estimate the
virial mass of the Milky Way’s dark matter halo, Mvir = 1.0+0.3

!0.2 " 1012M", which

is lower than many previous estimates. We have checked that the particulars of
the cosmological simulations are unlikely to introduce systematics larger than the
statistical uncertainties. This estimate implies that nearly 40% of the baryons

within the virial radius of the Milky Way’s dark matter halo reside in the stellar
components of our Galaxy. A value for Mvir of only ! 1"1012M" also (re-)opens

the question of whether all of the Milky Way’s satellite galaxies are on bound
orbits.

Subject headings: Cosmology: dark matter — galaxies: individual(Milky Way)
— Galaxy: halo — stars: horizontal-branch — stars: kinematics

1. Introduction

The visible parts of galaxies are, in the current paradigm for galaxy formation, concen-

trations of baryons at the center of much larger dark matter halos, which have assembled
through hierarchical merging and gas cooling. Understanding the properties of these dark
matter host halos, their virial masses, concentrations, and radial mass profiles, vis-a-vis the
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of a subdominant subhalo, and so has no listed value for M200. In

such cases we have gone back to the particle data for the simulation

in order to measure M200 directly also for these galaxies.

An alternative convention is to define Mtr as the sum of the

values of Mhalo, the maximal self-bound mass of each subhalo;

this is included in the database for both Type 0 and Type 1 galax-

ies. In the following we use the notation Mtr,200 and Mtr,halo to

distinguish these two definitions. For either we can calculate the

ratio of true mass to Timing Argument estimate,

Ax = Mtr,x/MTA, (4)

where the suffix x is 200 or halo depending on the definition

adopted for Mtr . If the Timing Argument is a good estimator of

true mass, our samples of LG analogues should produce a narrow

distribution of A values. This distribution then allows the TA mass

estimate for the real Local Group to be converted into a best esti-

mate of its true mass, together with associated confidence intervals.

Our preferred sets of Local Group analogues contain simu-

lated galaxy pairs which mimic the real system in terms of mor-

phology, isolation, pair separation and pair approach velocity. In

addition, they require the halos of the simulated galaxies to have

Vmax values within about ±10% and ±35% of those estimated for

M31 and the Galaxy for the tight and loose ranges of Vmax, re-

spectively. In order to understand the influence of these constraints

we give results below not only for our “best” samples but also for

samples where the various constraints are relaxed. Thus, we con-

sider samples in which 1) both morphology and isolation require-

ments are applied (our preferred case), 2) the isolation requirement

is removed, 3) the morphology requirement is removed, and 4) both

morphology and isolation requirements are removed. For each case,

we compare results for the two allowed ranges of Vmax and we

also examine the effect of loosening the radial velocity constraint

to Vra < 0.

Fig. 1 gives histograms of the distribution of A200 for a sam-

ple in the narrow Vmax-range with our preferred isolation, mor-

phology and radial velocity cuts, as well as for three samples with

the same Vmax and Vra cuts but with reduced morphology and iso-

lation requirements. Fig. 2 presents these same distributions in cu-

mulative form and compares them with the corresponding distribu-

tions for samples with the loosened circular velocity requirement,

150 kms!1 ! Vmax < 300 kms!1. In both plots black curves

refer to class (1) samples for which both isolation and morphology

cuts are imposed, while red, green and blue curves refer to sam-

ples in classes (2), (3) and (4) respectively. Results for the broader

Vmax selection are indicated by dashed curves in Fig. 2. We give

numerical results for various percentile points of these distributions

in Table 1, and repeat all these in Table 2 for samples where the

separation velocity requirement has been loosened to Vra < 0.

The first and most important point to note from these these

figures and tables is that the median value of A200 is very robust

and only varies between 0.98 and 1.34 for our full range of sam-

ple selection criteria. With our preferred cuts the median values are

1.15 and 0.99 for the narrow and wide Vmax samples respectively.

The best estimate of the true mass of the Local Group (for this def-

inition) is thus very similar to its Timing Argument mass estimate,

and depends very little on the calibrating sample of simulated pairs.

The second important point is that the width of the distribution

of A200 does depend on how the calibrating sample is defined. In

particular, it is narrower for samples with the more restrictive Vmax

range, and for given Vmax range it is smallest for samples with our

preferred cuts, those which match the dynamical and morpholog-

ical properties of the Local Group most closely. For the narrow
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Figure 1. Normalised histograms of A200, the ratio of true mass to

Timing Argument estimate, for samples of Local Group analogues with

200 km s!1 ! Vmax < 250 kms!1 and !195 kms!1 < Vra <

!65 km s!1. The black histogram refers to our preferred selection where

both isolation and morphology requirements are imposed. For the red his-

togram the isolation requirement has been removed, for the green histogram

the morphology requirement, and for the blue histogram both requirements.
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Figure 2. Cumulative distributions of A200 the ratio of true mass to Tim-

ing Argument estimate for Local Group analogues with !195 km s!1 <

Vra < !65 km s!1. The solid curves correspond to the four samples

already plotted in Fig. 1 while the dashed curves are for samples with

150 km s!1 ! Vmax < 300 km s!1. The colour coding is the same as in

Fig. 1; black indicates samples with our preferred isolation and morphology

constraints.

