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1. Introduction



Evidences for dark matter

• Rotation curve of galaxies

• Bullet clusters

• Cosmic microwave background (CMB)

Corbelli, Salucci ’00 Markevitch et al. ’04 
Clowe et al. ’04

Planck ’13



Evidences for dark matter

• Rotation curve of galaxies

• Bullet clusters

• Cosmic microwave background (CMB)

However, there’s no candidate for DM in the 
standard model (SM) of particle physics

Beyond the SM is needed

Corbelli, Salucci ’00 Markevitch et al. ’04 
Clowe et al. ’04

Planck ’13

(DM is a key to find the new physics)



To be consistent the observations, DM has to be

• Electrically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observations



To be consistent the observations, DM has to be

• Electrically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observations

Weakly interacting massive particles 
(WIMPs) are good candidates 



Features of the WIMP DM scenario

• DM abundance is naturally explained 

• Promising theoretical models
e.g.,
Minimal supersymmetric extension of the SM (MSSM)

• It can be probed in direct/indirect detection experiments 
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After the discovery of 

• 125 GeV Higgs

• No other new particles

The simplest interpretation would be

High-scale supersymmetry

Wells ’03

Arkani-Hamed et al. ’05, ’05

Giudice et al. ’04, ’12

Hall et al. ’10, ’12

e.g.,



High-scale supersymmetry

• The other superparticles are much heavier 
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SM + Wino and Higgsino (up to TeV scale)
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SM particles

DM candidates

High-scale supersymmetry

• The other superparticles are much heavier 
• Wino and higgsino are around TeV scale
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18 27. Dark Matter

mass parameter space, above masses of 0.3 GeV.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

27.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl

2

DM

m
2

DM

È‡vÍN
A

f , (27.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (27.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
the latter two including, possibly, the emission of massive gauge or Higgs bosons subsequently pro-
ducing photons via their decay products. Similarly, neutrinos are produced from charged pion
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Wino DM

Current bounds for WIMP DM-nucleon cross section
PDG ’21
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background through careful detector design. Based on demonstrated ultra-low threshold and world-leading
sensitivity achieved with DarkSide-50, and coupled to additional 39Ar reduction by distillation in Aria and
the use of a massive AAr veto, this dedicated search would have an excellent discovery capability, reaching
through the so-called “neutrino floor” in the low-mass search region, see Fig. 1.

The crowning objective, towards the end of the next decade, will be the construction of the ultimate
Argo detector with a 300 t fiducial mass to push the sensitivity to the region where neutrino background
will be a limitation in detectors without directional capability. The WIMP detection sensitivity will only be
limited by systematic uncertainties in NR background from Coherent Neutrino Scattering of Atmospheric
neutrinos. The strong ER rejection will eliminate background from solar neutrinos and some residual internal
backgrounds such as radon. This unique property of argon extends the sensitivity with respect to technologies
with more limited ER discrimination. The throughput of the Urania argon extraction system would enable
400 t of UAr to be extracted and purified in the Aria facility over a period of about 6 yr. SNOLAB would be
strong potential site for this detector motivated by the dark matter search, but also possibly enabling the
observation of ultra-rare solar neutrino sources (CNO, hep) [20]. A Letter of Intent has been sent to SNOLAB
and funding is being sought for this to be a long term underground storage location for the extracted UAr
to prevent activating.

Thus, the GADMC program will completely cover the WIMP hypothesis from 1GeV/c2 to several hun-
dreds of TeV/c2 masses in the search for spin-independent coupling.

The GADMC collaboration submits this input to the European Strategy because there is a strong scientific
correspondence and important technology synergy with the capabilities at CERN. The ProtoDUNE cryostat
design is being adopted as the basis for the DarkSide-20k and the DarkSide-LowMass detectors, as well as
being considered for Argo, which is still being designed. It is hoped that the cooperation that has developed
with CERN to date may be continued and extended for these future programs as the CERN scientific
interest and technical capabilities are very well matched to the objectives of the GADMC program for dark
matter detection. This would be naturally aligned with the strong support for dark matter research of the
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FIG. 1. 90% C.L. exclusion limits, showing leading results from direct (continuous lines, Ref. [5, 6, 8–11]) and
accelerator-based dark matter searches (region above the yellow line, [12]) compared with sensitivities of future
germanium-, xenon-, and argon-based direct searches (dashed lines, Ref. [13–17] and this work). The “neutrino floor”
curve follows the definition of Ref. [18]. The 95% C.L. limit from the ATLAS Experiment is shown for a benchmark
model in which Dirac-fermion WIMPs interact with ordinary matter via a vector mediator[19] with coupling strengths
to quarks, leptons and WIMPs of 0.25, 0.01 and 1, respectively.

Wino DM

Future sensitivity

https://indico.cern.ch/event/765096/contributions/3295671/
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2. Indirect searches with dSphs



Indirect searches of WIMP DM

• Extragalactic region

• Galactic center

• Dwarf spheroidal galaxies

Target objects/regions for WIMP searches:

Stronger signals/Large 
astrophysical BGs

Rinchiuso et al.’18, ’20

See, e.g., 

Hryczuk et al. ’19

Lefranc et al. ’16

for the signals from the GC
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Dwarf spheroidal galaxies (dSphs)

• Satellite galaxies of a host galaxy

• No star formation X. FIGURES & TABLES
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FIG. 1. Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aito↵
projection of a 4-year LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the
combined analysis are shown as filled circles, while additional dwarf galaxies are shown as open
circles.
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Ackermann et al. ’13
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Table 1
Confirmed and Candidate Dwarf Galaxies

(1) (2) (3) (4) (5) (6) (7) (8)
Name l, b Distance r1/2 MV log10(Jmeas) log10(Jpred) Sample

(deg, deg) (kpc) (pc) (mag) log10( GeV2 cm�5) log10( GeV2 cm�5)

