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CDM	HALO	SUBSTRUCTURE	

GHALO	simulation	
[Stadel+09]	
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What	is	the	DM	made	of?		
WIMP	model	

5	

Baer+14	
A.  Direct	detection:	scattering	of	DM	particles	on	target	nuclei.	

B.  Direct	production	of	DM	particles	at	the	lab.	

C.  Indirect	detection:	DM	annihilation	products	(neutrinos,	antimatter,	gammas)	

ü  No	viable	dark	matter	(DM)	candidate	

within	the	Standard	Model.	

ü  Many	DM	particle	candidates	beyond	the	

Standard	Model.	

ü  Weakly	interacting	massive	particles	

(WIMPs)	among	the	preferred	ones.	

WIMP	searches:	



F(Eγ > Eth,Ψ0 ) = J(Ψ0 )× fPP Eγ > Eth( ) photons cm-2 s-1  
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The	DM-induced	gamma-ray	flux	

Astrophysics 

J(Ψ0 ) =
1
4π

dΩ
ΔΩ

∫ ρDM
2 [r(λ)]dλ

l.o.s.∫

Where to search? 
	

•  Galactic	Center	
•  Dwarf	spheroidal	galaxies		
•  Local	galaxy	clusters	
•  Nearby	galaxies...	

Particle physics 

fPP∝
dN f

γ

dEγf
∑ Bf

σ ⋅ v
mχ

2

Ng	:	number	of	photons	
per	annihilation	
above	Eth	

<σ v>:	cross	section	
mχ:	neutralino	mass	

Alex Drlica-Wagner   |   Indirect Detection

Particle Spectrum
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Integration	of	the	squared	DM	density	

SMOOTH + SUBSTRUCTURE 
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Both	dwarfs	and	dark	satellites	are	highly	DM-dominated	systems	
	

	à	GOOD	TARGETS	
	
	
The	clumpy	distribution	of	subhalos	inside	larger	halos	may	boost	the	
annihilation	signal	importantly.	

	
	à	”SUBSTRUCTURE	BOOSTS”	

	
	

The	role	of	DM	halo	substructure		
in	(indirect)	DM	searches	
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Both	dwarfs	and	dark	satellites	are	highly	DM-dominated	systems	
	

	à	GOOD	TARGETS	
	
	
The	clumpy	distribution	of	subhalos	inside	larger	halos	may	boost	the	
annihilation	signal	importantly.	

	
	à	”SUBSTRUCTURE	BOOSTS”	

	
	

The	role	of	DM	halo	substructure		
in	(indirect)	DM	searches	

THIS	TALK	
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Sawala+20148 17 304
Vmax (km/s)

Galaxies get dark 
at Vmax~20-30 km/s 
because of 
reionization.


(Every halo is dark 
below 8 km/s.)

Similar results: Gnedin 2000; Hoeft et al. 2006; Okamoto et al. 2008; Ocvirk et al. 2016 [CoDa simulations]

sim particle mass:

mbaryon ~ 10,000 Msun

[Sawala+15]	

Every	halo	is	dark		
below	~8	km/s	~	108	Msun	
	
	
Subhalos	can	lose	>90%	of	its	
mass	due	to	tidal	forces	
				à	dark	subhalos	<	107	Msun	

Similar	results	by	Gnedin’00;	Hoeft+06;	
Okamoto+08;	Ocvirk+16;	Fitts+17;	etc		

The	most	massive	subhalos	will	host	visible	satellite	galaxies	

Light	subhalos	expected	to	remain	completely	dark.	

DM	subhalos	(a.k.a.	‘dark	satellites’)	



DM	subhalo	searches	
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Figure 1: The detection of a dark-matter dominated satellite in the gravitational lens system
B1938+666 at redshift 0.881. The data shown here are at 2.2 micron and were taken with the
W. M. Keck telescope in June 2010. Additional data sets at 1.6 micron, from the Keck tele-
scope and the Hubble Space Telescope, are presented in the Supplementary Information. Top-left
panel: the original data set with the lensing galaxy subtracted. Top-middle panel: the final re-
construction. Top-right panel: the image residuals. Bottom-left panel: the source reconstruction.
Bottom-middle panel: the potential correction from a smooth potential required by the model to
fit the data. Bottom-right panel: the resulting dimensionless projected density corrections. The
total lensing potential is defined as the sum of an analytic potential for the host galaxy plus the
local pixelized potential corrections defined on a Cartesian grid. The potential corrections are a
general correction to the analytical smooth potential and correct for the presence of substructure,
for large-scale moments in the density profile of the galaxy and shear. When the Laplace opera-
tor is applied to the potential corrections and translated into surface density corrections, the terms
related to the shear and mass sheets become zero and a constant, respectively. A strong positive
density correction is found on the top part of the lensed arc. Note that these images are set on
a arbitrary regular grid that has the origin shifted relative to the centre of the smooth lens model
by ∆x = 0.024 arcsec and ∆y = 0.089 arcsec. When this shift is taken into account the position
of the density correction is consistent with the position of the substructure found in the analytic
re-construction (see Supplementary Information).

3

I.	(Strong)	LENSING		

Vegetti+12	

V.	Belokurov,	D
.	Erkal,	S.E.	Koposov	

106	Msun	 5	107	Msun	II.	STELLAR	GAPS	

[Carlberg	12,15;	
Erkal+15,	16,	17]	

[Vegetti+10,12,18;	
Hezaveh+16;	
Nierenberg+14,17;	
Birrer+17]	
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•  If	DM	is	made	of	WIMPs	and	annihilates	à	gamma	rays	
•  Maybe	the	only	way	to	probe	subhalo	masses	below	~107	solar	masses	
•  The	only	subhalo	search	that	provides	info	on	the	nature	of	the	DM	particle.	