Scatter in mass as determined from 
timing argument small [Li & White 2007]

– 23 –

Fig. 1.— Orbital poles of Milky Way satellite galaxies as derived from their measured
proper motion and radial velocities. The directions are shown in an aito! projection in

Galactocentric coordinates. The solid lines give the projected arc-segments derived from
the uncertainties of the measured proper motions. Di!erent symbols mark data derived

by di!erent methods: circles: HST, diamonds: ground-based measurements, and hexagons:
the weighted mean values from Table 1. The filled star symbol marks the mean spherical

direction l of the directions of the angular momenta of the satellites excluding Sagittarius
and Sculptur, and the solid loop gives the spherical standard deviation of this sample. The
smaller, open star symbol marks the mean spherical direction as before, but now treating the

LMC/SMC as a bound system whose barycentre is moving with the velocity of the LMC,
assuming an LMC/SMC mass ratio of 5/1. The dashed loops indicate regions with 15!

and 30! from the direction of the normal to the plane fitted to the 11 classical Milky Way
satellites (the DoS pole). Note the proximity of l to the normal of the DoS.

Recent improvements in the transverse 
velocity of M31 and MW satellites [Piatek et 
al., Kaplinghat & Strigari 2008, Walker et al. 2008, 
Metz & Kroupa 2008]

Metz & Kroupa 

Updated applications of Timing argument imply Local Group mass of 
5 x 1012 Msun and MW mass of 2 x 1012 Msun [van der Marel & 
Guthalakurta 2008, Li & White 2008]
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FIG. 1: The local dark-matter-density probability distri-
bution function P (!) for the analytic model, as a func-
tion of the density ! scaled by the mean density !!, for
{f(!!), "} = {0.05, 0} (black solid curve), {0.2, 0}, (dotted
red curve), {0.05, 1}, (short-dash blue curve) {0.2, 1} (long-
dash green curve). We smooth the Dirac delta function for
the smooth component to a Gaussian of rms one-tenth the
smooth-component density. The power-law tails are due to
subhalos.

For a power-law f(!1) = f(!!)(!1/!!)"! (and " > 0),

F (!1) = 1 ! exp

!

!
f

"

"

1 !

#

!1

!max

$%&

, (7)

and if " is not too small (" " 0.5 ), the dependence
on the cuto! density !max disappears. In that case,
F (!!) # 1 ! exp[!f(!!)/"] # f(!!)/", where the
last approximation valid for f(!!) $ ". One guess
for f(!1) is that it is inversely proportional to the for-
mation time t % !"1/2 for halos of density !. If so,
then F (!!) # 2f(!!) is the fraction of the Milky Way
mass that is in subhalos, roughly 20% for f(!!) = 0.1.
A stronger dependence on !1 would result in a smaller
F (!!). It is then straightforward to calculate the PDF
P (!) to find power-law dependence P (!) % !"(2+!) for
densities above the smooth density.

B. Results and Discussion

To illustrate, Fig. 1 shows the PDFs, on a log-log plot,
for four combinations of the parameters f(!!) and " in
the model. The distributions feature a high-density tail
(close to a power-law), due to the fraction (1!F ) of the
mass that is in substructure. Also shown is a smooth

component at a density !sm < !!; for purposes of illus-
tration, we smooth the Dirac delta-function dependence
of this smooth component to a Gaussian of rms one-tenth
the smooth-component density. The Figure shows that
as f(!!) is increased, the amplitude of the high-density
tail is increased at the expense of the smooth compo-
nent. We also see that increasing " increases the smooth-
component density while decreasing the amplitude of the
high-density tail.

Table I provides numerical results for the smooth-
component density, the fraction of the volume occupied
by the smooth component, and the annihilation enhance-
ment B (discussed in more detail below) for PDFs P (!)
parameterized by the survival fraction f(!!) and the
survival-fraction power-law index ".