Kinematically Confirmed Galaxies
Boötes I* 358.08, 69.62 66 189 -6.3 18.2 ± 0.4 18.5 I,N,C
Boötes II 353.69, 68.87 42 46 -2.7 ... 18.9 I,N,C
Boötes III 35.41, 75.35 47 ... -5.8 ... 18.8 I,N
Canes Venatici I 74.31, 79.82 218 441 -8.6 17.4 ± 0.3 17.4 I,N,C
Canes Venatici II* 113.58, 82.70 160 52 -4.9 17.6 ± 0.4 17.7 I,N,C
Carina* 260.11, -22.22 105 205 -9.1 17.9 ± 0.1 18.1 I,N,C
Coma Berenices* 241.89, 83.61 44 60 -4.1 19.0 ± 0.4 18.8 I,N,C
Draco* 86.37, 34.72 76 184 -8.8 18.8 ± 0.1 18.3 I,N,C
Draco II 98.29, 42.88 24 16 -2.9 ... 19.3 I,N,C
Fornax* 237.10, -65.65 147 594 -13.4 17.8 ± 0.1 17.8 I,N,C
Hercules* 28.73, 36.87 132 187 -6.6 16.9 ± 0.7 17.9 I,N,C
Horologium I 271.38, -54.74 87 61 -3.5 ... 18.2 I,N,C
Hydra II 295.62, 30.46 134 66 -4.8 ... 17.8 I,N,C
Leo I 225.99, 49.11 254 223 -12.0 17.8 ± 0.2 17.3 I,N,C
Leo II* 220.17, 67.23 233 164 -9.8 18.0 ± 0.2 17.4 I,N,C
Leo IV* 265.44, 56.51 154 147 -5.8 16.3 ± 1.4 17.7 I,N,C
Leo V 261.86, 58.54 178 95 -5.2 16.4 ± 0.9 17.6 I,N,C
Pisces II 79.21, -47.11 182 45 -5.0 ... 17.6 I,N,C
Reticulum II 266.30, -49.74 32 35 -3.6 18.9 ± 0.6 19.1 I,N,C
Sculptor* 287.53, -83.16 86 233 -11.1 18.5 ± 0.1 18.2 I,N,C
Segue 1* 220.48, 50.43 23 21 -1.5 19.4 ± 0.3 19.4 I,N,C
Sextans* 243.50, 42.27 86 561 -9.3 17.5 ± 0.2 18.2 I,N,C
Triangulum II 140.90, -23.82 30 30 -1.8 ... 19.1 I,N,C
Tucana II 328.04, -52.35 58 120 -3.9 ... 18.6 I,N,C
Ursa Major I 159.43, 54.41 97 143 -5.5 17.9 ± 0.5 18.1 I,N,C
Ursa Major II* 152.46, 37.44 32 91 -4.2 19.4 ± 0.4 19.1 I,N,C
Ursa Minor* 104.97, 44.80 76 120 -8.8 18.9 ± 0.2 18.3 I,N,C
Willman 1* 158.58, 56.78 38 19 -2.7 ... 18.9 I,N

Likely Galaxies
Columba I 231.62, -28.88 182 101 -4.5 ... 17.6 I,N,C
Eridanus II 249.78, -51.65 331 156 -7.4 ... 17.1 I,N,C
Grus I 338.68, -58.25 120 60 -3.4 ... 17.9 I,N,C
Grus II 351.14, -51.94 53 93 -3.9 ... 18.7 I,N,C
Horologium II 262.48, -54.14 78 33 -2.6 ... 18.3 I,N,C
Indus II 354.00, -37.40 214 181 -4.3 ... 17.4 I,N,C
Pegasus III 69.85, -41.81 205 57 -4.1 ... 17.5 I,N,C
Phoenix II 323.69, -59.74 96 33 -3.7 ... 18.1 I,N,C
Pictor I 257.29, -40.64 126 44 -3.7 ... 17.9 I,N,C
Reticulum III 273.88, -45.65 92 64 -3.3 ... 18.2 I,N,C
Sagittarius II 18.94, -22.90 67 34 -5.2 ... 18.4 I,N,C
Tucana III 315.38, -56.18 25 44 -2.4 ... 19.3 I,N
Tucana IV 313.29, -55.29 48 128 -3.5 ... 18.7 I,N,C

Ambiguous Systems
Cetus II 156.47, -78.53 30 17 0.0 ... 19.1 I
Eridanus III 274.95, -59.60 96 12 -2.4 ... 18.1 I
Kim 2 347.16, -42.07 105 12 -1.5 ... 18.1 I
Tucana V 316.31, -51.89 55 16 -1.6 ... 18.6 I

Note. — Milky Way satellite systems consistent with being dSphs. Horizontal lines divide systems that have been kinematically determined

to be DM dominated (top), systems with photometry consistent with being dSphs (middle), and systems with small physical sizes populating

an ambiguous region of the size-luminosity plane between dSphs and globular clusters (bottom). Columns represent (1) name of stellar system

(2) Galactic coordinates (3) heliocentric distance (4) azimuthally averaged half-light radius (5) absolute visual magnitude (6) measured J-factor

derived from stellar kinematics by Geringer-Sameth et al. (2015a); Reticulum II value taken from Simon et al. (2015) (7) predicted J-factor from

Equation 2 (8) composite sample membership (see Section 5): C=conservative, N=nominal, I=inclusive. Targets used in the combined limits from

Ackermann et al. (2015b) are marked with asterisks.

sistent with known dSphs, and (3) systems with small
physical sizes (10 pc < r1/2 < 20 pc) and ambiguous
classifications (see Figure 1). Due to small stellar sam-
ples and/or complicated kinematics, several kinemati-
cally confirmed dSphs lack spectroscopically measured
J-factors.

Several Milky Way satellites are not considered in this
analysis. For instance, the Sagittarius and Canis Ma-
jor dSphs are excluded because: (1) they reside at low
Galactic latitude (b = �14.�2 and b = �8.�0, respec-
tively) where the di↵use Galactic �-ray foreground emis-
sion presents both statistical and systematic challenges,

and (2) they show strong evidence of tidal disruption,
making accurate determination of their DM masses dif-
ficult (Frinchaboy et al. 2012; Martin et al. 2004). In
spite of these obstacles, the proximity (26 kpc and 7 kpc,
respectively) and large velocity dispersions of these two
systems make them promising targets for dedicated in-
dividual study.

Finally, we exclude Segue 2 from our target list. Spec-
troscopic measurements show that Segue 2 has a large
metallicity dispersion characteristic of dSphs, but the
upper bound on its velocity dispersion, �v < 2.2 km s�1,
implies a mass-to-light ratio within the half-light radius,

Albert et al. ’16
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Grus I 338.68, -58.25 120 60 -3.4 ... 17.9 I,N,C
Grus II 351.14, -51.94 53 93 -3.9 ... 18.7 I,N,C
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Pegasus III 69.85, -41.81 205 57 -4.1 ... 17.5 I,N,C
Phoenix II 323.69, -59.74 96 33 -3.7 ... 18.1 I,N,C
Pictor I 257.29, -40.64 126 44 -3.7 ... 17.9 I,N,C
Reticulum III 273.88, -45.65 92 64 -3.3 ... 18.2 I,N,C
Sagittarius II 18.94, -22.90 67 34 -5.2 ... 18.4 I,N,C
Tucana III 315.38, -56.18 25 44 -2.4 ... 19.3 I,N
Tucana IV 313.29, -55.29 48 128 -3.5 ... 18.7 I,N,C

Ambiguous Systems
Cetus II 156.47, -78.53 30 17 0.0 ... 19.1 I
Eridanus III 274.95, -59.60 96 12 -2.4 ... 18.1 I
Kim 2 347.16, -42.07 105 12 -1.5 ... 18.1 I
Tucana V 316.31, -51.89 55 16 -1.6 ... 18.6 I Albert et al. ’16

Good targets for the DM search

But it’s difficult to determine their properties
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TABLE I. Measured properties of ultrafaint dSphs: distance, half-light radius ✓̂h, and line-of-sight velocity dispersion �̂los.
Distances and half-light radii without references are from Tables 1 and 3 of Ref. [14]. Half-light radii are derived from fits to
Plummer profiles unless otherwise indicated. Dwarfs with unresolved velocity dispersions have �̂los ± ��los values derived from
the posterior quantiles given in footnotes (see Sec. III).