	
	
	

																					

A
dapted	from

	A
lbert+15	

models (de Palma et al. 2013). We found that using the
alternative diffuse models varied the calculated limits and TS
values by 20%1 .

4. ESTIMATING J-FACTORS FOR THE
DES dSph CANDIDATES

The DM content of the DES dSph candidates cannot be
determined without spectroscopic observations of their member
stars. However, it is possible to predict the upper limits on the
DM annihilation cross section that would be obtained given
such observations by making the assumption that these
candidates possess DM distributions similar to the known
dSphs. Our estimates for the astrophysical J-factors of these
candidates are motivated by two established relationships.
First, the known dSphs have a common mass scale in their
interiors, roughly 107 M: within their central 300 pc (Strigari
et al. 2008a). This radius is representative of the half light
radius for classical dSphs, but is outside the visible stellar
distribution of several ultra-faint satellites. More generally, the
half-light radius of a dSph and the mass within the half-light
radius have been found to obey a simple scaling relation,
assuming that the velocity dispersions are nearly constant in
radius and the anisotropy of the stars is not strongly radially
dependent (Walker et al. 2009; Wolf et al. 2010).

In the analysis that follows, we used the ten ultra-faint SDSS
satellites with spectroscopically determined J-factors as a
representative set of known dSphs. Specifically, we take the
J-factors calculated assuming an NFW profile integrated over a
radius of 0. 5 for Boötes I, Canes Venatici I, Canes Venatici II,
Coma Berenices, Hercules, Leo IV, Segue 1, Ursa Major I,
Ursa Major II, and Willman 1 (see Table 1 in Ackermann
et al. 2014). Figure 3 shows the relation between the
heliocentric distances and J-factors of ultra-faint and classical
dSphs. As expected from their similar interior DM masses, the
J-factors of the known dSphs scale approximately as the
inverse square of the distance. The best-fit normalization is

Jlog 18.3 0.110( ) = at d 100 kpc= . We obtain a similar
best-fit value, Jlog 18.1 0.110( ) = at d 100 kpc= , using the
J-factors derived by Geringer-Sameth et al. (2015a), who
assumed a generalized NFW profile and omitted Willman
1.75 We note that the limited scatter in Figure 3 is primarily due
to the known dSphs residing in similar DM halos (Ackermann
et al. 2014). Under the assumption that the new DES
dSph candidates belong to the same population, we estimated
their J-factors based on the distances derived from the DES
photometry. Table 1 gives the estimated J-factors integrated
over a solid-angle of 2.4 10 sr4DW ~ ´ - using our simple,
empirical relation.
Several caveats should be noted. None of the DES

candidates have been confirmed to be gravitationally bound.
It is possible that some have stellar populations characteristic of
galaxies but lack substantial DM content, as is the case for
Segue 2 (Kirby et al. 2013), or have complicated kinematics
that are difficult to interpret (Willman et al. 2011). Further,
some of the M31 dSphs have been found to deviate from these
relations, though it is possible that these deviations are due to
tidal disruption (Collins et al. 2014). Kinematic measurements
of the member stars are needed to unambiguously resolve these
questions.
Using the J-factor estimates presented in Table 1, we

followed the likelihood procedure detailed in Ackermann et al.
(2015a) to obtain limits on DM annihilation from these eight
candidates shown in Figure 4.
We assumed a symmetric logarithmic uncertainty on the

J-factor of 0.4 dex for each DES candidate. This value is
representative of the uncertainties from ultra-faint dSphs
(Ackermann et al. 2011; Geringer-Sameth et al. 2015a) and
is somewhat larger than the uncertainties derived in Martinez
(2015). The 0.4 dex uncertainty is intended to represent the
expected measurement uncertainty on the J-factors of the DES
candidates after kinematic follow up. The corresponding
uncertainty band is illustrated in Figure 3. We apply the same
methodology as Ackermann et al. (2015a) to account for the
J-factor uncertainty on each DES candidate by modeling it as a
log normal distribution with J iobs, equal to the values in Table 1,
and 0.4is = dex (see Equation (3) of Ackermann et al. 2015a).
We derived individual and combined limits on the DM

annihilation cross section for DM annihilation via the bb̄and
τ+τ−channels, under the assumption that each DES candidate is
a dSph and has the J-factor listed in Table 1. We note that when
using a J-factor uncertainty of 0.6 dex instead of 0.4 dex , the
individual dwarf candidate limits worsen by a factor of ∼1.6,
while the combined limits worsen by 15%–20%. We stress that
the distance-estimated limits may differ substantially as spectro-
scopic data become available to more robustly constrain the DM
content of the DES candidates. However, once measured J-
factors are obtained, the observed limits from each candidate will
scale linearly with the measured J-factor relative to our
estimates. Given the current uncertainty regarding the nature
of the dSph candidates, we do not combine limits with those
from previously known dSphs (i.e., Ackermann et al. 2015a).

5. DISCUSSION AND CONCLUSIONS

The discovery of eight dSph candidates in the first year of
DES observations sets an optimistic tone for future
dSph detections from DES and other optical surveys.
DES J0335.6−5403, at a distance of ∼32 kpc, is a particularly
interesting candidate in this context, and should be considered a

Figure 3. J-factor distance scaling. Black points are from Table 1 in
Ackermann et al. (2014). The red curve is our best fit with an assumed inverse
square distance relation (see the text). The red band shows the 0.4 dex
uncertainty that we adopt.

75 When using the values derived by Geringer-Sameth et al. (2015a) and
including Segue 2, we find a best-fit normalization of Jlog 18.0 0.110( ) = at
d 100 kpc= .
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DM	SUBHALO	SEARCHES:		
III.	GAMMA	RAYS		
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Should	we	expect	any	
dark	satellite	e.g.	here?	

