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Dark matter exists!

1934 1933

Vera Rubin
(1928–2016)

Observational astronomer who confirmed the existence of dark matter.

Vera Cooper Rubin was a 
pioneering astronomer, an 
admired role model and a  

passionate champion of female scien-
tists. Her groundbreaking work con-
firmed the existence of dark matter 
and demonstrated that galaxies are 
embedded in dark-matter halos, which 
we now know contain most of the mass 
in the Universe.

In the 1970s, Rubin showed that the 
speed at which stars orbit around the 
centres of spiral galaxies remains high 
even at the outskirts. This contradicts 
the Newtonian theory of gravitation, 
which predicts that the speeds of dis-
tant stars should fall off as the pull of 
gravity declines, just as the farthest 
planets in the Solar System orbit more 
slowly around the Sun than do closer 
ones. The discrepancy is striking — if  
Jupiter moved at the same rate as Earth, 
for instance, it would orbit the Sun 
every 5 years, rather than every 12. 

The only plausible explanation for these 
galactic ‘flat rotation curves’ (named 
for their shape on a graph) was that the 
mass of the galaxies must extend invis-
ibly beyond the most distant stars and gas 
clouds. That excess mass is known as dark 
matter. Its existence was first suggested 
in 1933 by astronomer Fritz Zwicky, who 
saw that galaxies in clusters moved more 
quickly than would be predicted from 
observable mass. 

Dark matter, which neither emits nor 
absorbs light, makes up 85% of the mass-
density of the Universe. We don’t know 
what it is for sure, but most astrophysicists 
think that it must be a new kind of particle, 
different from the familiar baryons (such as 
protons and neutrons) in stars, planets and 
people. The nature of dark matter is one 
of science’s great unsolved mysteries. The 
answer will change how we think about the 
Universe. 

Rubin made her discovery by working 
closely with her colleague Kent Ford, who 
built the sophisticated optical spectrograph 
needed for such accurate measurements. In 
1970, they published their first rotation curve 
for the nearby Andromeda galaxy (V. C. 
Rubin and K. Ford Astrophys. J. 159, 379; 
1970). Instead of observing hydrogen gas in 
galactic disks at 21-centimetre radio wave-
lengths, as others had done, Rubin and Ford 
chose to use spectral signatures at optical 

wavelengths. This avoided the difficulties of 
interpreting gas dynamics that might affect 
other studies. Their confirmation in 1978 of 
flat rotation curves in a large sample of ten 
spiral galaxies confirmed the existence of 
dark matter (V. C. Rubin et al. Astrophys. J. 
Lett. 225, L107–L111; 1978). 

Vera Rubin passed away on 25 December 
2016, aged 88. She was born in Philadelphia, 
Pennsylvania, in 1928 and moved with her 
family to Washington DC when she was 
10. Her fascination with the night sky was 
evident at an early age. She would peer out 
of her bedroom window and wonder what 
caused the stars to move across the sky, or 
why the Moon seemed to follow her as she 
rode in the back seat of her parents’ car. 

Her insatiable desire to understand the 
Universe led her to study at Vassar College 
in New York state, which she chose because 
the first professional female astronomer 
in the United States, Maria Mitchell, had 
taught there in 1865–88. Rubin graduated 
in 1948 as the only astronomy major in her 
class, and was married the same year. She 
earned her master’s degree at Cornell Uni-
versity in Ithaca, New York, then moved 
with her husband to Washington DC, where 
she received her PhD from Georgetown 
University in 1954. Her PhD thesis demon-
strated that galaxies are clumped rather than 
evenly distributed in space — a surprising 
and crucial finding, the importance of 

which was not recognized until many 
years later. 

After teaching at Georgetown, Vera 
accepted a research position in 1965 at 
the Carnegie Institution’s Department 
of Terrestrial Magnetism in Washing-
ton DC, where she remained for the rest 
of her career. There she conducted her 
groundbreaking research with Ford, 
and mentored generations of young 
astronomers in the investigation of 
galaxy dynamics and dark matter. She 
was deeply loved and admired by all 
who knew her.

In spite of the numerous obstacles 
she faced as a female scientist, Rubin 
triumphed. She was always cheerful, 
passionate and persistent. She had 
wanted to attend graduate school at 
Princeton University in New Jersey, 
but was denied because the univer-
sity did not accept women at the time 
(Princeton awarded Rubin an honorary 
degree in 2005). She wanted to use the 

Hale telescope at the Palomar Observatory 
in California, but was denied because the 
facility did not allow women to do so until 
the 1960s. She paved a path for women not 
only by encouraging and inspiring them, but 
also by pressing for them to be hired for fac-
ulty positions, to be awarded honours and to 
be invited to speak at conferences. If too few 
women were listed as speakers, she would 
demand that organizers add more. As Vera 
liked to say, “Worldwide, half of all brains 
are in women.” 

Vera’s accomplishments have been rec-
ognized by numerous honours, including 
the US National Medal of Science, the Gold 
Medal of the Royal Astronomical Society in 
London, the Gruber Foundation Cosmol-
ogy Prize, the James Craig Watson Medal of 
the US National Academy of Sciences and 
many honorary degrees. She was widely seen 
as deserving of a Nobel prize for her pivotal 
observations. Vera’s legacy as the ‘mother’ 
of flat rotation curves and dark matter will 
be forever remembered, as will her role in 
mentoring and inspiring generations of  
scientists, male and female. ■

Neta A. Bahcall is a professor of astrophysics 
at Princeton University, New Jersey, and chair 
of the astronomy section of the US National 
Academy of Sciences. She was Vera Rubin’s 
close friend and colleague for many years. 
e-mail: neta@astro.princeton.edu
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We just don’t know what it is ...
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From Theory...

I Phys. Rev. Lett., 117, 141801

(2016): Yoni Kahn, B.S., Jesse

Thaler

I Ultimate goal: Detect axion dark
matter from GUT-scale solution to
strong-CP problem

...to Experiment
I ABRACADABRA-10 cm

I The team: J. Conrad, J. Formaggio,
S. Heine, J. Minervini, J. Ouellet, K.
Perez, A. Radovinsky, D. Winklehner,
L. Winslow, . . .

I Funded by the NSF, data soon!
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Relic abundance of thermal dark matter
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Hints of dark matter annihilation in Fermi data?

Daylan et. al., 2014

Daylan et. al., 2014, Abazajian et. al. 2014, Gordon et. al. 2014; Calore et. al. 2014



Excess may also arise from dim Point Sources

NASA, Skyworks Digital

• Non Poissonian Template Fit (NPTF)
I JCAP 2015: S. Lee, M. Lisanti, B. S.
I Phys. Rev. Lett. 2016: S. Lee, M. Lisanti, B. S., T. Slatyer, W. Xue
I PRD 2016: T. Linden, N. Rodd, B.S., T. Slatyer
I Astrophys. J. 2016: M. Lisanti, S.M. Sharma, L. Necib, B.S.
I 1612.03173: S.M. Sharma, N. Rodd, B.S.