Name Distance [kpc] ✓̂h [arcmin] �̂los [km s�1]

Aquarius 2 107.9± 3.3 [16] 3.96+0.71
�0.67 [16] 5.4 +3.4

�0.9 [16]

Bootes I 66 8.34+0.29
�0.29 4.6 +0.8

�0.6 [17]

Bootes II 42 2.73+0.43
�0.41 10.5 ±7.4 [18]

Canes Venatici I 218 5.33+0.21
�0.21 7.6 ±0.4 [19]

Canes Venatici II 160 1.16+0.23
�0.22 4.6 ±1.0 [19]

Carina II 36.2± 0.6 [20] 7.04+0.73
�0.70 [20] 3.4 +1.2

�0.8 [21]

Coma Berenices 44 4.47+0.30
�0.29 4.6 ±0.8 [19]

Draco II 20 ± 3 [22] 2.27+0.95
�0.79 [22]a 2.9 ±2.1 [23]

Eridanus II 380 1.42+0.15
�0.15 6.9 +1.2

�0.9 [24]

Grus I 120 0.53+0.56
�0.49 �4.65±6.28 [25]b

Hercules 132 3.13+0.30
�0.29 3.7 ±0.9 [26]

Horologium I 79 1.34+0.30
�0.28 4.9 +2.8

�0.9 [27]

Hyrdus 1 27.6± 0.5 [28] 6.64+0.46
�0.43 [28]a 2.7 +0.5

�0.4 [28]

Leo IV 154 2.30+0.28
�0.27 3.3 ±1.7 [19]

Leo T 417 1.10+0.13
�0.13 7.5 ±1.6 [19]

Leo V 178 0.72+0.30
�0.27 3.7 +2.3

�1.4 [29]

Pegasus III 215 0.66+0.24
�0.21 [30] 5.4 +3.0

�2.5 [30]

Pisces II 182 0.90+0.15
�0.14 5.4 +3.6

�2.4 [31]

Reticulum II 30 3.58+0.15
�0.15 3.6 +1.0

�0.7 [32]

Segue 1 23 2.95+0.42
�0.40 3.9 ±0.8 [33]

Segue 2 35 3.31+0.29
�0.29 0.53±1.11 [13]c

Triangulum II 30 1.43+0.44
�0.41 �3.64±3.13 [34]d

Tucana II 57 9.83+1.66
�1.11 [35]a 8.6 +4.4

�2.7 [25]

Tucana III 25 ± 2 [36] 6.00+0.80
�0.60 [36] �0.62±0.93 [37]e

Ursa Major I 97 5.32+0.30
�0.29 7.6 ±1.0 [19]

Ursa Major II 32 9.15+0.46
�0.45 6.7 ±1.4 [19]

a
Half-light radius derived from fit to exponential profile

b
Based on the 16th and 50th percentiles of the �̂los posterior

c
Based on the 1� and 2� upper limits from the �̂los posterior

d
Based on the 90% and 95% upper limits from the �̂los posterior

e
Based on the 90% and 95.5% upper limits from the �̂los posterior

TABLE II. The same as Table I but for classical dSphs.

Name Distance [kpc] ✓̂h [arcmin] �̂los [km s�1]

Carina 105 8.08+0.10
�0.10 6.6± 1.2 [38]

Draco 76 8.15+0.10
�0.09 9.1± 1.2 [39, 40]

Fornax 147 16.51+0.13
�0.13 11.7± 0.9 [38]

Leo I 254 3.05+0.03
�0.03 9.2± 0.4 [41]

Leo II 233 2.43+0.03
�0.03 7.4± 0.4 [42]

Sagittarius 26 205.10+9.25
�9.12 [15]a 11.4± 0.7 [43]

Sculptor 86 9.14+0.08
�0.08 9.2± 1.1 [38]

Sextans 86 13.80+0.13
�0.13 7.9± 1.3 [38]

Ursa Minor 76 12.28+0.15
�0.16 9.5± 1.2 [39]

a
Half-light radius derived from fit to King profile
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: truncation radius
cf.
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TABLE I. Measured properties of ultrafaint dSphs: distance, half-light radius ✓̂h, and line-of-sight velocity dispersion �̂los.
Distances and half-light radii without references are from Tables 1 and 3 of Ref. [14]. Half-light radii are derived from fits to
Plummer profiles unless otherwise indicated. Dwarfs with unresolved velocity dispersions have �̂los ± ��los values derived from
the posterior quantiles given in footnotes (see Sec. III).

Name Distance [kpc] ✓̂h [arcmin] �̂los [km s�1]

Aquarius 2 107.9± 3.3 [16] 3.96+0.71
�0.67 [16] 5.4 +3.4

�0.9 [16]

Bootes I 66 8.34+0.29
�0.29 4.6 +0.8

�0.6 [17]

Bootes II 42 2.73+0.43
�0.41 10.5 ±7.4 [18]

Canes Venatici I 218 5.33+0.21
�0.21 7.6 ±0.4 [19]

Canes Venatici II 160 1.16+0.23
�0.22 4.6 ±1.0 [19]

Carina II 36.2± 0.6 [20] 7.04+0.73
�0.70 [20] 3.4 +1.2

�0.8 [21]

Coma Berenices 44 4.47+0.30
�0.29 4.6 ±0.8 [19]

Draco II 20 ± 3 [22] 2.27+0.95
�0.79 [22]a 2.9 ±2.1 [23]

Eridanus II 380 1.42+0.15
�0.15 6.9 +1.2

�0.9 [24]

Grus I 120 0.53+0.56
�0.49 �4.65±6.28 [25]b

Hercules 132 3.13+0.30
�0.29 3.7 ±0.9 [26]

Horologium I 79 1.34+0.30
�0.28 4.9 +2.8

�0.9 [27]

Hyrdus 1 27.6± 0.5 [28] 6.64+0.46
�0.43 [28]a 2.7 +0.5

�0.4 [28]

Leo IV 154 2.30+0.28
�0.27 3.3 ±1.7 [19]

Leo T 417 1.10+0.13
�0.13 7.5 ±1.6 [19]

Leo V 178 0.72+0.30
�0.27 3.7 +2.3

�1.4 [29]

Pegasus III 215 0.66+0.24
�0.21 [30] 5.4 +3.0

�2.5 [30]

Pisces II 182 0.90+0.15
�0.14 5.4 +3.6

�2.4 [31]

Reticulum II 30 3.58+0.15
�0.15 3.6 +1.0

�0.7 [32]

Segue 1 23 2.95+0.42
�0.40 3.9 ±0.8 [33]

Segue 2 35 3.31+0.29
�0.29 0.53±1.11 [13]c

Triangulum II 30 1.43+0.44
�0.41 �3.64±3.13 [34]d

Tucana II 57 9.83+1.66
�1.11 [35]a 8.6 +4.4

�2.7 [25]

Tucana III 25 ± 2 [36] 6.00+0.80
�0.60 [36] �0.62±0.93 [37]e

Ursa Major I 97 5.32+0.30
�0.29 7.6 ±1.0 [19]

Ursa Major II 32 9.15+0.46
�0.45 6.7 ±1.4 [19]

a
Half-light radius derived from fit to exponential profile

b
Based on the 16th and 50th percentiles of the �̂los posterior

c
Based on the 1� and 2� upper limits from the �̂los posterior

d
Based on the 90% and 95% upper limits from the �̂los posterior

e
Based on the 90% and 95.5% upper limits from the �̂los posterior

TABLE II. The same as Table I but for classical dSphs.