A
dapted	from

	A
lbert+15	

models (de Palma et al. 2013). We found that using the
alternative diffuse models varied the calculated limits and TS
values by 20%1 .

4. ESTIMATING J-FACTORS FOR THE
DES dSph CANDIDATES

The DM content of the DES dSph candidates cannot be
determined without spectroscopic observations of their member
stars. However, it is possible to predict the upper limits on the
DM annihilation cross section that would be obtained given
such observations by making the assumption that these
candidates possess DM distributions similar to the known
dSphs. Our estimates for the astrophysical J-factors of these
candidates are motivated by two established relationships.
First, the known dSphs have a common mass scale in their
interiors, roughly 107 M: within their central 300 pc (Strigari
et al. 2008a). This radius is representative of the half light
radius for classical dSphs, but is outside the visible stellar
distribution of several ultra-faint satellites. More generally, the
half-light radius of a dSph and the mass within the half-light
radius have been found to obey a simple scaling relation,
assuming that the velocity dispersions are nearly constant in
radius and the anisotropy of the stars is not strongly radially
dependent (Walker et al. 2009; Wolf et al. 2010).

In the analysis that follows, we used the ten ultra-faint SDSS
satellites with spectroscopically determined J-factors as a
representative set of known dSphs. Specifically, we take the
J-factors calculated assuming an NFW profile integrated over a
radius of 0. 5 for Boötes I, Canes Venatici I, Canes Venatici II,
Coma Berenices, Hercules, Leo IV, Segue 1, Ursa Major I,
Ursa Major II, and Willman 1 (see Table 1 in Ackermann
et al. 2014). Figure 3 shows the relation between the
heliocentric distances and J-factors of ultra-faint and classical
dSphs. As expected from their similar interior DM masses, the
J-factors of the known dSphs scale approximately as the
inverse square of the distance. The best-fit normalization is

Jlog 18.3 0.110( ) = at d 100 kpc= . We obtain a similar
best-fit value, Jlog 18.1 0.110( ) = at d 100 kpc= , using the
J-factors derived by Geringer-Sameth et al. (2015a), who
assumed a generalized NFW profile and omitted Willman
1.75 We note that the limited scatter in Figure 3 is primarily due
to the known dSphs residing in similar DM halos (Ackermann
et al. 2014). Under the assumption that the new DES
dSph candidates belong to the same population, we estimated
their J-factors based on the distances derived from the DES
photometry. Table 1 gives the estimated J-factors integrated
over a solid-angle of 2.4 10 sr4DW ~ ´ - using our simple,
empirical relation.
Several caveats should be noted. None of the DES

candidates have been confirmed to be gravitationally bound.
It is possible that some have stellar populations characteristic of
galaxies but lack substantial DM content, as is the case for
Segue 2 (Kirby et al. 2013), or have complicated kinematics
that are difficult to interpret (Willman et al. 2011). Further,
some of the M31 dSphs have been found to deviate from these
relations, though it is possible that these deviations are due to
tidal disruption (Collins et al. 2014). Kinematic measurements
of the member stars are needed to unambiguously resolve these
questions.
Using the J-factor estimates presented in Table 1, we

followed the likelihood procedure detailed in Ackermann et al.
(2015a) to obtain limits on DM annihilation from these eight
candidates shown in Figure 4.
We assumed a symmetric logarithmic uncertainty on the

J-factor of 0.4 dex for each DES candidate. This value is
representative of the uncertainties from ultra-faint dSphs
(Ackermann et al. 2011; Geringer-Sameth et al. 2015a) and
is somewhat larger than the uncertainties derived in Martinez
(2015). The 0.4 dex uncertainty is intended to represent the
expected measurement uncertainty on the J-factors of the DES
candidates after kinematic follow up. The corresponding
uncertainty band is illustrated in Figure 3. We apply the same
methodology as Ackermann et al. (2015a) to account for the
J-factor uncertainty on each DES candidate by modeling it as a
log normal distribution with J iobs, equal to the values in Table 1,
and 0.4is = dex (see Equation (3) of Ackermann et al. 2015a).
We derived individual and combined limits on the DM

annihilation cross section for DM annihilation via the bb̄and
τ+τ−channels, under the assumption that each DES candidate is
a dSph and has the J-factor listed in Table 1. We note that when
using a J-factor uncertainty of 0.6 dex instead of 0.4 dex , the
individual dwarf candidate limits worsen by a factor of ∼1.6,
while the combined limits worsen by 15%–20%. We stress that
the distance-estimated limits may differ substantially as spectro-
scopic data become available to more robustly constrain the DM
content of the DES candidates. However, once measured J-
factors are obtained, the observed limits from each candidate will
scale linearly with the measured J-factor relative to our
estimates. Given the current uncertainty regarding the nature
of the dSph candidates, we do not combine limits with those
from previously known dSphs (i.e., Ackermann et al. 2015a).

5. DISCUSSION AND CONCLUSIONS

The discovery of eight dSph candidates in the first year of
DES observations sets an optimistic tone for future
dSph detections from DES and other optical surveys.
DES J0335.6−5403, at a distance of ∼32 kpc, is a particularly
interesting candidate in this context, and should be considered a

Figure 3. J-factor distance scaling. Black points are from Table 1 in
Ackermann et al. (2014). The red curve is our best fit with an assumed inverse
square distance relation (see the text). The red band shows the 0.4 dex
uncertainty that we adopt.

75 When using the values derived by Geringer-Sameth et al. (2015a) and
including Segue 2, we find a best-fit normalization of Jlog 18.0 0.110( ) = at
d 100 kpc= .

6

The Astrophysical Journal Letters, 809:L4 (8pp), 2015 August 10 Drlica-Wagner et al.

