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Cosmological prior for the J-factor estimation of dwarf spheroidal galaxies

e Dwarf spheroidal galaxies (dSph) play important roles for dark matter detection
but their dark matter halo profiles have large uncertainties

e For the halo profile estimation of dSphs, we apply two cosmological priors:
o Satellite prior: constraint distribution of halo parameter based on a structure formation model
o : empirical relation between stellar mass and halo mass

e The cosmological priors are useful to decrease the uncertainty in the estimation
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and give a better l{sﬂii_srstanding of dSphs
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Introduction



dSphs and DM detection

e Dwarf spheroidal galaxies (dSphs)
o Large amount of DM
o good candidates for the indirect detection of the WIMP DM

e.g. Fornax dSph
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dSphs and DM detection

e The sensitivity of the indirect detection depends on the DM profile of dSph
® Indirect detection: DM annihilation into SM particles (gamma-ray etc.)
o Signal flux from dSphs:
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How to estimate DM density profile

e dSph member stars move in the gravitational potential
yielded by DM mass density
e Velocity of member stars is observed by spectroscopic telescope

e.g. Stellar velocity distibution of the Sculptoir dSph
tter Sculptor dSph
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J-factor uncertainty

e J-factor has large uncertainty

o Limited number of dataset
o Classical: O(100)
0o : 0(10)
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e \We use "cosmological prior" to improve the accuracy




Our analysis:
Estimation with cosmological prior



Jeans analysis

e Jeans equation: kinematical equation of dSph systems
® Assumption: sphericity

[ 1 a(u*<r>a;%<r>>+2ﬂ<r>az<r>__GMDM@)}

vy(r) or r i
(stellar distribution & velocity dispersion) ~ (inner dark matter mass)

e Observable: line-of-sight velocity dispersion (R-dependent)
) 2 [ R*\ ¥(r)oi(r)
02 (R) = —=— f ar(1-p%; ) |
08 2(R r2)/1—R2/r2
e Models: R) Jr 1=R/r
o Stellar profile: Plummer model

o DM profile: truncated NFW model
o Anisotropy profile: constant model




Likelihood

e Likelihood function
2©) =] [ AH1vi; vaspn 02,R) +507],

e Posterior probability
£(0)n(8)

P(6ID) = [de z(@)n(e)

o 7(®): prior
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Priors (1/3)

e Photometry prior: for stellar distribution

@)

Name logo 1. /[pcl
Aquarius 2 2.094 £0.078
Bootes 1 2.204 £ 0.015
Bootes 2 1.523 +£0.068
CanesVenatici 1 2.529+0.017
CanesVenatici 2 1.732+0.086
Carina 2.392 +0.005
Carina 2 1.870 +£0.045
ComaBerenices 1.757 +0.029
Draco 2.256 + 0.005
Draco 2 1.121+0.182
Eridanus 2 2.196 +£0.046
Fornax 2.849 +0.003
Grus 1 1.267 £0.459
Hercules 2.080 £ 0.042
Horologium 1 1.488 +0.097
Hydrus 1 1.727 +£0.030
Leo 1 2.353 +£0.004
Leo 2 2.217 £0.005

Leo 4

Leo T

Leo 5
Pegasus 3
Pisces 2
Reticulum 2
Sagittarius
Sculptor
Segue 1
Segue 2
Sextans 1
Triangulum 2
Tucana 2
Tucana 3
UrsaMajor 1
UrsaMajor 2
UrsaMinor
Willman 1

half-light radius determined by phtometric observation

2.013£0.053
2.125+0.051
1.571+0.181
1.616+£0.158
1.678 +£0.072
1.495+0.018
3.191 £0.020
2.359 £0.004
1.295+0.062
1.528 £0.038
2.538 £0.004
1.096 +0.134
2.212+0.073
1.640+0.058
2.176 £0.024
1.930+£0.022
2.434 £0.006
1.304 +£0.045
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Priors (2/3)

e Satellite prior [1803.07691, 2002.11956]
o Accretion of subhalo: extended Press-Schechter (EPS) formalism
o Tidal stripping effect: semi-analytical subhalo model calibrated by N-body simulation