Name Distance [kpc] ✓̂h [arcmin] �̂los [km s�1]

Carina 105 8.08+0.10
�0.10 6.6± 1.2 [38]

Draco 76 8.15+0.10
�0.09 9.1± 1.2 [39, 40]

Fornax 147 16.51+0.13
�0.13 11.7± 0.9 [38]

Leo I 254 3.05+0.03
�0.03 9.2± 0.4 [41]

Leo II 233 2.43+0.03
�0.03 7.4± 0.4 [42]

Sagittarius 26 205.10+9.25
�9.12 [15]a 11.4± 0.7 [43]

Sculptor 86 9.14+0.08
�0.08 9.2± 1.1 [38]

Sextans 86 13.80+0.13
�0.13 7.9± 1.3 [38]

Ursa Minor 76 12.28+0.15
�0.16 9.5± 1.2 [39]

a
Half-light radius derived from fit to King profile
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: distance
: projected angular half-light radius
: l.o.s velocity dispersion

How do we use the observed quantities?

Ando et al. ’20

⇢s

<latexit sha1_base64="CG5aKMZgfDsTjSMTc96G6gJv3ro=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq6dHqm/65YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSeui6teql/e1Sv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8Aa4ajzU=</latexit>

: energy density
rs

<latexit sha1_base64="josIis3YXIIrG+4hOxDZHedQVRo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPq6X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP2ksjeQ=</latexit>

: radius
rt

<latexit sha1_base64="awtF3N4ZGLHaqRjyxDnJL82Ries=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB93HfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NTp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOmUbAje8surpHVR9WrVy/tapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPH2qwjeU=</latexit>

: truncation radius
cf.
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TABLE I. Measured properties of ultrafaint dSphs: distance, half-light radius ✓̂h, and line-of-sight velocity dispersion �̂los.
Distances and half-light radii without references are from Tables 1 and 3 of Ref. [14]. Half-light radii are derived from fits to
Plummer profiles unless otherwise indicated. Dwarfs with unresolved velocity dispersions have �̂los ± ��los values derived from
the posterior quantiles given in footnotes (see Sec. III).

Name Distance [kpc] ✓̂h [arcmin] �̂los [km s�1]

Aquarius 2 107.9± 3.3 [16] 3.96+0.71
�0.67 [16] 5.4 +3.4

�0.9 [16]

Bootes I 66 8.34+0.29
�0.29 4.6 +0.8

�0.6 [17]

Bootes II 42 2.73+0.43
�0.41 10.5 ±7.4 [18]

Canes Venatici I 218 5.33+0.21
�0.21 7.6 ±0.4 [19]

Canes Venatici II 160 1.16+0.23
�0.22 4.6 ±1.0 [19]

Carina II 36.2± 0.6 [20] 7.04+0.73
�0.70 [20] 3.4 +1.2

�0.8 [21]

Coma Berenices 44 4.47+0.30
�0.29 4.6 ±0.8 [19]

Draco II 20 ± 3 [22] 2.27+0.95
�0.79 [22]a 2.9 ±2.1 [23]

Eridanus II 380 1.42+0.15
�0.15 6.9 +1.2

�0.9 [24]

Grus I 120 0.53+0.56
�0.49 �4.65±6.28 [25]b

Hercules 132 3.13+0.30
�0.29 3.7 ±0.9 [26]

Horologium I 79 1.34+0.30
�0.28 4.9 +2.8

�0.9 [27]

Hyrdus 1 27.6± 0.5 [28] 6.64+0.46
�0.43 [28]a 2.7 +0.5

�0.4 [28]

Leo IV 154 2.30+0.28
�0.27 3.3 ±1.7 [19]

Leo T 417 1.10+0.13
�0.13 7.5 ±1.6 [19]

Leo V 178 0.72+0.30
�0.27 3.7 +2.3

�1.4 [29]

Pegasus III 215 0.66+0.24
�0.21 [30] 5.4 +3.0

�2.5 [30]

Pisces II 182 0.90+0.15
�0.14 5.4 +3.6

�2.4 [31]

Reticulum II 30 3.58+0.15
�0.15 3.6 +1.0

�0.7 [32]

Segue 1 23 2.95+0.42
�0.40 3.9 ±0.8 [33]

Segue 2 35 3.31+0.29
�0.29 0.53±1.11 [13]c

Triangulum II 30 1.43+0.44
�0.41 �3.64±3.13 [34]d

Tucana II 57 9.83+1.66
�1.11 [35]a 8.6 +4.4

�2.7 [25]

Tucana III 25 ± 2 [36] 6.00+0.80
�0.60 [36] �0.62±0.93 [37]e

Ursa Major I 97 5.32+0.30
�0.29 7.6 ±1.0 [19]

Ursa Major II 32 9.15+0.46
�0.45 6.7 ±1.4 [19]

a
Half-light radius derived from fit to exponential profile

b
Based on the 16th and 50th percentiles of the �̂los posterior

c
Based on the 1� and 2� upper limits from the �̂los posterior

d
Based on the 90% and 95% upper limits from the �̂los posterior

e
Based on the 90% and 95.5% upper limits from the �̂los posterior

TABLE II. The same as Table I but for classical dSphs.

Name Distance [kpc] ✓̂h [arcmin] �̂los [km s�1]

Carina 105 8.08+0.10
�0.10 6.6± 1.2 [38]

Draco 76 8.15+0.10
�0.09 9.1± 1.2 [39, 40]

Fornax 147 16.51+0.13
�0.13 11.7± 0.9 [38]

Leo I 254 3.05+0.03
�0.03 9.2± 0.4 [41]

Leo II 233 2.43+0.03
�0.03 7.4± 0.4 [42]

Sagittarius 26 205.10+9.25
�9.12 [15]a 11.4± 0.7 [43]

Sculptor 86 9.14+0.08
�0.08 9.2± 1.1 [38]

Sextans 86 13.80+0.13
�0.13 7.9± 1.3 [38]

Ursa Minor 76 12.28+0.15
�0.16 9.5± 1.2 [39]

a
Half-light radius derived from fit to King profile

We’re going to take a theoretical approach

Ando et al. ’20

✓h

<latexit sha1_base64="ebImEup7c+qDQk9WwHvWmBENmoY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2k2bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTHJo8kYnuBMyAFAqaKFBCJ9XA4kBCOxjdzvz2E2gjEvWA4xT8mA2VCAVnaKVODyNA1o/65Ypbdeegq8TLSYXkaPTLX71BwrMYFHLJjOl6bor+hGkUXMK01MsMpIyP2BC6lioWg/En83un9MwqAxom2pZCOld/T0xYbMw4DmxnzDAyy95M/M/rZhhe+xOh0gxB8cWiMJMUEzp7ng6EBo5ybAnjWthbKY+YZhxtRCUbgrf88ippXVS9WvXyvlap3+RxFMkJOSXnxCNXpE7uSIM0CSeSPJNX8uY8Oi/Ou/OxaC04+cwx+QPn8wcjapAL</latexit>