• Wavelets: Phys. Rev. Lett. 2016: (R. Bartels, S. Krishnamurthy, C. Weniger)

• Population study: Fermi 2017: (1705.00009)

• MSP model: Astrophys. J. 2015: T. Brandt, B. Kocsis



Milky Way Center: largest gamma-ray flux from DM
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GC bright but 
significant backgrounds

I DM-induced flux ∝ to L.O.S. integral of DM density:

ΦDM ∼ J ≡
∫
d` ρ2DML. Pieri et. al., PRD 2011



Milky Way Dwarf Spheroidal Satellites (dSphs)
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Milky Way Dwarf Spheroidal Satellites (dSphs)
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No. 1, 2007 dSph VELOCITY DISPERSION PROFILES L55

TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

Walker et al. 2007
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Extragalactic Halos
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Extragalactic Halos: stacked limit (NH = 100)
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Fermi Galaxy Groups
2MASS Tully Catalog, bb̄

Galaxy groups (this work)

95% containment

68% containment

Galaxy groups, no boost

Fermi dwarfs (2016)

I Real data: M. Lisanti, S.M. Sharma, N. Rodd, B.S.,
170x.xxxxx

I Simulated data: M. Lisanti, S.M. Sharma, N. Rodd, B.S.,
R. Wechsler, 170x.xxxxx



DM annihilation with group catalogs

I 1. DM model + group catalog→ gamma-ray flux map
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Group catalogs Flux map

dispersion σp in clean cases, and the associated
luminosities. Scaling laws were established that
permit the inference of halo properties − mass,
velocity dispersion, and radius - from observed
luminosities. Section 3 provided a description of
adjustments that have to be made to luminosities
to account for lost contributions as a function of
distance.

The conceptual outline of the group-finding al-
gorithm is as follows. (1) Start with the intrinsi-
cally most luminous galaxy in the sample after ad-
justment with the correction factor. (2) Assume
a group mass-to-light ratio appropriate for that
intrinsic luminosity using Eq. 7 and calculate the
halo expectation parameters R2t (Eq. 5) and σp

(Eq. 6). (3) Cycle through the sample to search
for galaxies that lie within the R2t radius of the
primary system and within 2σp of its velocity. (4)
After this first cycle, sum the luminosities of as-
sociated galaxies and determine their luminosity
weighted projected centroid and unweighted veloc-
ity mean. (5) Calculate the halo expectation pa-
rameters R2t and σp for this enlarged entity. Re-
peat cycles until there are no new links. (6) Go to
the next intrinsically most luminous galaxy among
the unlinked cases and repeat procedures (2)−(5).
(7) Continue to successively fainter galaxies until
there are no more galaxies to consider.

After the initial construction of tentative
groups, it is found that there can be occasional
overlaps between close neighbors. Hence another
cycle is initiated. (8) Beginning with the most
populated candidate group, cycle through the
other groups looking for overlaps in both R2t pro-
jected dimensions and velocity dispersions (the
larger of the quadrature addition of the 2σp val-
ues and the 3σp value of the larger entity). (9)
Recalculate halo properties for any enlarged can-
didate group and recycle. Repeat until no new
additions. (10) Consider next most populous can-
didate group and successively smaller candidates
until the entire catalog has been explored. The
final affiliations of galaxies will be called ”nests”.

An illustration of groups found in a particular
region is given in Figure 4. The Perseus-Pisces
filament that is shown is the densest region of ma-
jor filaments in the volume that has been explored.
Histograms of the velocities of candidate members
in the four largest nests are seen in Figure 5.

Among details, one is a cutoff in the galaxies

Fig. 4.— The Perseus-Pisces filament. Major
components are given distinct colors. Dotted cir-
cles indicate R2t, second turnaround radii for the
major halos. Points in black identify all other
2MRS K < 11.75 galaxies with 3500 < V < 6500
km s−1.
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DarkSky (2014) N -body simulation
2

Fig. 1.— An image of the projected mass density in the 102403 particle ds14 a simulation lightcone between redshift z = 0.9 and z = 1.
The angular extent of the image is about 30 ⇥ 15 degrees. The color scale represents the number of particles in a HEALPix8 (Gorski et al.
2005) pixel with Nside = 4096 (51.5 arcsecond pixels). This region represents about 1/10,000 of the total simulation volume.

sensitive to cosmological parameters such as the matter density, ⌦m, the initial power spectrum of density fluctuations,
and the dark energy equation of state. Especially for very massive clusters (above 1015 solar masses [M�/h]) the
mass function is a sensitive probe of cosmology. For these reasons, the mass function is a major target of current
observational programs. Precisely modeling the mass function at these scales is an enormous challenge for numerical
simulations, since both statistical and systematic errors conspire to prevent the emergence of an accurate theoretical
model (see Reed et al. (2013) and references therein). The dynamic range in mass and convergence tests necessary
to model systematic errors requires multiple simulations at di↵erent resolutions, since even a 1012 particle simulation
does not have su�cient statistical power by itself.

While galaxies and clusters of galaxies account for large concentrations of mass, cosmic voids that grow from regions
of local divergence are the underdense regions that comprise most of the volume in the Universe (Sutter et al. 2014).
Today, over two thousand voids have been detected in galaxy redshift surveys http://www.cosmicvoids.net and
they o↵er excellent probes of cosmology via their size distributions, shapes, internal dynamics, and correlations with
the Cosmic Microwave Background, as well as unique probes of magnetic fields and galaxy evolution. Voids are only
observed in the galaxy distributions, and galaxies are sparse, biased tracers of the underlying dark matter. However,
voids are typically studied from a theoretical perspective only in dark matter N -body simulations. The identification
of voids is sensitive to survey density and geometry in a highly non-trivial fashion; to make direct contact with
observed voids we must perform large-volume, high-resolution simulations to capture the structure and dynamics of
dark matter, map the dark matter to a galaxy population, place the galaxies on a lightcone, apply realistic survey
masks, and identify and characterize the voids.