Here are some comments and general conclusions from
these results so far:

(1) If f(!!) is roughly f ! 0.2 as suggested by nu-
merical simulations, then the reduction in the smooth-
component density is no less than 30% the mean den-
sity. The implied fractional uncertainty in the local dark-
matter density is thus not too much larger than that
(roughly factor of two) implied by uncertainties in the
stellar/gas contribution to the local rotation curve, or
the uncertainties that arise if we allow for a flattened halo
(which generally increase the local dark-matter density).

f(!!) " !smooth smooth fraction B

0.05 0 0.75 95% 47

0.1 0 0.56 91% 88

0.2 0 0.3 83% 156

0.05 0.5 0.95 97% 3.9

0.1 0.5 0.89 94% 6.8

0.2 0.5 0.78 88% 12

0.05 1 0.98 98% 1.3

0.1 1 0.96 95% 1.6

0.2 1 0.91 91% 2.1

TABLE I: The density !smooth of the smooth component, the
fraction of the volume occupied by the smooth component,
and the annihilation enhancement B for density distributions
P (!) parameterized by the survival-fraction amplitude f(!!)
and the survival-fraction power-law index ".

(2) The fraction of the volume occupied by the smooth
component is larger than the fraction of the mass in the
smooth component, as the higher-density components oc-
cupy correspondingly less volume. As a result, in most of
the models, the density in the vast majority of the halo
volume is the density of the smooth component.

(3) We have assumed that each halo and subhalo has
a uniform density. More realistically, the density of each
halo and subhalo will decrease with radius, perhaps with
an NFW profile, which has a density that depends on
radius r as ! % r"1 in the inner regions. The volume in
such a halo changes with density as (dV/d!) % !"3 for
! & '. This falls with density more rapidly at large !
than P (!) % !2+! as long as " < 1. Thus, if " < 1,
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per limits established by other experiments (see Savage et al. 2004;

Gondolo & Gelmini 2005; Gelmini 2006, for a discussion and pos-

sible solutions). Regardless of this, recent improvements in detector

technology may enable a detection of “standard model” WIMPSor

axions within a few years.

Event rates in all direct detection experiments are determined

by the local DM phase-space distribution at the Earth’s position.

The relevant scales are those of the apparatus and so are extremely

small from an astronomical point of view. As a result, interpret-

ing null results as excluding specific regions of candidate param-

eter space must rely on (strong) assumptions about the fine-scale

structure of phase-space in the inner Galaxy. In most analyses the

dark matter has been assumed to be smoothly and spherically dis-

tributed about the Galactic Centre with an isotropic Maxwellian ve-

locity distribution (e.g. Freese et al. 1988) or a multivariate Gaus-

sian distribution (e.g. Ullio & Kamionkowski 2001; Green 2001;

Helmi et al. 2002). The theoretical justification for these assump-

tions is weak, and when numerical simulations of halo formation

reached sufficiently high resolution, it became clear that the phase-

space of CDM halos contains considerable substructure, both grav-

itationally bound subhalos and unbound streams. As numerical res-

olution has improved it has become possible to see structure closer

and closer to the centre, and this has led some investigators to sug-

gest that the CDM distribution near the Sun could, in fact, be almost

fractal, with large density variations over short length-scales (e.g.

Kamionkowski & Koushiappas 2008). This would have substantial

consequences for the ability of direct detection experiments to con-

strain particle properties.

Until very recently, simulation studies were unable to resolve

any substructure in regions as close to the Galactic Centre as the

Sun (see Moore et al. 2001; Helmi et al. 2002, 2003, for example).

This prevented realistic evaluation of the likelihood that massive

streams, clumps or holes in the dark matter distribution could af-

fect event rates in Earth-bound detectors and so weaken the par-

ticle physics conclusions that can be drawn from null detections

(see Savage et al. 2006; Kamionkowski & Koushiappas 2008, for

recent discussions). As we shall show in this paper, a new age has

dawned. As part of its Aquarius Project (Springel et al. 2008) the

Virgo Consortium has carried out a suite of ultra-high resolution

simulations of a series of Milky Way-sized CDM halos. Simula-

tions of individual Milky Way halos of similar scale have been car-

ried out by Diemand et al. (2008) and Stadel et al. (2008). Here we

use the Aquarius simulations to provide the first reliable character-

isations of the local dark matter phase-space distribution and of the

detector signals which should be anticipated in WIMP and axion

searches.

2 THE NUMERICAL SIMULATIONS

The cosmological parameters for the Aquarius simulation set are

!m = 0.25, !! = 0.75, !8 = 0.9, ns = 1 and H0 =
100 h km s!1 Mpc!1 with h = 0.73, where all quantities have
their standard definitions. These parameters are consistent with cur-

rent cosmological constraints within their uncertainties, in partic-

ular, with the parameters inferred from the WMAP 1-year and

5-year data analyses (Spergel et al. 2003; Komatsu et al. 2008).