DM	SUBHALO	SEARCHES:		
III.	GAMMA	RAYS		

Could	some	of	them	be	better	candidates	than	dwarfs?	
How	many	of	them	are	potentially	detectable?	

Have	we	detected		them	already?	

•  If	DM	is	made	of	WIMPs	and	annihilates	à	gamma	rays	
•  Maybe	the	only	way	to	probe	subhalo	masses	below	~107	solar	masses	
•  The	only	subhalo	search	that	provides	info	on	the	nature	of	the	DM	particle.	

	
	
	

																					



Objective:	to	build	a	list	of	potential	DM	subhalo	candidates	by	identifying	
those	unIDs	compatible	with	DM	subhalo	annihilation.	
	
Method:	
Apply	a	series	of	‘filters’	based	on	expected	DM	signal	properties.	
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Dark	satellites’	search	in	Fermi-LAT	catalogs	

Around	1/3	of	sources	in	LAT	catalogs	are	unidentified	(~1000	unIDs	in	the	3FGL)		
	

Exciting	possibility:	some	of	them	may	be	subhalos	annihilating	to	gammas!	
	

	



Objective:	to	build	a	list	of	potential	DM	subhalo	candidates	by	identifying	
those	unIDs	compatible	with	DM	subhalo	annihilation.	
	
Method:	
Apply	a	series	of	‘filters’	based	on	expected	DM	signal	properties.	
	

1.  Associations	

2.  Variability	

3.  Latitude	

4.  Multiwavelength	emission	

5.  Spectrum	

6.  Extension	
14	

Dark	satellites’	search	in	Fermi-LAT	catalogs	

Around	1/3	of	sources	in	LAT	catalogs	are	unidentified	(~1000	unIDs	in	the	3FGL)		
	

Exciting	possibility:	some	of	them	may	be	subhalos	annihilating	to	gammas!	
	

	

Most	common	
filters	used:	



Objective:	to	build	a	list	of	potential	DM	subhalo	candidates	by	identifying	
those	unIDs	compatible	with	DM	subhalo	annihilation.	
	
Method:	
Apply	a	series	of	‘filters’	based	on	expected	DM	signal	properties.	
	
Results:	

1.  A	few	VIP	candidates	à	dedicated	LAT	analyses,	IACT	follow-ups…		
2.  A	few	more	subhalo	candidates	(yet	uncertain)	à	set	DM	constraints	
3.  No	unIDs	compatible	with	DM?	à	best	achievable	constraints		
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Dark	satellites’	search	in	Fermi-LAT	catalogs	

Around	1/3	of	sources	in	LAT	catalogs	are	unidentified	(~1000	unIDs	in	the	3FGL)		
	

Exciting	possibility:	some	of	them	may	be	subhalos	annihilating	to	gammas!	
	

	



DM	constraints	from	LAT	unIDs?	
DM ANNIHILATION IN THE WIMP MODEL

𝜒𝜒 → ൞

𝜏+𝜏−
𝑏ത𝑏

𝑊+𝑊−

?1 ?2

→ ⋯ → 𝛾𝛾 𝐹 𝐸 > 𝐸𝑡ℎ = 𝐽𝑓𝑎𝑐𝑡𝑜𝑟 ∗ 𝑓𝑝𝑝(𝐸 > 𝐸𝑡ℎ)

Astrophysics (Density
profile, distance…)

Particle Physics (channel, 
annihilation spectra…)

𝜎𝑣 ∝
𝑚𝜒
2 · 𝐹𝑚𝑖𝑛

𝐽𝑓𝑎𝑐𝑡𝑜𝑟 · 𝐸𝑡ℎ
𝐸 𝑑𝑁

𝑑𝐸 𝑑𝐸
=

𝑚𝜒
2 · 𝐹𝑚𝑖𝑛

𝐽𝑓𝑎𝑐𝑡𝑜𝑟 · 𝑁𝛾

We want to probe the lowest possible 𝝈𝒗 values to rule out WIMP candidates

Instrument

Theory

Simulations

DM ANNIHILATION IN THE WIMP MODEL

𝜒𝜒 → ൞

𝜏+𝜏−
𝑏ത𝑏

𝑊+𝑊−

?1 ?2

→ ⋯ → 𝛾𝛾 𝐹 𝐸 > 𝐸𝑡ℎ = 𝐽𝑓𝑎𝑐𝑡𝑜𝑟 ∗ 𝑓𝑝𝑝(𝐸 > 𝐸𝑡ℎ)

Astrophysics (Density
profile, distance…)

Particle Physics (channel, 
annihilation spectra…)

N-body	simulations	à	dark	satellites’	J-factors,	typical	angular	sizes,	etc.	
	

LAT	sensitivity	to	DM	annihilation	à	number	of	detectable	subhalos.	
	

Number	of	predicted	detectable	subhalos	VS.	number	of	remaining	unIDs	in	catalogs.	

	
						DM	CONSTRAINTS	

.	

The	less	DM	candidates	left	in	catalogs	the	better	the	DM	constraints.	



(Some)	past	work	
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3FGL Galactic Demographics 7

Fig. 6.— Upper limits on the dark matter annihilation cross sec-
tion for the bb̄ channel assuming 14 subhalo candidates at |b| � 20�

(black solid line). The dashed red line is an upper limit derived
from the Via Lactea II simulation when zero 3FGL subhalos are
adopted (Schoonenberg et al. 2016). The blue line corresponds to
the constraint for zero 3FGL subhalo candidates using the Aquarius
simulation instead (Bertoni, Hooper, & Linden 2015). The hori-
zontal dotted line marks the canonical thermal relic cross section
(Steigman, Dasgupta, & Beacom 2012).

2013; Calore, Cholis &Weniger 2015; Daylan et al. 2014).