It is theorized that small perturbations, referred to as baryon acoustic oscillations (BAO) and possibly excited during
an inflationary epoch, launched sound waves in the photon-dominated baryon plasma. As the Universe expanded and
the plasma cooled, eventually these perturbations were “frozen-in” at the time of recombination, and are seen as the
fluctuations in the Cosmic Microwave Background (Bennett et al. 2012; PlanckCollaboration et al. 2013; Levi et al.
2013). These small fluctuations are thought to lead to an imprint in the spatial distribution of large scale structure,
which can be measured directly by a number of galaxy surveys (Eisenstein et al. 2005; Anderson et al. 2014; Beutler
et al. 2011; Levi et al. 2013) and in upcoming low-frequency radio surveys (Johnston et al. 2008; Dewdney et al. 2009).
The BAO signal has been detected at ⇠ 10� in the Sloan Digital Sky Survey (SDSS-III) Data Release 11 (DR11) Baryon
Oscillation Spectroscopic Survey (BOSS) galaxy samples (Anderson et al. 2014). In principle the precise structure
of the galaxy distribution can be used to probe cosmological parameters. Our theoretical models need to keep up
with the tremendous advances in observational data, and high quality dark matter simulations can be used provide a
bridge between observational and theoretical cosmology. The most basic statistical measures of galaxy clustering are
the power spectrum and the two-point correlation function. By producing high-quality databases of galaxy tracers
(i.e. “mock catalogs”), cosmological simulations are able to probe observed galaxy distributions (Peacock and Smith
2000; Wechsler et al. 2006; Tinker et al. 2012; Reddick et al. 2014). Galaxy velocities can also be used for directly
testing cosmology (Johnston et al. 2012).

The rigorous statistical and systematic demands of upcoming surveys requires the computational cosmology commu-
nity to design and deliver high quality simulations that can be used to further our understanding of cosmological theory

10 http://healpix.jpl.nasa.gov

I 40963 particles, m ∼ 7.6× 107 M�
I 400 Mpc h−1 per-side box, z ≤ 93

I galaxy-halo connection: populate with galaxies
I Halo catalog generated with Rockstar group finder
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FIG. 6. (Left) Luminosity-binned masses extracted from DarkSky and our best-fit M(L) relation. The green curve uses
central galaxy luminosities to infer host halo masses, while the red curve uses the total luminosity (including satellites) to infer
the host halo mass. The shaded region denotes the 68% containment in each case. (Right) Host halo masses inferred using the
Ltot-M relation above.

clusion of all halos—including those that are unrelaxed—
in the modeling. The Correa relation, in contrast, ex-
cludes unrelaxed halos. The dynamical state of a halo
is important when modeling the cvir � Mvir relation, as
the density of a halo can experience transient changes
when the halo is not in equilibrium [65]. [ML: Should we
comment on e↵ects of including baryons in simulations?]

We show the e↵ect of using our fiducial concentration
model in Fig. 5 (right), blue dot-dashed line. We see
that this induces a small systematic shift in our projected
limit, while remaining conservative. The variation in con-
centration, due to its large spread for a given mass point,
represents our largest source of systematic uncertainty.
[ML: not really...the boost is the largest source of sys-
tematic uncertainty. Also, would be good to comment
on what happens when using concentration models with
upturn at high mass.]

C. Luminosity-to-Mass Relation

Although the distribution of halo masses in the uni-
verse is well-studied and characterized in terms of the
halo mass function formalism [66–70], the template pro-
cedure described here requires an accurate estimation of
the halo mass associated with an individual galaxy group.
Here, we outline an approach to map a galaxy group’s
observed luminosity in a given spectral band onto a halo
mass. The goal is to obtain an accurate estimate of the
M(L) relation directly from the DarkSky survey.

[ML: I don’t understand why this first sentence is
here...How are you using Vale?]We use a determinis-
tic M(L) relation, as was proposed in [71], where they
provided a relation between the K-band luminosity of
the galaxy and the mass of the dark matter halo that
hosted this galaxy. The left panel of Fig. 6 shows the
true masses for DarkSky halos, as a function of central
galaxy luminosity (green) or the total luminosity, which

includes satellites (red). When the central galaxy lumi-
nosity is used, the spread in the associated halo mass
increases above ⇠ 1010 L�, up to the brightest galaxy
at ⇠ 1011 L�. In contrast, the spread is significantly
smaller when the total luminosity is used, making it a
better predictor for the halo mass. We use the median
M(L) relation thus obtained as our fiducial case (solid
orange line in Fig. 6, left). Using the M(L) relation ob-
tained from DarkSky, we infer the halo mass from each
galaxy group in the simulation. The inferred masses are
compared against the true values in the right panel of
Fig. 6. The correspondence is nearly one-to-one for halo
masses above ⇠ 1014 M�, though the inferred masses
are systematically low. Near ⇠ 1013.5 M�, the inferred
masses are typically ⇠70% too low. This is due to the
fact that the spread in the M(L) relation is maximal for
halos of this size (see left panel of figure). Indeed, mov-
ing to lower-mass halos (Mvir . 1013 M�), the spread
in M(L) is much smaller and the inferred masses become
more accurate.

The right panel of Fig. 5 (green line) shows the e↵ect
on the sensitivity estimate by including, in addition to a
concentration-mass relation, a luminosity to mass map-
ping. We see that this only induces an O(1) systematic
over using a concentration-mass model.

[ML: Include a brief discussion about how masses are
determined in the 2MASS galaxy group catalogs, and
explain that the procedure we’re using here isn’t too dif-
ferent...is it?]

D. Substructure boost

Hierarchical structure formation implies that larger
structures can host smaller substructures, the presence
of which can significantly enhance signatures of DM an-
nihilation in host halos. Although several models exist
in the literature to characterize this e↵ect, the precise

I J-factor depends on Mvir, c, bsh(Mvir), and z:

J = (1 + bsh(Mvir))

∫
ρ2NFW(s,Ω)dsdΩ

I Navarro-Frenk-White (NFW) profile:

ρNFW(r) =
ρs

r/rs(1 + r/rs)2
, cvir = rvir/rs
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FIG. 4. Same as Fig. 2, except only including halos with J > 1017.5 GeV2 s�5. In the right panel, the green band shows the
middle 68% variation over 100 di↵erent Monte Carlo realizations of the mock data. The blue band shows how the projected
limit changes (within 68% confidence) as we vary the location of the observer over 9 positions in the simulation box.
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FIG. 5. (Left) The median concentration-mass relation in DarkSky (dashed black) along with middle 68 and 95% spread (blue
regions) compared with models found in the literature. We use as our fiducial case the model of Correa et al. (yellow) [61]. For
comparison, we also show the model of Diemer and Kravtsov (green) [60] and Prada et al. (red) [58]. All concentration models
are evaluated for the DarkSky cosmology. (Right) Impact of the median limits by the various steps involved in moving from
the truth to a model we can construct from real data.

be included in the template. There is no e↵ect on the
limit until J & 1017.5 GeV2 s�5, after which the limit
significantly weakens. Clearly, only a small fraction of
the galaxy groups in DarkSky dominate the sensitiv-
ity reach; the sensitivity of the method is dictated by
the ⇠80 brightest halos with J & 1017.5 GeV2 s�5. The
right panel of Fig. 3 shows how the sensitivity is degraded
as we progressively cut out the brighter halos from the
analysis. [ML: We should think about what is setting
this J-factor cut-o↵...]