Milky Way-like halos were selected for resimulation from a par-

ent cosmological simulation which used 9003 particles to follow

the dark matter distribution in a 100h!1Mpc periodic box. Se-
lection was based primarily on halo mass (! 1012M") but also

required that there should be no close and massive neighbour at
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Figure 1. Top panel: Density probability distribution function (DPDF) for

all resimulations of halo Aq-A measured within a thick ellipsoidal shell

between equidensity surfaces with major axes of 6 and 12 kpc. The lo-
cal dark matter density at the position of each particle, estimated using an

SPH smoothing technique, is divided by the density of the best-fit, ellip-

soidally stratified, power-law model. The DPDF gives the distribution of

the local density in units of that predicted by the smooth model at random

points within the ellipsoidal shell. At these radii only resolution levels 1

and 2 are sufficient to follow substructure. As a result, the characteristic

power-law tail due to subhalos is not visible at lower resolution. The fluc-

tuation distribution of the smooth component is dominated by noise in our

64-particle SPH density estimates. The density distribution measured for

a uniform (Poisson) particle distribution is indicated by the black dashed

line. Bottom panel: As above, but for all level-2 halos after rescaling to

Vmax = 208.49 km/s. In all cases the core of the DPDF is dominated by
measurement noise and the fraction of points in the power law tail due to

subhalos is very small. The chance that the Sun lies within a subhalo is

! 10!4. With high probability the local density is close to the mean value

averaged over the Sun’s ellipsoidal shell.

z = 0. The Aquarius Project resimulated six such halos at a series
of higher resolutions. The naming convention uses the tags Aq-A

through Aq-F to refer to these six halos. An additional suffix 1 to
5 denotes the resolution level. Aq-A-1 is the highest resolution cal-
culation, with a particle mass of 1.712"103 M" and a virial mass

of 1.839 " 1012 M" it has more than a billion particles within the

virial radiusR200 which we define as the radius containing a mean

density 200 times the critical value. The Plummer equivalent soft-

ening length of this run is 20.5 pc. Level-2 simulations are available

Vogelsberger et al. 2008 

Modeling suggests that the local density is no less 
than half the canonical value



Contribution from substructure 
components

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

Springel et al. 2008

Contribution from substructure 
components

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

Springel et al. 2008

Contribution from substructure 
components

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

Springel et al. 2008

Contribution from substructure 
components

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

-0.50  2.0 Log(Intensity)

smooth main halo emission (MainSm)

-3.0  2.0 Log(Intensity)

emission from resolved subhalos (SubSm+SubSub)

-0.50  2.0 Log(Intensity)

unresolved subhalo emission (MainUn)

-0.50  2.0 Log(Intensity)

total emission

Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions

and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to

each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point

sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the

free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly

1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the

surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the

scale extends to considerably fainter surface brightness.

2
2

Springel et al. 2008

Dark Matter annihilation radiation in the Milky Way

Springel et al. Nature 2008



 

Smooth halo flux = Particle Physics x Astrophysics 

Louie Strigari, UC Irvine     Fermilab, Hunt for Dark Matter 2007

Indirect Detection

If the halo is smooth:

If there is sub-structure:
Total flux = [Smooth halo Flux] x [Substructure Boost]  



Smooth halo distributions
PDF for the astrophysical contribution to the flux
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Figure 25. Quality of fits to subhalo density profiles, based on
three di!erent two-parameter models, an NFW profile, a Moore
profile, and an Einasto profile with ! = 0.18. The circles show a
measure for the mean deviation per bin, Q, for 526 subhalos in
the main halo of the Aq-A-1 simulation. The subhalos considered
contain between 20,000 and nearly ! 10 million particles. The
lines in di!erent colours show averages in logarithmic mass bins
for each of the three profiles.

dark matter cusp as steep as the Moore profile can be safely
excluded, and in a few cases, the limit is shallower than
! "1.3. Again, the shape of !(r) suggests that limits are
likely to tighten considerably once still smaller scales can be
resolved.