�los

<latexit sha1_base64="2jkSpmwZ9uQRyalqFRZdi2Tq7EM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoseiF48V7Ac0IWy223bp7ibsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMEdoiCU9UN8aaciZpyzDDaTdVFIuY0048vp/7nQlVmiXyyUxTGgo8lGzACDZWilw30GwocJQHSiCe6FnkVr2atwBaJ35BqlCgGblfQT8hmaDSEI617vleasIcK8MIp7NKkGmaYjLGQ9qzVGJBdZgvLp+hC6v00SBRtqRBC/X3RI6F1lMR206BzUivenPxP6+XmcFtmDOZZoZKslw0yDgyCZrHgPpMUWL41BJMFLO3IjLCChNjw6rYEPzVl9dJ+6rm12vXj/Vq466IowxncA6X4MMNNOABmtACAhN4hld4c3LnxXl3PpatJaeYOYU/cD5/AMLAk8A=</latexit>

D

<latexit sha1_base64="hCmBNHNvFxQxjZO7jIeHUAi9pJo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BPXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvUr5sl4pVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5oBjNA=</latexit>

: distance
: projected angular half-light radius
: l.o.s velocity dispersion
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: radius
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: truncation radius
cf.

See Alvarez et al. ’20
for data driven-approach

How do we use the observed quantities?
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Studied in semi-analytical modeling/N-body simulation 
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Subhalo mass distribution is given in a wide range of the mass

A. Mass function of subhalos

As discussed in Sec. III A, the subhalo mass at z0 after
tidal stripping,m0;i, is calculated by integrating Eq. (1) over
cosmic time from that corresponding to z ¼ zacc;i to z ¼ z0.
The parameters A and ζ are taken from Eqs. (23) and (24),
respectively. For each i, we obtain the subhalo concen-
trations at accretion following the log-normal distribution
Pðcvir;accjmacc;i; zacc;iÞ as discussed in Sec. II and calculate
the scale radius rs;i and characteristic density ρs;i at redshift
zacc;i, as functions of cvir;acc. Those quantities after tidal
stripping are then obtained from those before the stripping
combined with the stripped mass m0;i, as in Sec. II. If the
truncation radius, rt;i, is found smaller than 0.77rs;i at
z ¼ z0 after the tidal stripping, we exclude the subhalo from
calculation of the mass function as it is regarded as
completely disrupted.
The subhalo mass function is then constructed as the

distribution of m0;i properly weighted by wi with the
condition of tidal disruption as follows:

dNsh

dm
¼

X

i

wiδðm −m0;iÞ

×
Z

dcvir;accPðcvir;accjmacc;i; zacc;iÞ

× Θ½rt;iðz0jcvir;accÞ − 0.77rs;iðz0jcvir;accÞ%; ð28Þ

where δðxÞ and ΘðxÞ are the Dirac delta function and
Heaviside step function, respectively.
The subhalo mass function has been studied most

commonly through N-body simulations in the literature.
We show m2dNsh=dm obtained by the numerical simu-
lations and by our analytical model [Eq. (28)] in Fig. 2. In
the top panel of Fig. 2, we compare the subhalo mass
function for host massesMhost ¼ 1.8 × 1012 M⊙ and 5.9 ×
1014 M⊙ at z ¼ 0 with the functions fitting to the results of
Refs. [20,45], respectively. In both cases, the simulations
and analytical models show reasonable agreement, while
our model predicts fewer subhalos. We also show the
results of ν2GC-S, ν2GC-H2, and Phi-1 simulations, all of
which show better agreement with our analytical results. In
the middle panel of Fig. 2, we compare the mass function
at z ¼ 2 and z ¼ 4 with the results of Ref. [46] as well as
ν2GC-H2, for the host that has the mass of Mhost ¼
1013 M⊙ at z ¼ 0. This again shows very good agreement
between the two approaches, where the subhalos are
resolved in the numerical simulations. Our model can also
be applied to cases of even smaller hosts. In the bottom
panel of Fig. 2, we compare the subhalo mass function for
Mhost ¼ 106 M⊙ and 107 M⊙ at z ¼ 5 with the results of
the Phi-2 simulations. Down to the resolution limit of the
simulations that are around 500–1000 M⊙, both the cal-
culations agree well. Hence, the subhalo mass functions
from our analytical model are well calibrated to the results

FIG. 2. Mass function of subhalos and comparison with the
results of numerical simulations. Top: Comparison at z ¼ 0. Thick
(blue) lines correspond to the case ofMhost ¼ 1.8 × 1012 M⊙while
thin (red) lines correspond to 5.9 × 1014 M⊙. Solid lines show the
mass function obtained in our analytical modelings and dashed
lines show those obtained by the N-body simulations in Table I.
Fitting functions in Ref. [20] for Mhost ¼ 1.8 × 1012 M⊙ and in
Ref. [45] for 5.9 × 1014 M⊙ are also shown for comparison.
Middle: Cases of Mhost ¼ 2.3 × 1012 M⊙ at z ¼ 2 (solid, blue
line) and Mhost ¼ 4.7 × 1011 M⊙ at z ¼ 4 (thin, red line) in
comparison again with the simulations in Table I and Ref. [46].
Bottom: Comparison at z ¼ 5 for the cases of Mhost ¼ 106 M⊙
(solid, blue lines) and 107 M⊙ (thin, red lines) with the Phi-2
simulations. Note that some of the lines corresponding to our
N-body simulations extend toward large masses, because halos of
various masses around a given geometric mean have been stacked
in order to derive the mass functions.
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z ¼ z0 after the tidal stripping, we exclude the subhalo from
calculation of the mass function as it is regarded as
completely disrupted.
The subhalo mass function is then constructed as the

distribution of m0;i properly weighted by wi with the
condition of tidal disruption as follows:

dNsh

dm
¼

X

i

wiδðm −m0;iÞ

×
Z

dcvir;accPðcvir;accjmacc;i; zacc;iÞ

× Θ½rt;iðz0jcvir;accÞ − 0.77rs;iðz0jcvir;accÞ%; ð28Þ

where δðxÞ and ΘðxÞ are the Dirac delta function and
Heaviside step function, respectively.
The subhalo mass function has been studied most

commonly through N-body simulations in the literature.
We show m2dNsh=dm obtained by the numerical simu-
lations and by our analytical model [Eq. (28)] in Fig. 2. In
the top panel of Fig. 2, we compare the subhalo mass
function for host massesMhost ¼ 1.8 × 1012 M⊙ and 5.9 ×
1014 M⊙ at z ¼ 0 with the functions fitting to the results of
Refs. [20,45], respectively. In both cases, the simulations
and analytical models show reasonable agreement, while
our model predicts fewer subhalos. We also show the
results of ν2GC-S, ν2GC-H2, and Phi-1 simulations, all of
which show better agreement with our analytical results. In
the middle panel of Fig. 2, we compare the mass function
at z ¼ 2 and z ¼ 4 with the results of Ref. [46] as well as
ν2GC-H2, for the host that has the mass of Mhost ¼
1013 M⊙ at z ¼ 0. This again shows very good agreement
between the two approaches, where the subhalos are
resolved in the numerical simulations. Our model can also
be applied to cases of even smaller hosts. In the bottom
panel of Fig. 2, we compare the subhalo mass function for
Mhost ¼ 106 M⊙ and 107 M⊙ at z ¼ 5 with the results of
the Phi-2 simulations. Down to the resolution limit of the
simulations that are around 500–1000 M⊙, both the cal-
culations agree well. Hence, the subhalo mass functions
from our analytical model are well calibrated to the results