The left panel of Fig. 4 illustrates the properties of the
brightest halos in DarkSky that are most relevant for
the sensitivity reach. At redshifts greater than z ⇠ 0.01,
only the most massive clusters with Mvir & 1014 M�
contribute, with hardly any clusters contributing at z ⇠
0.04. At redshifts below 0.01, less massive halos can still
give considerable contributions to the total J-factor.

We now repeat the analysis procedure from Sec. III A,

building the DM template out of halos with J &
1017.5 GeV2 s�5. In this case, the normalization of each
astrophysical background template does not deviate sig-
nificantly from the best-fit value obtained directly from
the data since we include a small number of objects in
our analysis. To reduce the computational time of the
procedure, we therefore deal with the nuisance parame-
ters {�} by fixing their normalizations and only scanning
over the flux of the DM template ✓DM,i in each energy
bin to obtain the profile likelihood.

The resulting sensitivity is shown by the green band in
the right panel of Fig. 4, where the spread again corre-
sponds to the 68% confidence band for 100 MC realiza-
tions. The result is statistically indistinguishable from
that in Fig. 2, suggesting that the method is just as sen-
sitive when the brightest halos are used and the back-
ground normalization is fixed.[ML: Someone can poten-
tially argue that there are small di↵erences there...] [SM:

I J-factor depends on Mvir, c, bsh(Mvir), and z:

J = (1 + bsh(Mvir))

∫
ρ2NFW(s,Ω)dsdΩ

J≈ (1 + bsh(Mvir))
Mvir c

3

d(z)2



Boost factor from DM sub-halos

The Phoenix project 5

Figure 2. The inner ∼ 1h−1 Mpc of Ph-A-1. Color coding is as in Fig. 1. This figure illustrates clearly the strong asphericity of the halo; the presence of
several nested levels of substructure, and the tendency of subhaloes to avoid the halo centre.

to the logarithm of the square of the dark matter density projected
along the line of sight,

S(x,y) =
∫
ρ2loc(r)dz (1)

while the color hue encodes the mean dark matter velocity disper-
sion,

σ(x,y) =
1

S(x,y)

∫
σloc(r)ρ2loc(r)dz (2)

Here the local dark matter density, ρloc(r), and the local velocity
dispersion, σloc(r), are estimated using an SPH kernel interpolation
scheme.

Figure 1 shows that the main result of increasing the number
of particles is the ability to resolve larger numbers of subhaloes. On
the other hand, the main properties of the cluster, such as its shape

and orientation, the overall mass profile, and even the location of
the largest subclumps remain invariant in all four Ph-A realizations.

Fig. 2 is analogous to Fig. 1, but for the inner ∼ 1h−1 Mpc
of Ph-A-1 (our highest resolution run). This image highlights the
strong asphericity of the halo, as well as the presence of several
nested levels of substructure (i.e., subhaloes within subhaloes). It
also shows that subhaloes tend to avoid the central regions. These
characteristics are shared with galaxy-sized haloes (Springel et al.
2008a), and appear to be typical of CDM haloes on all mass scales.

Fig. 3 is analogous to Fig. 1 but for all level-2 Phoenix haloes
at z= 0. This figure shows that the main characteristics of Ph-A de-
scribed above are common to all Phoenix clusters: strong aspheric-
ity; abundant substructure; and a marked difference between the
spatial distribution of mass (which is highly concentrated) and that
of subhaloes (which tend to avoid the central regions).
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� = �(Mvir), Mmin = 10�6M�

FIG. 7. Boost models found in the literature as a function of
host halo mass. Our fiducial case is shown in thick solid green.
It is apparent that this is a conservative choice compared to
other models used in related studies.[ML: Citations for models
need to be included in caption.]

enhancement sensitively depends on the methods used
as well as the astrophysical and particle physics prop-
erties that are assumed. Phenomenological extrapola-
tion of subhalo properties (e.g. the concentration-mass
relation) over many order of magnitude down to very
small masses O(10�6) M� lead to large enhancements of
O(102) and O(103) for galaxy- and cluster-sized halos,
respectively [72]. Recent numerical simulations and ana-
lytic studies [61, 73, 74] suggest that the concentration-
mass relation flattens at smaller masses, yielding boosts
that are much more modest, about an order of magni-
tude below phenomenological extrapolations [59, 75]. In
addition, the concentration-mass relation for field halos
cannot simply be applied to subhalos, because the latter
undergo tidal stripping as they fall into and orbit about
their host. Such e↵ects tend to make the subhalos more
concentrated—and therefore more luminous—than their
field-halo counterparts [40].

When taken together, the details of the halo forma-
tion process shape the subhalo mass function dn/dMsh /
M�↵

sh , where ↵ 2 [1.9, 2.0]. The mass function does
not follow a power-law to arbitrarily low masses, how-
ever, because the underlying particle physics model for
the DM can place a minimum cuto↵ on the subhalo
mass, Mmin. For example, DM models with longer free-
streaming lengths wash out smaller-scale structures, re-
sulting in higher cuto↵s.

Figure 7 shows a variety of boost models commonly
used in DM studies. [ML: The reader needs to be walked
through these models a bit more...maybe highlight Gao]

The fiducial boost model used in this study, based
on [40], is shown as the thick green solid line in Fig. 7
and was described in Sec. II B. Here, we study the e↵ect
of varying Mmin and ↵. Fig. 5 (right) shows how the
expected limit scales when Mmin = 104 M� instead of
Mmin = 10�6 M� as the brown line, and when ↵ = 2.0

as the yellow line (it is closer to 1.9 for the most massive
halos in our fiducial case). [SM: Show how the expected
limit scales with total flux when di↵erent boost parame-
ters are used and make useful statements about the scal-
ing. Advocating the boost + flux scaling discussion be
separated from cvir/M(L) etc.]

E. Halo density profile

[SM: Discussion about varying around profile – use
Burkert as example of more cored case? Nick, can you
add stu↵ here?] [NR: The three profiles I know about are
NFW, Einasto and Burkert. NFW and Einasto I think
give very similar results, so we can mention Einasto but
probably don’t want to show it. Those two are quite
cuspy, whilst the Burkert example is cored. Maybe this
is an example we want to show for what happens if we
consider a cored profile? I don’t have much feeling for
the literature here, so maybe there is a better example.]