Finally, we would like to answer objectively the ques-
tion whether the Einasto model fits subhalo profiles better
than the NFW or Moore models; in other words, whether
it produces smaller residuals overall. To test this question,
we fix " for the Einasto profile at " = 0.18 so that there
are only two free parameters left, as in the NFW and Moore
profiles. (These are a characteristic overdensity and a ra-
dial scale.) Our results are insensitive to varying " in the
range ! 0.16 " 0.20. We estimate best fits for 526 subhalo
profiles (considering all subhalos in Aq-A-1 with more than
20,000 particles) by minimizing the quantity Q defined by
equation (17) over the radial range between the Power con-
vergence radius and an outer radius defined as above. In
Figure 25 we show the results. We plot the mean residual
per bin with symbols giving results for the Einasto profile
to illustrate the typical scatter. The solid coloured lines are
means for the three di!erent profile shapes, calculated for
logarithmic bins of subhalo mass. We see that the Einasto
profile consistently produces the lowest residuals, followed
by the NFW profile, while the Moore profile is consistently
the worst. The relatively small di!erence in the quality of
the fit between the NFW and Moore profiles is due to the
fact that the resolution limitations for the subhalos restrict
the fits to comparatively large radii where the two still have
quite similar shape. There appears to be no systematic trend
with subhalo mass.
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Figure 26. Relation between rmax and Vmax for main halos (top)
and subhalos (bottom) in the Aq-A series of simulations. We com-
pare results for simulations of di!erent resolution for this halo,
and we use solid lines to mark the mean of log rmax in each bin.
The dashed red lines enclose 68% of the distribution for the Aq-
A-1 simulation. The solid line is an extrapolation to smaller mass
of the result of Neto et al. (2007) for the halos of the Millennium
simulation, while the dotted power law in the lower panel is a fit
to our results for subhalos, lying a factor 0.62 lower.

We conclude that the density profiles of subhalos show
similar behaviour to those of main halos; the local logarith-
mic slope becomes gradually shallower with decreasing ra-
dius. There is no evidence that a fixed asymptotic power
law has been reached at the innermost converged points.
Inner cusps as steep as the Moore profile are excluded for
most objects, and for some objects we can already exclude
logarithmic slopes as steep as "1.3.

5.2 The concentration of subhalos

Because the density profiles of dark matter halos are not
pure power laws it is possible to assign them a character-
istic density or “concentration”. Perhaps the simplest such
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FIG. 2: The allowed region in the !s ! rs plane for the six dSphs after marginalizing over the stellar velocity dispersion
anisotropy parameter ". Solid lines correspond to contours with Vmax of 5, 10, 20, 40, 80, 150 km s!1. Long-dashed lines
represent the !s ! rs relation as derived from the field halo relation, and the 2-# scatter above the median concentration vs.
mass relation. Dot-dashed lines represent the !s ! rs relation as derived from the tidally-stripped halo relation, and the 2-#
scatter below the median concentration vs. mass relation.

not well-defined, in all of the cases the data does approx-
imately fix the density at the mean radii r! of the stellar
distribution [69]. Calculating the total mass of the dark
matter within this characteristic radius, for all galaxies
the minimum implied dark matter mass ! 107M!, which
occurs for the lowest implied values of !s"rs in each case.
This is at least an order of magnitude greater than the
contribution to the total mass in stars in all cases.

Over-plotted in Fig. 2 are lines of constant Vmax in
the !s " rs plane. Phrasing the dark matter halo prop-
erties in terms of Vmax allows for a direct comparison
to CDM models, which provide predictions for the cu-
mulative number distribution of halos at a given Vmax.
Although the high Vmax solutions are plausible by consid-
ering the data alone, comparison to CDM models show
that it is improbable that all of these halos have Vmax

in the high end of the allowed regime [40, 70, 71, 72]
(although this solution may be viable for some smaller
fraction [73]). Typical CDM halos have ! 1 system as
large as ! 60 km s"1.

Dashed and dash-dotted lines in Fig. 2 enclose the
predicted !s-rs relation (including scatter) for cold dark
matter halos as determined from numerical simulations.
In order to provide a conservative range for the CDM ex-
pectation, the upper (long-dashed) lines are obtained us-

ing the relation that is 2-" above the median for field ha-
los in !CDM [38] and the lower (dash-dotted) lines show
the relation implied by the the tidally-stripped Vmax-rmax

relation with a 2-" scatter below the median c(M) rela-
tion [52, 53]. We consider both the field and stripped
relation because the degree of tidal stripping experienced
by each dSph is uncertain, depending sensitively on the
precise orbital information and/or redshift of accretion,
two quantities that set the amount of tidal mass loss [40].
The region where the CDM predictions cross with the
observationally-allowed values of !s and rs in Fig. 2 de-
fines a preferred model for the structure of these dark
matter halos within the context of CDM.