(o) m(z) [m(z)r
m(z) = —
Tayn(2) [ M(2) 0
g
d® Ny d®Nap 3 S
P, s Pss = P, Vi : 2
sat (Ts Ps Tt) X drsdpsdrt drsdpsdrt form( peak) % %
k)
_ 1 Vpeak - V:‘SO S =)
Pform(Vpeak) =3 [1 + erf ( \/io' ):| . o
s
N N o 0 s P s
V_peak: maximum circular velocity 1000 1071 10° 10t 8
V_50 = 10.5 km/s or 18 km/s rs [kpc]

Ando+(2020) [2002.11956]



Priors (3/3)

e The stellar-to-halo mass relation (SHMR)
o empirical relation between the stellar and DM halo mass of galaxies: M_star = f(M_halo, z)
o assumption: f(M_halo, z) is a monotonic function for M_halo
e We use:
o Behroozi+(2013) [1207.6105]

m  calibrated by the Bolshoi simulation, complecate model

o Moster+(2013) [1205.5807]

m  calibrated by the Millennium simulation, assuming simple double power law & 10-
o Behroozi+(2019) [1806.07893] — behocazot
m  Updated dataset and models, model selection based on Bayes factor v — E‘S;iggi%s
o Moster+(2018) [1705.05373]
m  double-power law for efficiency evolution
( } Prlor: WSHMR(p 5 ) . N(M*,obslM*(Mhalo)a Uz)ﬂsatellite(psa 'rs,rt)
3 3 t —
o f drs dps d'rt N(M*,obslM*(Mhalo)a Uz)ﬂsatellite(psy Ts, Tt)
Mhalo — (ps,O;Ts,O)rt,O) — (ps,aars,a7 Z) M) M*,a — *,0

T

semi-analytic model in [2002.11956


https://ui.adsabs.harvard.edu/link_gateway/2013MNRAS.428.3121M/arxiv:1205.5807
https://arxiv.org/abs/2002.11956

Target dSphs

e §8 classical + 26 ultrafaint dSph in [2002.11956]

Classical: UFD:

Carina Aquarius 2 Leo IV

E;?ﬁgx Bootes | teo ;I'/

Leo | Bootes I I:,eo

Leo I Canes Venatici | fagasus 1]

Sculptor Canes Venatici I Plsges Il

Sextans Carina ll Reticulum Il

Ursa Minor Coma Berenices Segue 1
Draco Il Segue 2
Eridanus Il Triangulum I
Grus | Tucana ll
Hercules Tucana lll
Horologium | Ursa Major |

Ursa Major Il

Hyrdus 1



MCMC Analysis

e Jeans analysis
6 Parameters

@)

@)

@)

Prior choices

photometry only
photometry + satellite
photometry + satellite + SHMR

parameter min. max.
log,oR./[pc] 1.0 3.5
log,o1s/[pc] 0.0 5.0
logyops/[Mopc™]  -40 4.0
log,r:/[pcl 0.0 5.0
—10g10(1 - ﬁani) —1.0 1.0
Vaspn/[kms™']  -1000 1000

Bayesian analysis to calculate posterior probability

MCMC tool: emcee 3.0.2
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Results

e vs. radial independent analysis [2002.119506]

o radial dependence of the likelihood break the degeneracy of the parameter
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Results

e Posterior density function

e.g. Coma Berenices

satellite prior only

likelihood only

likelihood + satellite (V_50 = 10.5 km/s)

likelihood + satellite (V_50 = 18 km/s)

likelihood + satellite (V_50 = 10.5 km/s) + SHMR(Behroozi)
likelihood + satellite (V_50 = 18 km/s) + SHMR(Behroozi)
likelihood + satellite (V_50 = 10.5 km/s) + SHMR(Moster)
likelihood + satellite (V_50 = 18 km/s) + SHMR(Moster)

10G 100,/ [M - pc?]

logor:/{pc]
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Results

e J-factor
o slightly larger than those of the velocity independent analysis
m radial dependence of the likelihood excludes too compact or faint DM halo
having small J-factor

° Note: anisotropy profile dependence in the velocity dispersion
o SHMR priors can decrease J-factor uncertainty (upto ~50%) but model dependent
o Test of SHMR models by using dSphs?