V. DARKSKY STACKED ANALYSIS

The realization that our limits are being dictated by
a small number of halos suggests a re-evaluation of our
analysis procedure. When dealing with an entire cata-
log, as we were at the outset, the template associated
with this predicted DM flux across the entire sky. This
mandated a full sky template analysis where all the ha-
los were combined into a single template. When dealing
with ⇠ 100 halos, however, we can reduce ourselves to
a smaller region of interest (ROI) around each DM halo
and within that region perform a separate template fit
for each object. In this section we outline the details of
how to move our analysis to a smaller ROI and it will be
this approach we suggest be implemented in actual data.
Note that our analysis method is now similar to tradi-
tional stacked object analyses, such as those used for the
Milky-Way Dwarfs [] or galaxy clusters [].

There are two clear advantages such an approach over
a full sky template fit. The first is that restricting our
attention to smaller regions around each halo signifi-
cantly reduces our sensitivity to background mismod-
elling. There has been great progress in modeling the
gamma-ray sky in the Fermi era, but we are still a long
way from having a model that describes the data to the
level of Poisson noise. This is well known to be problem-
atic when performing template analyses over large re-
gions, as regions where the background model is poorly
described can play an outsized role in the fit []. Working
in a smaller ROI allows the nuisance parameters to float
to the locally preferred values and thereby reduces the
dependence on point-to-point mismodeling in the back-
ground.

The second advantage of working within a smaller ROI
is that as we now have a separate template associated
with each halo we can straightforwardly include our un-

This work

I J-factor depends on Mvir, c, bsh(Mvir), and z:

J = (1 + bsh(Mvir))

∫
ρ2NFW(s,Ω)dsdΩ



Boost factor from DM sub-halos

I Boost-factor given by integral over sub-halo population
dN/dm ∼ m−1.9 (for field halos)

bsh(Mvir) =
1

Lhost(Mvir)

∫
dm

dN

dm
Lsh(m)

I Sub-halo luminosity Lsh(m)

Lsh(m) ∼ mc3



Boost factor from DM sub-halos

I Boost-factor given by integral over sub-halo population
dN/dm ∼ m−1.9 (for field halos)

bsh(Mvir) =
1

Lhost(Mvir)

∫
dm

dN

dm
Lsh(m)

I Sub-halo luminosity Lsh(m)

Lsh(m) ∼ mc3



Step 2: Fermi data selection

I 40 log-spaced bins between 200 MeV - 2 TeV

I 423 weeks Pass 8 UltracleanVeto

I mask: large-scale structures, |b| ≤ 5◦



Profile likelihood in 10◦ halo ROIs

+ 3FGL PSs�i

0 1e+14GeV2 cm�5

p8r2 diffuse model Fermi bubbles Isotropic emission



DarkSky: top ∼100 halos
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FIG. 9. The projected sensitivity for our benchmark point of bb̄-channel annihilation to m� = 100 DM as progressively more
halos are included in our sample, for 6 di↵erent sky locations in DarkSky (labeled x0).

FIG. 10. Ability to recover a signal for our benchmark point of bb̄-channel annihilation to m� = 100 DM as progressively more
halos are included in our sample, for 6 di↵erent sky locations in DarkSky (labeled x0) at an injected signal of h�vi = 10�22

cm3s�1 .

this cross section, the injected signal cannot be recon-
structed, so this point should correspond to where the
limit is set at 95% confidence. This limit is shown by the
the red band and is indeed consistent.

The right panel of Fig. 11 shows the best-fit energy
spectrum as obtained for our benchmark model, shown in
comparison to the spectrum associated with the injected
signal. Although shown here for an already ruled-out set
of DM parameters, the binned energy spectrum analysis

illustrated can be a powerful discriminator of a DM sig-
nal from other astrophysical sources in case of a positive
detection.
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FIG. 9. The projected sensitivity for our benchmark point of bb̄-channel annihilation to m� = 100 DM as progressively more
halos are included in our sample, for 6 di↵erent sky locations in DarkSky (labeled x0).

FIG. 10. Ability to recover a signal for our benchmark point of bb̄-channel annihilation to m� = 100 DM as progressively more
halos are included in our sample, for 6 di↵erent sky locations in DarkSky (labeled x0) at an injected signal of h�vi = 10�22

cm3s�1 .

this cross section, the injected signal cannot be recon-
structed, so this point should correspond to where the
limit is set at 95% confidence. This limit is shown by the
the red band and is indeed consistent.

The right panel of Fig. 11 shows the best-fit energy
spectrum as obtained for our benchmark model, shown in
comparison to the spectrum associated with the injected
signal. Although shown here for an already ruled-out set
of DM parameters, the binned energy spectrum analysis

illustrated can be a powerful discriminator of a DM sig-
nal from other astrophysical sources in case of a positive
detection.



Real data: 2MASS redshift survey
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I 2MASS: 1997 - 2001 infrared survey (Ks ≤ 13.5 mag)
I 2011: spectroscopic followup survey (CFA)
I 44,599 2MASS galaxies with Ks ≤ 11.75 mag
I Tully 2015: group catalog



DarkSky N -body simulation vs real data
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Real Data limit consistent with DarkSky
I Remove handful of halos with large cosmic-ray emission

(TS > 5, σAv > 10× best indiv. limit)
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Extragalactic annihilation summary

I First systematic search for DM annihilation from
extragalactic halos

I Fermi future: combines datasets (e.g., Fermi data + galaxy
group catalogs, DES for dSphs )

I Combined EG + dSphs with Alex Drlica-Wagner in the
works

I In progress: Fermi data + galaxy group catalogs for
astrophysical source

I Galaxy-group J-factor catalog (to be released) likely useful
elsewhere (e.g., HAWC, NuSTAR, . . . )

I WIMP DM is on the run: may detect soon, but should take
seriously alternate proposals (e.g., axions, heavy DM, · · · )



Template fitting code available

I https://github.com/bsafdi/NPTFit: S. M.-Sharma, N. Rodd,
B.S., 1612.03173. Open-source code for performing
template analysis



Questions?



Extragalactic backup



Top few halos dominate limit
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Systematics
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Recover Injected with DarkSky
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Poissonian template fit: stacking halos halo

I Sum log-likelihood (ph(d|ψDM)) of individual halos

log p(d|ψDM) =
∑

h

log ph(d|ψDM)

I Construct likelihood profiles for σv at fixed mDM

+ 3FGL PSs�i

p8r2 diffuse model Fermi bubbles Isotropic emission
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The Galaxy Next Door

Hot stars burn brightly in this new image from NASA's Galaxy Evolution Explorer, showing the ultraviolet side of a familiar face.

At approximately 2.5 million light­years away, the Andromeda galaxy, or M31, is our Milky Way's largest galactic neighbor. The

entire galaxy spans 260,000 light­years across ­ a distance so large, it took 11 different image segments stitched together to

produce this view of the galaxy next door.