IV. FLUXES FROM DWARF SPHEROIDAL
GALAXIES

A. Smooth Halo

The flux of #-rays originating from the annihilation
of dark matter particles is sensitive to !2

sr
3
s (recall that

L ! !2
sr

3
s , see also Eq. (6)). Even though !s and rs indi-

vidually can vary by orders of magnitude and still satisfy
the observed velocity dispersion profile (see Fig. 2), the
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Figure 6. Di!erential subhalo abundance by mass in the ‘A’ halo
within the radius r50. We show the count of subhalos per logarith-
mic mass interval for di!erent resolution simulations of the same
halo. The bottom panel shows the same data but multiplied by a
factor M2

sub to compress the vertical dynamic range. The dashed
lines in both panels show a power-law dN/dM ! M!1.9. For each
of the resolutions, the vertical dotted lines in the lower panel mark
the masses of subhalos that contain 100 particles.

part of the di!erential mass function that it exhibits a true
power-law behaviour, and that the slope of this power law is
shallower than !2, though not by much. Our results are best
fit by a power law dN/dM " M!1.9, the same slope found
by Gao et al. (2004), but significantly steeper than Helmi
et al. (2002) found for their rich cluster halo. The exact value
obtained for the slope in a formal fit varies slightly between
!1.87 and !1.93, depending on the mass range selected for
the fit; the steepest value of !1.93 is obtained when the fit
is restricted to the mass range 106 M" to 107 M" for the
Aq-A-1 simulation.

The small tilt of the slope n = !1.9 away from !2
is quite important. For n = !2, the total predicted mass
in substructures smaller than a given limit m0 would be
logarithmically divergent when extrapolated to arbitrarily
small masses. If realized, this might suggest that there is no
smooth halo at all, and that ultimately all the mass is con-
tained in subhalos. However, even for the logarithmically di-
vergent case the total mass in substructures does not become
large enough for this to happen, because a sharp cut-o! in
the subhalo mass spectrum is expected at the thermal free-
streaming limit of the dark matter. Depending on the spe-
cific particle physics model, this cut-o! lies around an Earth
mass, at # 10!6 M", but could be as low as 10!12 M" in
certain scenarios (Hofmann et al., 2001; Green et al., 2004).

Our measured mass function for the ‘A’ halo is well
approximated by

dN
dM

= a0

!

M
m0

"n

, (4)

with n = !1.9, and an amplitude of a0 = 8.21$ 107/M50 =
3.26 $ 10!5 M!1

" for a pivot point of m0 = 10!5 M50 =
2.52 $ 107 M". This means that the expected total mass in
all subhalos less massive than our resolution limit mres is

Mtot(< mres) =

# mres

mlim

M
dN
dM

dM =
a0

n + 2

mn+2
res ! mn+2

lim

mn
0

,(5)

where mlim is the thermal dark matter limit. For mlim % 0
and our nominal subhalo resolution limit of mres = 3.24 $
104 M" in the Aq-A-1 simulation, this gives Mtot = 1.1 $
1011 M", corresponding to about 4.5% of the mass of the
halo within r50. While non-negligible, this is considerably
smaller than the total mass in the substructures that are al-

ready resolved by the simulation. The latter is 13.2% of the
mass within r50 for the Aq-A-1 simulation. We hence con-
clude that despite the very broad mass spectrum assumed in
this extrapolation, the total mass in subhalos is still domi-
nated by the most massive substructures, and an upper limit
for the total mass fraction in subhalos is # 18% within r50

for the ‘Aq-A’ halo.
We caution, however, that the extrapolation to the ther-

mal limit extends over 10 orders of magnitude! This is il-
lustrated explicitly in Figure 7, where we show the mass
fraction in substructures above a given mass limit, com-
bining the direct simulation results with the extrapolation
above. We also include an alternative extrapolation in which
a steeper slope of !2 is assumed. In this case, the total
mass fraction in substructures would approximately double
if the thermal limit lies around one Earth mass. If it is much
smaller, say at mlim # 10!12 M", the mass fraction in sub-
structure could grow to # 50% within r50, still leaving room
for a substantial smooth halo component. Notice, however,
that within 100 kpc even this extreme extrapolation results
in a substructure mass fraction of only about 5%. Most of
the mass of the inner halo is smoothly distributed.

Within r50 the mass fraction in resolved substructures
varies around 11% for our 6 simulations at resolution level
2, each of which has at least 160 million particles in this
region. Table 2 lists these numbers, which are 12.2% (Aq-A-
2 simulation), 10.5% (Aq-B-2), 7.2% (Aq-C-2), 13.1% (Aq-
D-2), 10.8% (Aq-E-2), and 13.4% (Aq-F-2). This gives an
average of 11.2% within r50 down to the relevant subhalo
mass resolution limit, # 2 $ 105 M". This is similar to the
substructure mass fractions found by earlier work on galaxy
cluster halos (e.g. Ghigna et al., 1998; Springel et al., 2001a;
De Lucia et al., 2004) and Galaxy-sized halos (Stoehr et al.,
2003) once the di!erent limiting radius (r200 instead of r50)
is corrected for. However, it is larger than the 5.3% inside r50

reported by Diemand et al. (2007a) for a Milky Way-sized
halo.