FIG. 2. Mass function of subhalos and comparison with the
results of numerical simulations. Top: Comparison at z ¼ 0. Thick
(blue) lines correspond to the case ofMhost ¼ 1.8 × 1012 M⊙while
thin (red) lines correspond to 5.9 × 1014 M⊙. Solid lines show the
mass function obtained in our analytical modelings and dashed
lines show those obtained by the N-body simulations in Table I.
Fitting functions in Ref. [20] for Mhost ¼ 1.8 × 1012 M⊙ and in
Ref. [45] for 5.9 × 1014 M⊙ are also shown for comparison.
Middle: Cases of Mhost ¼ 2.3 × 1012 M⊙ at z ¼ 2 (solid, blue
line) and Mhost ¼ 4.7 × 1011 M⊙ at z ¼ 4 (thin, red line) in
comparison again with the simulations in Table I and Ref. [46].
Bottom: Comparison at z ¼ 5 for the cases of Mhost ¼ 106 M⊙
(solid, blue lines) and 107 M⊙ (thin, red lines) with the Phi-2
simulations. Note that some of the lines corresponding to our
N-body simulations extend toward large masses, because halos of
various masses around a given geometric mean have been stacked
in order to derive the mass functions.
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FIG. 1. Prior and posterior distributions in (rs, ⇢s) parameter
space for Ursa Major II. The red color map represents the
satellite number density with V50 = 10.5 km s�1 [cf. Eq. (2)]:
d2Nsat/(d ln rsd ln ⇢s). The open white, open black, and filled
blue contours show 68% and 95% confidence/credible regions
of priors, likelihood, and posteriors, respectively. The gray
shaded region is the GS15 cut, excluded in previous work [10].
The green dashed curves correspond to constant values of
log[J(0.5�)/(GeV2 cm�5)], indicated alongside.

therefore, should use an informative prior distribution
based on our best understanding of how dwarf galaxies
form in subhalos. Such a prior is di�cult to generate
from N -body simulations, because of the limited statis-
tics of relatively large subhalos that can host dSphs. In
this Letter, we construct realistic satellite priors for the
relevant parameters of the ultrafaint dSphs’ dark mat-
ter distributions by using semi-analytic models based on
the extended Press-Schechter (EPS) formalism combined
with tidal e↵ects on subhalo evolution, as developed in
Refs. [18–20] (see also [21, 22]). We apply these novel
satellite priors to obtain more realistic estimates of the
gamma-ray flux from WIMP annihilation in dSphs. This
results in a significant reduction of the predicted gamma-
ray flux from ultrafaint dSphs compared with previous
studies [9–15, 23–38].

Astrophysical J factor.—The gamma-ray flux from
dark matter self-annihilation from each dSph is propor-
tional to the so-called astrophysical J factor, defined as

J(↵int) = 2⇡

Z ↵int

0
d sin 

Z
dl⇢2(r[l, ]), (1)

where  is the angle relative to the direction toward
the center of the dSph, ↵int is the radius of the inte-
gration aperture, ⇢(r) is the dark matter density, r2 =
l2 +D2 sin2  , l is line of sight distance from Earth, and
D is the distance to the dSph. It is commonly assumed
that the density profile ⇢(r) is given by a spherically
symmetric function, such as the Navarro-Frenk-White

(NFW) profile [8], ⇢(r) = ⇢sr3s/[r(r + rs)], out to a tidal
truncation radius rt (but see also Refs. [12, 28] for axi-
symmetric profiles).
Subhalo models.—In order to determine physically mo-

tivated priors, we adopt the semi-analytic models of sub-
halos developed in Refs. [19, 20]. We focus on a host
halo with mass M = 1012M� at redshift z = 0. The
di↵erential number of smaller halos with mass ma that
accreted onto the host at redshift za (and henceforth be-
come subhalos), d2Nsh/(dmadza), is described with the
EPS formalism [39], calibrated against numerical simula-
tions [40]. After accretion, we model the evolution of the
density profiles of the subhalos, which are well approx-
imated by truncated NFW profiles [41], by taking tidal
e↵ects into account [42, 43]. This procedure predicts the
distribution of subhalo variables at z = 0. The rele-
vant variables for the J factor are rs, ⇢s, and rt, whose
joint probability density is proportional to the abundance
of subhalos: Psh(rs, ⇢s, rt) / d3Nsh/(drsd⇢sdrt). In the
Supplemental Material (SM), we show that the ensuing
distribution of rs and ⇢s is in excellent agreement with
the results from numerical simulations, as is the associ-
ated subhalo mass function [19].
Subhalo-satellite connection.—In order to connect the

subhalo population to that of the dSphs that form within
them, we adopt the simple prescription given in Ref. [44].
The probability that a satellite galaxy forms in a host
subhalo is given by

Pform(Vpeak) =
1

2


1 + erf

✓
Vpeak � V50p

2�

◆�
, (2)

where Vpeak is the peak value of the maximum circular
velocity of the satellite, V50 is where Pform is 1/2, and we
adopt � = 2.5 km s�1, following Ref. [44]. (See Ref. [45]
for di↵erent criteria related to reionization.)
In our model, Vpeak is obtained at the time

the subhalo accretes onto its host, i.e., Vpeak =
(4⇡G⇢s,a/4.625)1/2 rs,a, where ⇢s,a and rs,a are deter-
mined at accretion (see SM). According to the conven-
tional theory of galaxy formation, we adopt a value of
V50 that allows atomic cooling to form galaxies in sub-
halos: V50 = 18 km s�1. However, Ref. [44] found that
V50 = 18 km s�1 underpredicts the number of dSphs
and their radial distribution compared with the observa-
tions, and suggested smaller values. Thus, we also adopt
V50 = 10.5 km s�1 [44].
Satellite prior.—From the above distribution for sub-

halos we derive a distribution for satellite galaxies, which
we then adopt as a prior in the analysis of kinematic
data from each observed galaxy. When analyzing kine-
matic data, the dark matter profile of each satellite is
described by parameters (rs, ⇢s, rt). Our model results
in a prior PDF:

Psat(rs, ⇢s, rt) / d3Nsat

drsd⇢sdrt
=

d3Nsh

drsd⇢sdrt
Pform(Vpeak).