8. CONCLUSIONS AND OUTLOOK

We find that the set of variables provided in the
Fermi LAT catalogs have the ability to e↵ectively predict
gamma-ray source classes in the 3FGL dataset. After
careful examination of various Galactic demographics,
we find that the 34 additional high-latitude Galactic can-
didates predicted using machine-learning classifiers can
be accommodated by existing pulsar population synthe-
sis models without the need to introduce undiscovered
globular clusters, dark matter subhalos, or gamma-ray
emitting ultra-faint dwarf galaxies. On the other hand,
if these objects were produced by annihilating dark mat-
ter, the upper limits on the annihilation cross section
are starting to approach values at or below the canonical
thermal cross section for energies . 100 GeV.
The discovery of radio and gamma-ray pulsations will

be crucial to address the spectral degeneracy between
dark matter annihilation and pulsar emission. However,

blind searches will face greater obstacles in noisy MSPs
and fainter gamma-ray sources as Fermi continues oper-
ations. Table 4 shows projected discoveries of MSPs for
10 years of Fermi LAT data taking. The most promis-
ing follow-up strategy to break these degeneracies will
rest on our ability to detect pulsations going from the
brightest to the faintest Galactic candidates. Some of
these searches for the most elusive gamma-ray pulsars
are being conducted by the distributed volunteer com-
puting sources, Einstein@Home (Pletsch et al. 2013).
New discoveries will require even larger computing re-
sources and new search strategies.
Optical, ultraviolet and X-ray searches for binary ob-

jects with temporal variability could also enhance the
chances for finding millisecond pulsars (Romani & Shaw
2011; Bogdanov & Halpern 2015). Incidentally, the ad-
dition of new MSPs will also bring us closer to the detec-
tion of nanohertz gravitational waves based on pulsar-
timing arrays (Taylor et al. 2016). Should additional
high-latitude Galactic candidates be confirmed as pul-
sars, new swaths of annihilation cross sections will be dis-
favored by direct comparison with statistics from cosmo-
logical numerical simulations of Milky Way-like galaxies.
Therefore, subhalo searches represent a powerful com-
plementary method to existing probes of dark matter
annihilation.
Clearly, there ought to be dedicated multiwavelength

campaigns to map the error ellipses of high-latitude
Galactic candidates for which no radio/gamma-ray pul-
sations are found. Finally, the improvements in position
and photon flux a↵orded by Pass 8 analysis (Atwood et
al. 2013) should further enhance machine-learning pre-
dictions in the future Fermi LAT Fourth Source Catalog
(4FGL).
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Figure 3: Spectral energy distribution (SED) of (a) 2FGL J0143.6�5844, (b)
2FGL J0305.0�1602, (c) 2FGL J0338.2+1306, and (d) 2FGL J1410.4+7411, assuming
the multi-wavelength associations discussed in the text. Included multi-wavelength data,
from low to high frequency: radio (NVSS, 1.4GHz; black triangle), infrared (WISE,
W4,W3,W2,W1; red diamonds), optical (USNO-B1.0, R,B; green triangles), ultra-violett
(GALEX, NUV, FUV; violett boxes; see http://galex.stsci.edu/GR6/; Swift-UVOT, U ,
UVW1, UVM2, UVW2; darkgolden points), X-ray (Swift, 0.2�2 keV; blue line), �-ray
(Fermi -LAT, 0.1�100GeV; red line and circles). The optical and UV data have been dered-
dened using E(B�V ) from [67] and assuming RV = 3.1 (see [68] for details). Arrows indicate
upper limits (95% c.l.). Statistical uncertainties of the X-ray and �-ray spectra are indicated
by the corresponding shaded areas [69]. The orange line shows the sensitivity of the planned
CTA observatory for 50 hours of observation [70]. For comparison, the solid black line shows
the average SED of a high-frequency peaked blazar (HBL), adapted for the estimated red-
shifts z. The HBL SED is normalized to the radio flux, and the energy flux ⌫f⌫ is plotted
in the frame of a potential observer. The HBL SED has been corrected for EBL absorption,
see text for details, while the dotted black line shows the SED for a vanishing EBL.

assumed a vanishing K-correction, i.e., a power-law spectrum with index ↵ = �� 1 = 1. We
emphasize that this method only provides a rough estimate under the given assumptions,
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Figure 5: Left : Exclusion curves on σv versus the DM particle mass m for HESS. The limit is calculated at the 90% C. L. for
the DM clumps provided by the VL-II simulation. The DM particle is assumed to annihilate into purely bb̄ and τ+τ− pairs,
respectively. The region of natural values of the velocity-weighted annihilation cross section of thermally produced WIMPs is
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cific Vmax. The constraints obtained are displayed in the
right panel of Fig. 5. Some predictions from supersymme-
tric models with annihilation into W bosons, extracted
from [32] [in the anomaly-mediated supersymmetry brea-
king scenario (AMSB)], are also shown. These predictions
do not include the S factor, so constraints on the unboos-
ted cross section σv/S are shown. Outside resonances,
the limit is less than 2 orders of magnitude above the an-
nihilation cross section expected for thermally produced
WIMPS, but –thanks to the resonant Sommerfeld effect–
a small region around 4.5 TeV is excluded.