In Figure 8, we compare the di!erential subhalo mass
functions of these six halos, counting the numbers of subha-
los as a function of their mass normalized to the M50 of their
parent halo. Interestingly, this shows that at small subhalo
masses the subhalo abundance per unit halo mass shows
very little halo-to-halo scatter. In fact, the mean di!erential
abundance is well fit by equation (4) with the parameters

c" 0000 RAS, MNRAS 000, 000–000

Springel et al. 2008

4

scale [45, 46, 47, 48, 49, 50]. In this case, we might ex-
pect significant enhancement of the annihilation signal
compared to the “smooth” halo assumption.

Depending on the time of accretion and orbital evolu-
tion, a subhalo will experience varying degrees of mass
loss as a result of tidal interactions with the host dark
matter halo potential. Simulations suggest that the ma-
jority of the stripped material will be from the outer parts
of halos. The outer slope ! of subhalo density profiles will
become steeper than those of field halos. However, the
interior slope, ", will not be altered significantly [51].
Thus, our adopted NFW parameterization for the dSph
dark matter density profiles is a reasonable one for de-
termining the structure factor in the annihilation signal.
The outer density profile slope does not a!ect the ex-
pected annihilation signal and the inner slope is expected
to remain unchanged by tidal mass loss.

It is important to note that while the central slope "
is not expected to change as subhalos evolve, the nor-
malization of the central profile does evolve, as subhalos
monotonically lose mass, even from the central regions
[51]. One implication of this is that the relationship be-
tween #s and rs for subhalos is altered relative to that of
field halos. The most straightforward way to characterize
this relationship in numerical simulations is to compare
the Vmax-rmax relationship for subhalos to field halos, and
it is found that subhalos tend to have smaller rmax values
at fixed Vmax such that (rS/rF) ! 0.7(VS/VF)1.35 [52, 53]
(see also [51, 54]), where the subscripts S and F denote
stripped and field quantities. As halos orbit within their
parent potentials, they become less dense and their scale
radii tend to shrink as a result of tidal interactions. We
include this possibility when we compare our empirical
constraints on the dSph density profiles to CDM expec-
tations below.

D. Substructure and flux enhancement

Equation (6) assumes that the structure quantity
L(M) in the ""ray flux is set by a smoothly-distributed
dark matter halo of mass M . Given the expectation for
substructure, a more realistic formulation is that L(M) is
set by a smooth halo component, L̃(M) (set by Equation
6), plus a substructure component, that acts to enhance
the flux above the smooth component expectation. It is
useful to quantify this substructure component by intro-
ducing a “boost” factor B:

L(M) = [1 + B(M, m0)]L̃(M). (9)

We have defined the boost such that B = 0 is a case with
no substructure and where all of the emission is from a
smooth halo. The boost depends on the host dark matter
halo mass M and, in principle, on m0, the fundamental
subhalo cuto! scale.

The value of B is determined by the integrated an-
nihilation factors L(m) for subhalos of mass m within

the host: BL̃(M) =
!

(dN/dm)L(m)dm, where we have
introduced the subhalo mass function dN/dm. Unfortu-
nately a brute-force determination of B from numerical
simulations is not feasible at this time because the subha-
los themselves will be filled with sub-subhalos, and this
progression continues until the CDM cuto! scale m0 be-
comes important. This requires a dynamic range of # 13
orders of magnitude in halo resolution, which is far from
the current state of the art dynamical range of numerical
simulations.

Our goal is to determine the expected range for B, as
well as its dependence on m0. We rely on the fact that
subhalos tend to be less dense than halos in the field of
the same mass. More specifically, consider the case of a
subhalo that has experienced significant mass loss, such
that now it has a maximum circular velocity Vmax = VS

that occurs at a radius rmax = rS. In cases of significant
stripping, the density profile will decline rapidly beyond
rmax [e.g. 51] and the total subhalo mass will be well-
approximated as mS ! rSV 2

S /G. Compare this object to
a field halo of the same mass: MF ! 10rFV 2

F /G, where
we have assumed c ! 30 such that # 10% of the halo’s
virial mass is contained within rmax = rF. Adopting
the numerical simulation result quoted above, (rS/rF) !
0.7(VS/VF)1.35, we can derive the relative sizes of the
subhalo and field halo rmax’s and Vmax’s that give them
the same total mass: VS ! 2.2VF and rS ! 2rF. At fixed
mass we therefore expect L̃S/L̃F $ (rF/rS)3 ! 0.125 < 1.