(3)
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FIG. 1. Prior and posterior distributions in (rs, ⇢s) parameter
space for Ursa Major II. The red color map represents the
satellite number density with V50 = 10.5 km s�1 [cf. Eq. (2)]:
d2Nsat/(d ln rsd ln ⇢s). The open white, open black, and filled
blue contours show 68% and 95% confidence/credible regions
of priors, likelihood, and posteriors, respectively. The gray
shaded region is the GS15 cut, excluded in previous work [10].
The green dashed curves correspond to constant values of
log[J(0.5�)/(GeV2 cm�5)], indicated alongside.
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symmetric profiles).
Subhalo models.—In order to determine physically mo-

tivated priors, we adopt the semi-analytic models of sub-
halos developed in Refs. [19, 20]. We focus on a host
halo with mass M = 1012M� at redshift z = 0. The
di↵erential number of smaller halos with mass ma that
accreted onto the host at redshift za (and henceforth be-
come subhalos), d2Nsh/(dmadza), is described with the
EPS formalism [39], calibrated against numerical simula-
tions [40]. After accretion, we model the evolution of the
density profiles of the subhalos, which are well approx-
imated by truncated NFW profiles [41], by taking tidal
e↵ects into account [42, 43]. This procedure predicts the
distribution of subhalo variables at z = 0. The rele-
vant variables for the J factor are rs, ⇢s, and rt, whose
joint probability density is proportional to the abundance
of subhalos: Psh(rs, ⇢s, rt) / d3Nsh/(drsd⇢sdrt). In the
Supplemental Material (SM), we show that the ensuing
distribution of rs and ⇢s is in excellent agreement with
the results from numerical simulations, as is the associ-
ated subhalo mass function [19].
Subhalo-satellite connection.—In order to connect the
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them, we adopt the simple prescription given in Ref. [44].
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subhalo is given by
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where Vpeak is the peak value of the maximum circular
velocity of the satellite, V50 is where Pform is 1/2, and we
adopt � = 2.5 km s�1, following Ref. [44]. (See Ref. [45]
for di↵erent criteria related to reionization.)
In our model, Vpeak is obtained at the time

the subhalo accretes onto its host, i.e., Vpeak =
(4⇡G⇢s,a/4.625)1/2 rs,a, where ⇢s,a and rs,a are deter-
mined at accretion (see SM). According to the conven-
tional theory of galaxy formation, we adopt a value of
V50 that allows atomic cooling to form galaxies in sub-
halos: V50 = 18 km s�1. However, Ref. [44] found that
V50 = 18 km s�1 underpredicts the number of dSphs
and their radial distribution compared with the observa-
tions, and suggested smaller values. Thus, we also adopt
V50 = 10.5 km s�1 [44].
Satellite prior.—From the above distribution for sub-

halos we derive a distribution for satellite galaxies, which
we then adopt as a prior in the analysis of kinematic
data from each observed galaxy. When analyzing kine-
matic data, the dark matter profile of each satellite is
described by parameters (rs, ⇢s, rt). Our model results
in a prior PDF:
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We can apply it to the detection of Wino DM

Satellite (dSph) parameters are determined more accurately
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DM modelJ-factor
(depending on dSphs)
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Gamma-ray from Wino annihilation
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Wino mass

Annihilation cross section 
and gamma-ray spectrum
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Sommerfeld enhancement



e.g., attractive Yukawa potential (light scalar mediator)

Numerical

Approximation

-4 -3 -2 -1 0

1

2

3

4

5

6

7

8

Log10[��]

Lo
g 1

0[S
]

m�

<latexit sha1_base64="eK+Ub3NhfrMBAs0SJnlFzhrX4WA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1RL+XjFi/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia1KqX97VK/SaPowgncArnEMAV1OEOGtAEAo/wDK/w5invxXv3PhatBS+fOYY/8D5/AJjSjyc=</latexit>

: mediator mass

Large enhancement in the cross section

A: +

|
*

, ,

&'M
}RPk

Sommerfeld effect

✏� =
m�

↵ymdm

<latexit sha1_base64="P4ze8XIltkOyxVmsui3z5oEfqHo=">AAACGnicbZBNS8MwGMfT+Tbr29Sjl+AQPI1WFL0IAy8eJ7gXWEtJ03QLS9qQpEIp/Rxe/CpePCjiTbz4bcy6HXTzD4Ff/s/zkDz/UDCqtON8W7WV1bX1jfqmvbW9s7vX2D/oqTSTmHRxylI5CJEijCakq6lmZCAkQTxkpB9Obqb1/gORiqbJvc4F8TkaJTSmGGljBQ3XI0JRZtATY2pfe7FEuODVrSw8xMQYBTnkQeFJDiNelkGj6bScSnAZ3Dk0wVydoPHpRSnOOEk0ZkipoesI7RdIaooZKW0vU0QgPEEjMjSYIE6UX1SrlfDEOBGMU2lOomHl/p4oEFcq56Hp5EiP1WJtav5XG2Y6vvILmohMkwTPHoozBnUKpznBiEqCNcsNICyp+SvEY2TC0SZN24TgLq68DL2zlnveurg7b7bb8zjq4Agcg1PggkvQBregA7oAg0fwDF7Bm/VkvVjv1sestWbNZw7BH1lfP4nVoc8=</latexit>



Sommerfeld enhanced Wino annihilation cross section

Hisano et al. ’05

0.1 1 10
m (TeV)

γAnnihilation cross section to 2

Doublet

Triplet

δ

δ

m
 = 0.1 (G

eV
)

m = 0.1 (GeV)

δ

δ

m
 = 1 (G

eV
)

m = 1 (GeV)

( v/c = 10    )-3

10-28

10-26

10-24

10-22

( c
m

   
se

c 
  )

3
-1

0.1 1 10
m (TeV)

Annihilation cross section to

Triplet
Doublet

δ

δ

m = 0.1 (GeV)

m
 = 0.1 (G

eV
)

δ

δ

m
 = 1 (G

eV
)

m = 1 (GeV)

W  W+ -

-3

10-28

10
-26

10-24

10
-22 ( v/c = 10    )

( c
m

   
se

c 
  )-1

3

Figure 5: Annihilation cross sections (σv) to γγ and W+W− when δm = 0.1, 1 GeV for

both the triplet and the doublet EWIMPs. Here, v/c = 10−3. The leading-order cross

sections in perturbation are also shown for δm = 0 (broken lines).

2χ̃0 and χ̃+χ̃− have attractive and repulsive states, whose potential energies are

λ± = (V11 ±
√

V2
11 + 4V2

12)/2 with Vij (i, j = 1, 2) elements in V. The attractive

state is cos θ φN − sin θ φC with tan2 θ = −λ−/λ+.

By virtue of the approximation, the pair annihilation cross sections for the triplet

EWIMP are obtained analytically,

(σv)W+W− =
πα2

2

9m2

(

|d21|2 +
√
2#(d21d∗22) + 2|d22|2

)

, (σv)γγ =
2πα2

9m2
|d21|2 ,

d21 =







√
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(56)

where pc and vc are defined by pc =
√

2α2m/mW and vc =
√

32α2mW/9m, respec-

tively.