V. PROSPECTS FOR CTA OBSERVATIONS
PROGRAMS

A. HESS-like Galactic plane survey

The projected map for the CTA is used as in the pre-
vious analysis of the HESS Galactic survey to make a
prediction for the sensitivity of the future array. As a
first step, the same field of view as HESS is used. We
consider that a scan of the Galactic plane will for sure be
performed by the CTA, so that this region of the sky
is somehow the minimal guaranteed field of view. An
exposure of 10 h in each pixels corresponds to a total
observation time for building up the survey of 400 h.
Concerning the extension of the sources, a slightly more
optimistic method is used. Instead of rescaling the flux to
the signal enclosed in the angular resolution, the whole
signal is considered. Nevertheless, any clump that would
be too much extended to allow for a proper background
subtraction is excluded from the sample. Subhaloes with
θ90 > 1.5◦ are thus not considered. The results for the

projection to the CTA are presented in Fig. 6. The ex-
clusion limits are lower by a factor of ∼10 than those
obtained with HESS. In the conventional case (bb̄ and
τ+τ−, without Sommerfeld enhancement), they are rea-
ching σv values of a few 10−25cm3s−1. In the case of
Sommerfeld enhanced annihilations, some regions of the
parameter space for the model could be excluded, since
a large array of telescopes would have enough sensitivity
to detect WIMPs in the mass range from ∼3 to 6 TeV
and close to the second resonance.

We conclude from Fig. 6 that using this field of view,
the CTA will not be able to reach signals from the most
natural WIMPs. One order of magnitude is gained with
respect to HESS, but a factor of 2–10 is still necessary
to reach the natural DM annihilation cross sections. An
homogeneous increase of the exposure time will only im-
prove the exclusion limits as the square root of exposure
time in the background-limited regime, so one has to en-
large the field of view instead of using longer exposure. In
addition, the flux sensitivity along the Galactic plane will
be limited by the population of newly detected sources at
a flux level of 10−12 cm−2s−1. The Galactic plane might
also not be the best place to look for subhaloes since
they could have been tidally affected by the disk. For
those reasons, an observing strategy focusing on fields
with absolute Galactic latitude of at least 0.5◦ should be
preferred for DM subhalo searches, as it clearly appears
in the lower panel of Fig. 1. This is precisely the point
developed in the next subsection.

Brun+11	

Also:	Tasitsiomi&Olinto	02;	Pieri+05;	Kuhlen+07;	Springel+08;	Anderson+10;	
Belikov+12;	Ackermann+12;	Berlin&Hooper+13;	Hooper+16;	Schoonenberg+16			
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Figure 4. The gamma-ray spectrum of 3FGL J2212.5+0703. The dashed curve denotes the spectral
shape predicted from a 30 GeV dark matter particle that annihilates to bb̄. Dark matter masses in
the range of 18.4-32.7 GeV provide a good fit to the measured spectrum.

a few or less, and we consider our estimate to represent a reasonable prediction (the au-
thors of Ref. [42], for example, arrive at a number of observable subhalos that is a factor
of a few lower than our estimate). For an annihilation cross section near the upper limit
derived from the observations of dwarf spheroidal galaxies [19, 20], we expect Fermi to de-
tect roughly one subhalo with Fthreshold > 10�9 cm�2 s�1, and perhaps as many as ⇠10 with
Fthreshold > 10�10 cm�2 s�1. If 3FGL J2212.5+0703 is in fact a dark matter subhalo (and
none of the other 11 subhalos candidates are), it would suggest an annihilation cross section
of �v ⇠ (0.12� 2.5)⇥ 10�26 cm3/s (90% CL, statistical uncertainties only). Of course, other
candidate sources could also be dark matter subhalos. In particular, several of the subhalo
candidates listed in Table 2 exhibit spectral shapes that are compatible with that observed
from 3FGL J2212.5+0703 (and from the Galactic Center excess). If any of these sources
are in fact subhalos, it would increase our estimate for the dark matter’s annihilation cross
section.

The gamma-ray flux and angular extent of 3FGL J2212.5+0703 can be used to constrain
the mass and distance of the corresponding dark matter subhalo. In the left frame of Fig. 5,
we plot the mass of a subhalo (prior to tidal stripping) that produces the gamma-ray flux
of 3FGL J2212.5+0703, as a function of distance. Here, we have assumed a dark matter
mass of 34 GeV and an annihilation cross section of �v = 2 ⇥ 10�26 cm3/s to bb̄.6 From
the flux alone, one cannot disentangle the mass of a subhalo from its proximity. From the
information contained in this plot, 3FGL J2212.5+0703 could equally well be a very large
subhalo (perhaps even an ultra-faint dwarf galaxy) located at a distance of ⇠10 kpc, or a
solar mass clump of dark matter located within a parsec or so of the Solar System.7

6The left frame of Fig. 5 can be adjusted to reflect any value of the cross section by shifting the distance
scale by a factor of [�v/(2⇥ 10�26cm3s�1)]1/2.

73FGL J2212.5+0703 is located within the region of the sky covered by the Sloan Digital Sky Survey
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18	Most	realistic	constraints	 Maximum	potential	(n0	subhalos)	

DARK MATTER CONSTRAINTS
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SENSITIVITY REACH OF THE METHOD
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PRELIMINARY

PRELIMINARY

•  Search	in	the	most	recent	LAT	catalogs	(3FGL,	2FHL,	3FHL)	
•  Careful	unIDs	‘filtering’		work.	
•  Precise	characterization	of	LAT	sensitivity	to	DM	annihilation.	
•  Best	knowledge	of	subhalos’	structural	properties	(MASC&Prada14,	Moliné+17)		
•  Repopulation	of	VL-II	N-body	simulation	below	its	resolution	limit.	

New	LAT	work	ongoing	
[J.	Coronado-Blázquez,	MASC	et	al.,	in	prep.]	
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Some	OPEN	ISSUES	on	subhalo	population	
(most	relevant	for	gamma-ray	searches)	

•  Precise subhalo structural properties. 

•  Subhalo survival (to tidal stripping; baryons; 

dynamical friction). 

•  Role of baryons on: 

–  Subhalo abundance. 

–  Subhalo structure. 

•  Dependence of all the above on distance to host halo 

center and mass.  
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FIRE Hydrodynamics

100 kpc

Pure N-Body

100 kpc

(dark matter)

Baryons Matter (A Lot!)