The above arguments, together with the fact that
subhalos are expected to have less substructure than
field halos of the same mass [40, 55], allow us to ob-
tain a maximum estimate for B by conservatively as-
suming that the total structure factor L for a subhalo
is the same as that for a host halo of the same mass:
LS(m) = LF(m) % L(m). Suppressing the m0 depen-
dence in B, this allows us to write

B(M) =
1

L̃(M)

" M

m0

dN

dm
L(m)dm (10)

=
1

L̃(M)

" M

m0

dN

dm
[1 + B(m)]L̃(m)dm (11)

=
AM

L̃(M)

" ln qM

ln m0

[1 + B(m)]L̃(m)
d ln m

m
.(12)

In the last step we have used the fact that the the sub-
structure mass function, dN/dm, is fairly well quantified
from N-body simulations to be a power law dN/d lnm =
A(M/m)! for m < qM , with $ = 1 and q ! 0.1 [56].
q < 1 quantifies the fact that the subhalo mass func-
tion cannot extend to the mass of the host itself. The
normalization A is set by requiring a fraction f of the
host mass M to be in subhalos with mass in the range
gM & m & qM . Motivated by numerical simulations
[43] and semi-analytic studies [40, 41] we use f ' 0.1,
and g ' 10!5 to obtain A = f/ ln(q/g) ' 0.01 for $ = 1.

To estimate the mass dependence of L̃, we use the #s–
rs relation for subhalos from the model of Bullock et
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pect significant enhancement of the annihilation signal
compared to the “smooth” halo assumption.

Depending on the time of accretion and orbital evolu-
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In the last step we have used the fact that the the sub-
structure mass function, dN/dm, is fairly well quantified
from N-body simulations to be a power law dN/d lnm =
A(M/m)! for m < qM , with $ = 1 and q ! 0.1 [56].
q < 1 quantifies the fact that the subhalo mass func-
tion cannot extend to the mass of the host itself. The
normalization A is set by requiring a fraction f of the
host mass M to be in subhalos with mass in the range
gM & m & qM . Motivated by numerical simulations
[43] and semi-analytic studies [40, 41] we use f ' 0.1,
and g ' 10!5 to obtain A = f/ ln(q/g) ' 0.01 for $ = 1.

To estimate the mass dependence of L̃, we use the #s–
rs relation for subhalos from the model of Bullock et
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scale [45, 46, 47, 48, 49, 50]. In this case, we might ex-
pect significant enhancement of the annihilation signal
compared to the “smooth” halo assumption.
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loss as a result of tidal interactions with the host dark
matter halo potential. Simulations suggest that the ma-
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Thus, our adopted NFW parameterization for the dSph
dark matter density profiles is a reasonable one for de-
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D. Substructure and flux enhancement

Equation (6) assumes that the structure quantity
L(M) in the ""ray flux is set by a smoothly-distributed
dark matter halo of mass M . Given the expectation for
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set by a smooth halo component, L̃(M) (set by Equation
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L(M) = [1 + B(M, m0)]L̃(M). (9)

We have defined the boost such that B = 0 is a case with
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smooth halo. The boost depends on the host dark matter
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The value of B is determined by the integrated an-
nihilation factors L(m) for subhalos of mass m within

the host: BL̃(M) =
!

(dN/dm)L(m)dm, where we have
introduced the subhalo mass function dN/dm. Unfortu-
nately a brute-force determination of B from numerical
simulations is not feasible at this time because the subha-
los themselves will be filled with sub-subhalos, and this
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comes important. This requires a dynamic range of # 13
orders of magnitude in halo resolution, which is far from
the current state of the art dynamical range of numerical
simulations.
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F /G, where
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The above arguments, together with the fact that
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tain a maximum estimate for B by conservatively as-
suming that the total structure factor L for a subhalo
is the same as that for a host halo of the same mass:
LS(m) = LF(m) % L(m). Suppressing the m0 depen-
dence in B, this allows us to write
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In the last step we have used the fact that the the sub-
structure mass function, dN/dm, is fairly well quantified
from N-body simulations to be a power law dN/d lnm =
A(M/m)! for m < qM , with $ = 1 and q ! 0.1 [56].
q < 1 quantifies the fact that the subhalo mass func-
tion cannot extend to the mass of the host itself. The
normalization A is set by requiring a fraction f of the
host mass M to be in subhalos with mass in the range
gM & m & qM . Motivated by numerical simulations
[43] and semi-analytic studies [40, 41] we use f ' 0.1,
and g ' 10!5 to obtain A = f/ ln(q/g) ' 0.01 for $ = 1.

To estimate the mass dependence of L̃, we use the #s–
rs relation for subhalos from the model of Bullock et
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Scatter comes directly from the L(M) relation
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