If the kinetic energy of the EWIMP pair is much larger than the potential energy

(v $ vc) or the electroweak potential is point-like (pc % 1), the cross sections
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Enhancement at a certain mass
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3. Numerical results



dSph: Ursa Major II
Ando, KI  ’21
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Expected 95% upper limit

CTA sensitivity

Band correspond to 68% (95%) range for the limit, 
which comes from the estimation of J-factor

2

FIG. 1. Prior and posterior distributions in (rs, ⇢s) parameter
space for Ursa Major II. The red color map represents the
satellite number density with V50 = 10.5 km s�1 [cf. Eq. (2)]:
d2Nsat/(d ln rsd ln ⇢s). The open white, open black, and filled
blue contours show 68% and 95% confidence/credible regions
of priors, likelihood, and posteriors, respectively. The gray
shaded region is the GS15 cut, excluded in previous work [10].
The green dashed curves correspond to constant values of
log[J(0.5�)/(GeV2 cm�5)], indicated alongside.

therefore, should use an informative prior distribution
based on our best understanding of how dwarf galaxies
form in subhalos. Such a prior is di�cult to generate
from N -body simulations, because of the limited statis-
tics of relatively large subhalos that can host dSphs. In
this Letter, we construct realistic satellite priors for the
relevant parameters of the ultrafaint dSphs’ dark mat-
ter distributions by using semi-analytic models based on
the extended Press-Schechter (EPS) formalism combined
with tidal e↵ects on subhalo evolution, as developed in
Refs. [18–20] (see also [21, 22]). We apply these novel
satellite priors to obtain more realistic estimates of the
gamma-ray flux from WIMP annihilation in dSphs. This
results in a significant reduction of the predicted gamma-
ray flux from ultrafaint dSphs compared with previous
studies [9–15, 23–38].

Astrophysical J factor.—The gamma-ray flux from
dark matter self-annihilation from each dSph is propor-
tional to the so-called astrophysical J factor, defined as

J(↵int) = 2⇡

Z ↵int

0
d sin 

Z
dl⇢2(r[l, ]), (1)

where  is the angle relative to the direction toward
the center of the dSph, ↵int is the radius of the inte-
gration aperture, ⇢(r) is the dark matter density, r2 =
l2 +D2 sin2  , l is line of sight distance from Earth, and
D is the distance to the dSph. It is commonly assumed
that the density profile ⇢(r) is given by a spherically
symmetric function, such as the Navarro-Frenk-White

(NFW) profile [8], ⇢(r) = ⇢sr3s/[r(r + rs)], out to a tidal
truncation radius rt (but see also Refs. [12, 28] for axi-
symmetric profiles).
Subhalo models.—In order to determine physically mo-

tivated priors, we adopt the semi-analytic models of sub-
halos developed in Refs. [19, 20]. We focus on a host
halo with mass M = 1012M� at redshift z = 0. The
di↵erential number of smaller halos with mass ma that
accreted onto the host at redshift za (and henceforth be-
come subhalos), d2Nsh/(dmadza), is described with the
EPS formalism [39], calibrated against numerical simula-
tions [40]. After accretion, we model the evolution of the
density profiles of the subhalos, which are well approx-
imated by truncated NFW profiles [41], by taking tidal
e↵ects into account [42, 43]. This procedure predicts the
distribution of subhalo variables at z = 0. The rele-
vant variables for the J factor are rs, ⇢s, and rt, whose
joint probability density is proportional to the abundance
of subhalos: Psh(rs, ⇢s, rt) / d3Nsh/(drsd⇢sdrt). In the
Supplemental Material (SM), we show that the ensuing
distribution of rs and ⇢s is in excellent agreement with
the results from numerical simulations, as is the associ-
ated subhalo mass function [19].
Subhalo-satellite connection.—In order to connect the

subhalo population to that of the dSphs that form within
them, we adopt the simple prescription given in Ref. [44].
The probability that a satellite galaxy forms in a host
subhalo is given by

Pform(Vpeak) =
1

2


1 + erf

✓
Vpeak � V50p

2�

◆�
, (2)

where Vpeak is the peak value of the maximum circular
velocity of the satellite, V50 is where Pform is 1/2, and we
adopt � = 2.5 km s�1, following Ref. [44]. (See Ref. [45]
for di↵erent criteria related to reionization.)
In our model, Vpeak is obtained at the time

the subhalo accretes onto its host, i.e., Vpeak =
(4⇡G⇢s,a/4.625)1/2 rs,a, where ⇢s,a and rs,a are deter-
mined at accretion (see SM). According to the conven-
tional theory of galaxy formation, we adopt a value of
V50 that allows atomic cooling to form galaxies in sub-
halos: V50 = 18 km s�1. However, Ref. [44] found that
V50 = 18 km s�1 underpredicts the number of dSphs
and their radial distribution compared with the observa-
tions, and suggested smaller values. Thus, we also adopt
V50 = 10.5 km s�1 [44].
Satellite prior.—From the above distribution for sub-

halos we derive a distribution for satellite galaxies, which
we then adopt as a prior in the analysis of kinematic
data from each observed galaxy. When analyzing kine-
matic data, the dark matter profile of each satellite is
described by parameters (rs, ⇢s, rt). Our model results
in a prior PDF:

Psat(rs, ⇢s, rt) / d3Nsat

drsd⇢sdrt
=

d3Nsh

drsd⇢sdrt
Pform(Vpeak).

(3)
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Other possible targets

Reticulum II and Segue 1 are also good candidates to 
detect thermal Wino DM

Ando, KI  ’21

Figure 9: Expected 95% upper limits on �vline by CTA North with 500 hours of

exposure for the Wino DM, for the ultrafaint dSphs:Reticulum II (left), Segue 1

(middle), and Ursa Major II (right). Top and bottom panels show the results cor-

responding to di↵erent satellite priors with V50 = 10.5 and 18 km s�1, respectively.

The solid curve shows the expected median sensitivity at 95% CL, while thick and

thin bands are 68% and 95% containment regions, respectively. Dotted curves are

existing upper limits by the current generation of telescopes: HESS [61] (orange),

MAGIC [60] (red), VERITAS [62] (green), and HAWC [63] (purple). The dashed

curve shows the expected Wino annihilation cross section with the Sommerfeld en-

hancement, whereas purple vertical region highlights the most likely region of the

Wino mass, 2.7–3 TeV.
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4. Conclusions



We have studied   -ray signals from the Wino DM in dSphs

• J-factor is determined by the prior distributions for satellite 
parameters that are given by semi-analytic modeling/N-body 
simulations

�
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• Thermal Wino DM can be detected in CTA observation
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Figure 1: J-factor calculated as function of ✏� = m�/(↵ymdm) with ✓ = 0.5� for

ultrafaint dSphs, Reticulum II, Segue 1, and Ursa Major II (from left to right). ↵y =

10�2 and V50 is taken to 10.5 km s�1 (top) and 18 km s�1 (middle). Results by using

the log-uniform prior with GS15 cut [27] is plotted as a reference (bottom). Line

shows the median values and shaded region corresponds to 95% credible intervals

(see text for detail).
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Figure 7: Colored map of the upper limit of the annihilation cross section. Parame-

ters are the same as Fig. 5.
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