The bands of blue­white making up the galaxy's striking rings are neighborhoods that harbor hot, young, massive stars. Dark

blue­grey lanes of cooler dust show up starkly against these bright rings, tracing the regions where star formation is currently

taking place in dense cloudy cocoons. Eventually, these dusty lanes will be blown away by strong stellar winds, as the forming

stars ignite nuclear fusion in their cores. Meanwhile, the central orange­white ball reveals a congregation of cooler, old stars that

formed long ago.

When observed in visible light, Andromeda's rings look more like spiral arms. The ultraviolet view shows that these arms more

closely resemble the ring­like structure previously observed in infrared wavelengths with NASA's Spitzer Space Telescope.

Astronomers using Spitzer interpreted these rings as evidence that the galaxy was involved in a direct collision with its neighbor,

M32, more than 200 million years ago.

Andromeda is so bright and close to us that it is one of only ten galaxies that can be spotted from Earth with the naked eye. This

view is two­color composite, where blue represents far­ultraviolet light, and orange is near­ultraviolet light.

Image credit: NASA/JPL­Caltech
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FIG. 2. (left) Heatmap of J-factors for the halos associated with all the galaxy groups in DarkSky, as a function of redshift
and virial mass. (right) Projected constraints on the DM annihilation cross section to bb̄ using simulated data from DarkSky
that includes all simulated halos. The band shows the 68% variation over 100 di↵erent Monte Carlo realizations of the mock
data. The blue line shows the projected limit when we remove the DM flux template from the analysis and assume that any
DM emission is absorbed by the isotropic template. The limits assume the Bartels boost model [40]; [ML: some words on what
using Gao would do?]

been used previously to set limits on DM annihilation
using the Dwarf Spheroidal Satellites of the Milky Way
[48, 49]. In detail, this method amounts to removing the
nuisance parameters by simply maximizing the likelihood
with respect to each of these, specifically:

pi(di| i) = max
{�i}

pi(di|✓i) . (7)

We use the default Poissonian scan in NPTFit, which
is implemented using MultiNest [50, 51], to determine
the maximum and marginalize over astrophysical back-
grounds.

Once we have removed the nuisance parameters, the
full likelihood for a given DM model M, can be written
as:

p(d|M, h�vi, mDM) =
Y

i

pi(di| i) , (8)

where on the left we have made explicit the fact that
once a model for the DM annihilation is chosen, one
still has to specify the mass and cross section. Since
a given DM mass and cross-section maps on uniquely to
a flux associated with the DM template, we construct a
one-parameter likelihood profile for the flux, which can
then be mapped back onto a particular {h�vi, mDM} for
a given particle physics model of interest M. Using this
likelihood, we then define a test statistic (TS) as follows:

TS(M, h�vi, mDM) ⌘ 2 [log p(d|M, h�vi, mDM)

� log p(d|M, h�vi = 0, mDM)] ,
(9)

i.e., the TS is defined with relation to the di↵erence in
the log-likelihood between the tested DM model and the
case of no DM flux. Although this TS does not exactly
follow a �2 distribution because the case of no DM flux
need not be the best-fit point, this definition will always

be more conservative than that case. From here, we can
then use this TS to determine the significance of any
signal or to set a threshold for limits in the absence of
one.

III. DARKSKY TEMPLATE ANALYSIS

A. Mock Data and Projected Sensitivity

We now apply the pipeline described in the previous
section to mock data based on the DarkSky simulation.
The mock data includes contributions from four known
astrophysical sources: (1) the di↵use galactic emission,
for which we use the Fermi Collaboration’s p7v6 model;
(2) isotropic emission; (3) emission from the Fermi Bub-
bles [52]; and (4) emission from point sources in the Fermi
3FGL catalog [53].

The overall flux normalization for each contribution
must be known a priori to create the mock data. To
obtain this, we fit templates associated with (1)–(4)
above to the actual Fermi data. We use all 413 weeks
of UltracleanVeto (all PSF quartile) Pass 8 data col-
lected between August 4, 2008 and July 7, 2016. We
break the data into 40 equally log-spaced energy bins be-
tween 200 MeV and 2 TeV, applying the recommended
data cuts: zenith angle < 90�, DATA QUAL = 1, and
LAT CONFIG=1. To minimize the galactic and point-
source contamination, we mask the region |b| < 30� as
well as the 68% containment radius2 for the 300 bright-

2 The containment radius is set by the point-spread function (PSF)
at the lower end of the energy range used in the analysis, E� ⇠
2 GeV. This is a conservative choice, as the PSF decreases for
photons of higher energies.
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Real data: 2MASS group catalog (Tully 2015)

dispersion σp in clean cases, and the associated
luminosities. Scaling laws were established that
permit the inference of halo properties − mass,
velocity dispersion, and radius - from observed
luminosities. Section 3 provided a description of
adjustments that have to be made to luminosities
to account for lost contributions as a function of
distance.

The conceptual outline of the group-finding al-
gorithm is as follows. (1) Start with the intrinsi-
cally most luminous galaxy in the sample after ad-
justment with the correction factor. (2) Assume
a group mass-to-light ratio appropriate for that
intrinsic luminosity using Eq. 7 and calculate the
halo expectation parameters R2t (Eq. 5) and σp

(Eq. 6). (3) Cycle through the sample to search
for galaxies that lie within the R2t radius of the
primary system and within 2σp of its velocity. (4)
After this first cycle, sum the luminosities of as-
sociated galaxies and determine their luminosity
weighted projected centroid and unweighted veloc-
ity mean. (5) Calculate the halo expectation pa-
rameters R2t and σp for this enlarged entity. Re-
peat cycles until there are no new links. (6) Go to
the next intrinsically most luminous galaxy among
the unlinked cases and repeat procedures (2)−(5).
(7) Continue to successively fainter galaxies until
there are no more galaxies to consider.

After the initial construction of tentative
groups, it is found that there can be occasional
overlaps between close neighbors. Hence another
cycle is initiated. (8) Beginning with the most
populated candidate group, cycle through the
other groups looking for overlaps in both R2t pro-
jected dimensions and velocity dispersions (the
larger of the quadrature addition of the 2σp val-
ues and the 3σp value of the larger entity). (9)
Recalculate halo properties for any enlarged can-
didate group and recycle. Repeat until no new
additions. (10) Consider next most populous can-
didate group and successively smaller candidates
until the entire catalog has been explored. The
final affiliations of galaxies will be called ”nests”.

An illustration of groups found in a particular
region is given in Figure 4. The Perseus-Pisces
filament that is shown is the densest region of ma-
jor filaments in the volume that has been explored.
Histograms of the velocities of candidate members
in the four largest nests are seen in Figure 5.

Among details, one is a cutoff in the galaxies

Fig. 4.— The Perseus-Pisces filament. Major
components are given distinct colors. Dotted cir-
cles indicate R2t, second turnaround radii for the
major halos. Points in black identify all other
2MRS K < 11.75 galaxies with 3500 < V < 6500
km s−1.