(same halo)

Garrison-Kimmel+2017 Also: Brooks & Zolotov 2014, Zhu + 2016,Up	to	a	factor	~2	reduction	in	substructure	within	~100	kpc	
A	factor	~10	within	~25	kpc.	

[Garrison-Kimmel+17]	
[Also	Brooks&Zholotov	15;	Zhu+16;	Kelley+18]	

OPEN	ISSUES	(I):	Role	of	baryons	



3

Figure 1. Left: Cumulative subhalo counts within 300 kpc as a function of the peak maximum circular velocity achieved over subhalo’s
history, Vpeak. The black distribution represents the full range of our dark matter only simulations, while the magenta distribution
represents the simulations with analytic disk potentials. The solid lines are medians. The horizontal lines show the number of classical
satellites, All presently known satellites, and the range of total satellites expected based on sky and volume completeness corrections.
Right: Radial distribution of all subhaloes with Vpeak � 6 km s�1 for the dmo simulations (black) and the dmo+disk simulations (magenta).

fixed to that of the stellar disk so that the ratios are a con-
stant as a function of time. A full description of the suite
of simulations along with basic properties of their satellites
will be given in Kelley et al. (in preparation).

3 SUBHALO COUNTS AND DISTRIBUTIONS

Figure 1 presents Vpeak functions for subhaloes within 300
kpc of each host; Vpeak is defined as the maximum of Vmax
over all time, which is usually reached prior to subhalo infall
at a distance of 1.5 to 7 virial radii from the host (Behroozi
et al. 2014). The shaded bands correspond to the full width
of the distributions over all simulations. Compared to the
dark matter only (dmo) simulations (black), the disk sim-
ulations (magenta) show a factor of ⇠ 50% less substruc-
ture within this volume (consistent with Garrison-Kimmel
et al. 2017). Both sets of simulations begin to flatten at
Vpeak ' 6 km s�1, which we take as our completeness limit.
As mentioned above, we are complete to current maximum
circular velocities of Vmax ' 4.5 km s�1.

The horizontal lines in Figure 1 show the number of clas-
sical Milky Way satellites and the current count of all satel-
lite galaxies known. The band shows a range of estimates2

for the total number of satellite galaxies after account-
ing for incompleteness and sky coverage limits (Tollerud
et al. 2008; Kim et al. 2017; Newton et al. 2018). We see

2 All of these completeness corrections assume that the radial
distribution of satellites follows the results of dmo simulations.
The corrections will increase if the relative depletion of central
subhaloes from the galaxy potential is included. In this sense, the
corrections shown here are conservatively low.

that, based on counts, the classical satellites are consistent
with sitting in haloes with Vpeak � 30 km s�1. The range
of completeness-corrected satellites corresponds to Vpeak be-

tween 8 and 18 km s�1. The lower end of estimates (⇠ 100)
is more in line with the standard expectation for reioniza-
tion quenching at Vpeak ' 20 km s�1. The upper end of the
range (⇠ 600) would suggest the need to populate quite small
haloes Vpeak ' 8 km s�1, well below the atomic cooling limit.

As shown by Garrison-Kimmel et al. (2017), disk de-
struction is particularly important at small radii. In the right
panel of Figure 1, we show the radial distribution of satel-
lites with Vpeak > 6 km s�1 out to 100 kpc for both the dmo
and dmo+disk simulations. As before, the bands show the
full width over all simulations and the solid lines show the
medians. The disk simulations retain very little substructure
within 20 kpc.

The vast majority of subhaloes have zpeak  3 (97% in
the disk simulations and 93% in the dmo simulations). The
average zpeak for surviving subhaloes within 50 kpc is hzpeaki
= 0.77 for the disk runs and hzpeaki = 0.94 for the dmo runs.
This di↵erence is due to the enhanced subhalo destruction
caused by the disk, which preferentially destroys subhaloes
that fall in early (see Kelley et al. in preparation).

Figure 2 shows only the (more realistic) disk simula-
tions, now restricted to the inner 50 kpc. The three bands
show radial distribution of subhaloes with Vpeak > 6, 10, and

18 km s�1. Note that there are typically no subhaloes with
Vpeak > 18 km s�1 that survive within 40 kpc. This is surpris-
ing given that we certainly know of satellite galaxies within
40 kpc of the Milky Way, and Vpeak ' 18 km s�1 is close the
conventional scale for reionization suppression where haloes
begin to go dark.

The black dashed line shows the radial distribution of

MNRAS 000, 1–10 (2018)
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Figure 2. Radial distributions of subhaloes with Vpeak > 6, 10,
and 18 km s�1 in the disk runs. The dashed line shows the radial
distribution of known satellite galaxies, which is lower limit on the
total. Half of the sky has not been surveyed for ultrafaint dwarfs
and the other half is incomplete at radii beyond ⇠ 30 kpc. Still,
the current satellite census is above the median subhalo counts
at small radius unless we associate galaxies with the smallest
subhaloes we resolve Vpeak > 6 km s�1. The nominal reionization
threshold would lead to an expectation close to the 18 km s�1 line
(purple), which is far below the data.

known satellite galaxies out to 100 kpc. We know the census
of satellites is incomplete both radially (due to luminosity
incompleteness) and in area on the sky (less than ⇠ 1/2 of the
sky has been covered in searches capable of finding ultrafaint
galaxies). Nevertheless, the total count of satellite galaxies
exceeds the median subhalo count at small radius for all
but the Vpeak > 6 km s�1 sample (red). The Vpeak > 18 km s�1

distribution, which is closest to the canonical reionization
suppression scale, drastically under-predicts the number of
known galaxies (see Newton et al. 2018, for a list of galaxies
within Rvir).