8



Real data: 2MASS group catalog (Tully 2015)

in Mpc. (26) Unweighted average group velocity,
in the cosmic microwave background frame ad-
justed by a cosmological model as described in
Tully et al. (2013), in km s−1. (27) Bi-weight
group (Beers et al. 1990) velocity, in the cosmic
microwave background frame adjusted by the cos-
mological model, in km s−1. (28) Uncertainty in
bi-weight group velocity, in km s−1. (29) Line of
sight bi-weight velocity dispersion of group mem-
bers; requires at least 5 group members, in km s−1.
(30) Line of sight velocity dispersion of group
members, in km s−1. Null if group of one. (31) Bi-
weight projected gravitational radius Rij , in Mpc.
(32) Uncertainty in bi-weight projected gravita-
tional radius, in Mpc. (33) Group mass from
virial theorem with bi-weight dispersion and ra-
dius parameters, in units of 1012 M⊙. (34) Group
mass based on adjusted intrinsic luminosity and
mass to light prescription, in units of 1012 M⊙.
(35−36) Crook et al. (2007) high and low den-
sity group identifications. (37) Lavaux & Hudson
(2011) group identification. (38−40) Supergalac-
tic X,Y,Z coordinates from group velocities assum-
ing H0 = 100 km s−1 Mpc−1, with small adjust-
ments described in section 4.1 to create roughly
spherical clusters, in Mpc.

5. Group Properties

It can be asked if observed velocity dispersion,
spatial scale, and inferred virial masses track the
assumptions based on luminosity. Correlations are
expected but there could be offsets. There will
be evident uncertainties with small groups. In
best cases with order 100 candidate members, pro-
jected velocities and positions reasonably repre-
sent the three-dimensional distribution but with
only a few members, in the extreme only two,
knowledge of only one of three velocity compo-
nents and two of three spatial components results
in large uncertainties in group properties. Un-
certainties are compounded by interlopers. Then,
more fundamental than the observational consid-
erations, it is appreciated that the structures may
often, even usually, stray from dynamical equilib-
rium.

While ultimately uncertainty will rule, there
are better and worse ways to evaluate group pa-
rameters. Approaches have been discussed by
Beers et al. (1990). They evaluate methods for

what they call resistance, robustness, and effi-
ciency. A resistant method is minimally affected
by outliers. A robust method works with diverse
population characteristics. An efficient method
does the best that can be done with poor statis-
tics. Following tests with samples from 5 to 200 in
size, Beers et al. identify a preference for bi-weight
location and scale estimators. Their recipes are
followed here to determine group central veloci-
ties and line-of-sight dispersions and measures of
the projected separations Rij of group members.

Figure 12 provides a comparison between group
mass estimates derived via the virial theorem from
positions and velocities versus group mass es-
timates following from the integrated Ks band
light. The dotted line gives the equality relation-
ship. It is seen that there is excellent agreement
with groups containing at least 30 2MRS galaxies,
identified by the brown and red points, and still
good agreement with memberships as small as 10,
points in orange and green. The correlation falls
apart with fewer group members, already with 5
to 9 members represented in the plot in cyan, but
especially with groups of 2 to 4 represented in blue.

Fig. 12.— Comparison of group mass estimates
based on luminosity vs. estimates based on veloc-
ity dispersions and spatial separations. The color
code identifies the number of members.
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DarkSky (2016): mock galaxy catalog

2

Fig. 1.— An image of the projected mass density in the 102403 particle ds14 a simulation lightcone between redshift z = 0.9 and z = 1.
The angular extent of the image is about 30 ⇥ 15 degrees. The color scale represents the number of particles in a HEALPix8 (Gorski et al.
2005) pixel with Nside = 4096 (51.5 arcsecond pixels). This region represents about 1/10,000 of the total simulation volume.

sensitive to cosmological parameters such as the matter density, ⌦m, the initial power spectrum of density fluctuations,
and the dark energy equation of state. Especially for very massive clusters (above 1015 solar masses [M�/h]) the
mass function is a sensitive probe of cosmology. For these reasons, the mass function is a major target of current
observational programs. Precisely modeling the mass function at these scales is an enormous challenge for numerical
simulations, since both statistical and systematic errors conspire to prevent the emergence of an accurate theoretical
model (see Reed et al. (2013) and references therein). The dynamic range in mass and convergence tests necessary
to model systematic errors requires multiple simulations at di↵erent resolutions, since even a 1012 particle simulation
does not have su�cient statistical power by itself.

While galaxies and clusters of galaxies account for large concentrations of mass, cosmic voids that grow from regions
of local divergence are the underdense regions that comprise most of the volume in the Universe (Sutter et al. 2014).
Today, over two thousand voids have been detected in galaxy redshift surveys http://www.cosmicvoids.net and
they o↵er excellent probes of cosmology via their size distributions, shapes, internal dynamics, and correlations with
the Cosmic Microwave Background, as well as unique probes of magnetic fields and galaxy evolution. Voids are only
observed in the galaxy distributions, and galaxies are sparse, biased tracers of the underlying dark matter. However,
voids are typically studied from a theoretical perspective only in dark matter N -body simulations. The identification
of voids is sensitive to survey density and geometry in a highly non-trivial fashion; to make direct contact with
observed voids we must perform large-volume, high-resolution simulations to capture the structure and dynamics of
dark matter, map the dark matter to a galaxy population, place the galaxies on a lightcone, apply realistic survey
masks, and identify and characterize the voids.

It is theorized that small perturbations, referred to as baryon acoustic oscillations (BAO) and possibly excited during
an inflationary epoch, launched sound waves in the photon-dominated baryon plasma. As the Universe expanded and
the plasma cooled, eventually these perturbations were “frozen-in” at the time of recombination, and are seen as the
fluctuations in the Cosmic Microwave Background (Bennett et al. 2012; PlanckCollaboration et al. 2013; Levi et al.
2013). These small fluctuations are thought to lead to an imprint in the spatial distribution of large scale structure,
which can be measured directly by a number of galaxy surveys (Eisenstein et al. 2005; Anderson et al. 2014; Beutler
et al. 2011; Levi et al. 2013) and in upcoming low-frequency radio surveys (Johnston et al. 2008; Dewdney et al. 2009).
The BAO signal has been detected at ⇠ 10� in the Sloan Digital Sky Survey (SDSS-III) Data Release 11 (DR11) Baryon
Oscillation Spectroscopic Survey (BOSS) galaxy samples (Anderson et al. 2014). In principle the precise structure
of the galaxy distribution can be used to probe cosmological parameters. Our theoretical models need to keep up
with the tremendous advances in observational data, and high quality dark matter simulations can be used provide a
bridge between observational and theoretical cosmology. The most basic statistical measures of galaxy clustering are
the power spectrum and the two-point correlation function. By producing high-quality databases of galaxy tracers
(i.e. “mock catalogs”), cosmological simulations are able to probe observed galaxy distributions (Peacock and Smith
2000; Wechsler et al. 2006; Tinker et al. 2012; Reddick et al. 2014). Galaxy velocities can also be used for directly
testing cosmology (Johnston et al. 2012).