Figure 2 demonstrates that in order to account for the
satellite galaxies of the Milky Way that are known to exist
within ⇠ 30 kpc, we need to resort to populating haloes
with Vpeak values that are substantially lower than canonical
values for reionization quenching that have been discussed
in the literature. These counts are known to be significantly
incomplete at larger radius even in areas of the sky that
have been covered by surveys like SDSS and DES. Below,
we present a somewhat more detailed exploration of what
the ultrafaint Milky Way satellite population tells us about
the low-mass threshold of galaxy formation.

3.1 Satellite Occupation Fractions

Simulations that have explored how haloes go dark at low
masses typically find that the fraction of haloes hosting a
galaxy of any mass ( fgalaxy) drops towards zero smoothly
below a characteristic value of Vpeak (e.g., Sawala et al. 2016;

Fitts et al. 2018). In order to allow for this expectation,
we have explored a toy model where the fraction of haloes
that host a galaxy of any mass varies smoothly from zero at
small Vpeak to unity as Vpeak increases. We specifically adopt a
cumulative Gaussian, which allows for a characteristic scale
(V50) where 50% of haloes become dark and a width (�) that
sets the sharpness of the the transition from dark haloes to
galaxy-hosting haloes:

fgalaxy(> Vpeak) =
1
2


1 + erf

✓Vpeak � V50p
2�

◆�
. (1)

The upper left panel of Figure 3 shows two models
of this kind along with a simple threshold model (red) for
comparison. The blue line shows a conventional model with
V50 = 18 km s�1, and � = 2.5. These values are chosen to
match the FIRE-2 results presented in Fitts et al. (2018),
but they are typical of other results in the literature: haloes
begin to go dark at Vpeak ' 25 km s�1 and go completely dark

by Vpeak ' 10 km s�1. A case that shifts the quenching scale a
factor of ⇠ 3 lower in virial temperature is shown in yellow:
V50 = 10.5 km s�1 with � = 2.5.

In order to compare the predictions of these simple mod-
els to the observed population of Milky Way satellites, we
take into account sky coverage completeness and account
for the fact that subhalo populations are anisotropic. We re-
strict ourselves to only satellites within either the SDSS or
DES footprints, both of which have well-defined complete-
ness areas. We make no allowance for luminosity/volume
incompleteness in order to be conservative. Using Equation
1 we assign a galaxy to each subhalo probabilistically for
all 12 of our disk simulations; and repeat this procedure 100
times counting ‘galaxies’ as a function of radius within mock
survey areas. The SDSS and DES survey regions are approx-
imated as three cones with the areas of the two contiguous
SDSS fields and the DES field, and their orientations are
fixed relative to one another to match the surveys. Each it-
eration uses a di↵erent orientation of the cones. Note that
unlike the real DES and SDSS fields, we orient the survey
cones randomly with respect to the disk planes. We do this
because it increases our statistics and because we find that
the disk does not introduce any significant asymmetry (in
fact, it sphericalizes the subhalo distributions compared to
the dmo runs).

The top-right panel in Figure 3 shows the results of this
exercise for our simple Vpeak � 6 km s�1 threshold model. The
shaded band includes the full scatter over all simulations and
survey orientations, with the solid line showing the average.
The bottom-left and bottom-right panels show the full dis-
tributions (minimum and maximum) of the V50 = 10.5 km s�1

and V50 = 18 km s�1 models respectively. For comparison, the
galaxies in SDSS and DES are shown as a black histogram.
Table 1 lists all satellite galaxies within 50 kpc of the Milky
Way. We include only the satellites that sit within the SDSS
or DES footprints3 in Figure 3. The current census is in-
complete at large radius so the dashed lines in Figure 3 are
lower limits.

3 Currently we know of about 58 satellites around the Milky Way;
however, this includes many candidate ultrafaints from surveys
such as DES, MagLiteS, and PanSTARRS that have yet to be
spectroscopically confirmed.
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[Graus+18]	

No	substructure	within	~20	kpc	with	Vmax	>	5	km/s.		
Yet,	radial	distribution	in	hydro	simulations	do	not	match	observations.		

	 		
Van	den	Bosch+18;	van	den	Bosch&Ogiya	18	[Also:	Kazantzidis+04;	Diemand+07;	Peñarrubia+10]:	

•  Subhalo	disruption	is	numerical	in	origin	
•  Bound	remnant	survives	provided	it	is	well	resolved	in	the	simulation.	

à	What	is	the	actual	subhalo	radial	distribution?	

OPEN	ISSUES	(II):	Subhalo	survival	

Earth	
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•  Halo substructure very relevant for dark matter searches. 

–  Most massive subhalos (dwarf galaxies) the best targets 
for indirect DM detection. 

–  Less massive subhalos, with no optical counterparts, can 
be used to set very competitive constraints. 

–  Subhalos can significantly boost the annihilation signal 
from halos and alter the DM signal spatial properties. 

•  ‘Dark satellites’ searches: 

–  Current constraints close to the ones from dwarfs. 

–  Sensitivity reach can rule out thermal cross section up to 
few hundred GeV WIMP masses. 

–  Up to O(10) intrinsic (ΛCDM) uncertainty difficult to 
mitigate. 
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Hütten+16	

Cherenkov	telescope	array	(CTA)	
to	go	further	in	the	TeV	range	

De	Angelis+18;	
(also	Chou+17)	

Future		
MeV/sub-GeV	missions	

E-ASTROGAM	
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•  Higher resolution DM-only and/or hydro simulations to shed 

further light on subhalo survival, structural properties, etc. 

•  New gamma-ray catalogs (e.g., upcoming 4FGL) 

•  More refined spectral and spatial unID ‘filters’ 

•  Possible follow up of VIP candidates with IACTs  

DM halo substructure CRITICAL  
for current and future gamma-ray DM search strategies. 
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