The rigorous statistical and systematic demands of upcoming surveys requires the computational cosmology commu-
nity to design and deliver high quality simulations that can be used to further our understanding of cosmological theory

10 http://healpix.jpl.nasa.gov

assign galaxies  to halos by matching n(>M*) to n(>M)
(assume the most massive galaxy lives in the most massive halo)
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Boost factor: importance of c(M), dN/dM
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Figure 7. Predicted concentration − mass relation for the WMAP5 cosmology over a wide range of halo masses (log10 M/ M⊙ = [−2, 16])
and redshifts (z = 0 − 20). The solid lines correspond to our c − M model obtained from the halo MAH as described in Section 4. The
lines are coloured as a function of redshift as indicated. The dashed lines correspond to power-law fits to the high-mass c − M relation.

cosmology. Those differences are mainly due to the different
MAH models. Since the ⟨ρ(r−2)⟩ − ρcrit(z−2) relation is es-
sentially equivalent to the cMAH − cNFW relation, we expect
L14 and our semi-analytic model to give consistent results
if the same MAH model is used. We believe however that
we have improved upon the L14 c − M model by combin-
ing the ⟨ρ(r−2, zi)⟩−ρcrit(z−2, zi) relation with an analytical
MAH model, M(z, zi), that begins at any redshift zi, and
allows a detailed analysis of the redshift dependence of the
c(M, z) relation for relaxed halos. Another important differ-
ence is the tentative evidence for a cosmology dependence
in the ⟨ρ(r−2, zi)⟩ − ρcrit(z−2, zi) relation (for a discussion
see Appendix B).

4.5 Extrapolation to low halo masses and high
redshifts

Because our semi-analytic model for halo concentration is
physical, rather than a purely empirical fit to the simula-
tion results, we can use it to extrapolate beyond the mass
and redshift ranges spanned by our simulations, assuming
that the z−2 − c relation given by eq. (16) holds. Fig. 7
shows the predicted concentration-mass relation for a wide
range of halo masses (log10 M/ M⊙ = [−2, 16]) and redshifts
(z = 0 − 20). The dashed lines correspond to the high-mass
power-law c−M relations at low redshift. These are included

to aid the comparison of the slopes of the c − M relation in
the high- and low-mass regimes. There is a clear ‘break’ in
the z = 0 c − M relation. For M > 1012 M⊙ concentration
scales as c ∝ M−0.083, whereas at M < 109 M⊙ it scales as
c ∝ M−0.036. The change of slope around these halo masses
is substantial up to z = 3 − 4. However, at z > 4 there is
no ‘break’ in the c − M relation. In Section 5, we provide a
tentative explanation for the physical origin of the break in
the c − M relation.

We provide fitting functions for the c − M relation in
the high-z and low-z regimes. The following expression is
suitable for the low-redshift regime (z ! 4) and at all halo
masses,

log10 c = α + β log10(M/ M⊙)[1 + γ(log10 M/ M⊙)2], (19)

α = 1.62774 − 0.2458(1 + z) + 0.01716(1 + z)2,

β = 1.66079 + 0.00359(1 + z) − 1.6901(1 + z)0.00417 ,

γ = −0.02049 + 0.0253(1 + z)−0.1044.

In the high-redshift regime the c − M relation can be
fitted using only two parameters. The following expression
is suitable for z > 4 and at all halo masses,

log10 c = α + β log10(M/ M⊙), (20)

α = 1.226 − 0.1009(1 + z) + 0.00378(1 + z)2,

Correa et. al. 2015

Mass-accretion history 
different for large/small  

halos 

Smaller halos 
form earlier

I c(M) steepens at low m from tidal stripping
I dN/dM hardens at low m from tidal stripping

I Low-mass halos tidally stripped (Bartels et. al. 2015)
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power-law c−M relations at low redshift. These are included

to aid the comparison of the slopes of the c − M relation in
the high- and low-mass regimes. There is a clear ‘break’ in
the z = 0 c − M relation. For M > 1012 M⊙ concentration
scales as c ∝ M−0.083, whereas at M < 109 M⊙ it scales as
c ∝ M−0.036. The change of slope around these halo masses
is substantial up to z = 3 − 4. However, at z > 4 there is
no ‘break’ in the c − M relation. In Section 5, we provide a
tentative explanation for the physical origin of the break in
the c − M relation.

We provide fitting functions for the c − M relation in
the high-z and low-z regimes. The following expression is
suitable for the low-redshift regime (z ! 4) and at all halo
masses,

log10 c = α + β log10(M/ M⊙)[1 + γ(log10 M/ M⊙)2], (19)

α = 1.62774 − 0.2458(1 + z) + 0.01716(1 + z)2,

β = 1.66079 + 0.00359(1 + z) − 1.6901(1 + z)0.00417 ,

γ = −0.02049 + 0.0253(1 + z)−0.1044.

In the high-redshift regime the c − M relation can be
fitted using only two parameters. The following expression
is suitable for z > 4 and at all halo masses,

log10 c = α + β log10(M/ M⊙), (20)

α = 1.226 − 0.1009(1 + z) + 0.00378(1 + z)2,

Correa et. al. 2015

Mass-accretion history 
different for large/small  

halos 

Smaller halos 
form earlier

I c(M) steepens at low m from tidal stripping
I dN/dM hardens at low m from tidal stripping

I Low-mass halos tidally stripped (Bartels et. al. 2015)
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FIG. 9. The projected sensitivity for our benchmark point of bb̄-channel annihilation to m� = 100 DM as progressively more
halos are included in our sample, for 6 di↵erent sky locations in DarkSky (labeled x0).

FIG. 10. Ability to recover a signal for our benchmark point of bb̄-channel annihilation to m� = 100 DM as progressively more
halos are included in our sample, for 6 di↵erent sky locations in DarkSky (labeled x0) at an injected signal of h�vi = 10�22

cm3s�1 .

this cross section, the injected signal cannot be recon-
structed, so this point should correspond to where the
limit is set at 95% confidence. This limit is shown by the
the red band and is indeed consistent.

The right panel of Fig. 11 shows the best-fit energy
spectrum as obtained for our benchmark model, shown in
comparison to the spectrum associated with the injected
signal. Although shown here for an already ruled-out set
of DM parameters, the binned energy spectrum analysis

illustrated can be a powerful discriminator of a DM sig-
nal from other astrophysical sources in case of a positive
detection.
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