Vs =10.5 km/s

o
o Mot
o “”%} MMWHM MH’W t

155
N T T T T T T T S T R Y R
.........................................
S L L = E - 5 5 3 E 5 § g §§ 35 & E E 2 Z 5 5 &

El Y Y =2 < £
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Summary

e dSphs play an important role of detecting dark matter by the indirect detection
method, but their dark matter density are still ambiguous

e We estimate the DM density profile using velocity dependent likelihood with
o satellite prior
o stellar-to-halo mass relation (SHMR)

e The radial dependence of the velocity dispersion breaks the parameter
degeneracy and gives more reasonable results

e SHMR priors decrease J-factor uncertainties but results have SHMR model
dependence

Dark matter symposium 29 March 2022 20



Cosmological prior for the J-factor estimation of dwarf spheroidal galaxies

e Dwarf spheroidal galaxies (dSph) play important roles for dark matter detection
but their dark matter halo profiles have large uncertainties

e For the halo profile estimation of dSphs, we apply two cosmological priors:
o Satellite prior: constraint distribution of halo parameter based on a structure formation model
o : empirical relation between stellar mass and halo mass

e The cosmological priors are useful to decrease the uncertainty in the estimation

6.0 b sat+BM18

and give a better l{sﬂii_srstanding of dSphs
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SHMR

e The stellar-to-halo mass relation (SHMR)
o empirical relation between the stellar and DM halo mass of galaxies: M_star = f(M_halo, z)
o assumption: f(M_halo, z) is a monotonic function for M_halo

star DM

Z=Zacc__

const. sat. + SHMR
prior
Z=0 1 ‘@}

Semi-analytic
modelling

<+
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J-factors (table)

w/o SHMR PB13 BM13 PB19 BM18

flat  satggs sat.;g  Ssat.gs sat.;g  sat.ygs sat.,g  sat.gs sat,g  Sat.ygs sat.;g
Aquarius2 18.2128 “17.6104 17.8%03 - - . . . y g i
Bgotesl 182703 180702 181702 17.9%02 18.0702 18.1702 18.1%02 181707 181707 183702 183102
Bootes2 16.6%% 17.75352 18.45%% 17.55%% 17.5‘;%{% 17.6t§f§ 17.8j§f? 17.7f§f% 18.35%5? 18.35%5‘? 18.4%5?
CanesVenaticil  17.6 02 17'4;8:3 17.5;8;é 17.4;8;% 17.4;8;% 17.5;%;2 17.4;8;% 17.5;3;5 17.5;8;% 17.5;8;% 17.5_;8;%
CanesVenatici2  17.9 23 17.4 4 176 23 17:.0002 17.1302 174702 17.5%03 17508 17.5%s 177103 17.7403
Carina2 18.4 25 18.1 24 18.4 24 - - - : : G : .
ComaBerenices  19.0 204 18.6 23 18.7 23 18.1402 182102 185702 18.6702 18.5%03 186707 187703 187103
Draco2 16.8%8:8 1837 18.9%0:% - - - - - - - -
Eridanus2 17.3 18:§ 16.9%5 17‘o;§;§ - - - - . g : i
Grusl 17.4%09 171383 1745 - . i 2 : 2 s 2
Hercules 17.9:8;“ 17.5:8;2 17.7f§;§ 17.4%03 17.5:03 17.6103 17.6703 17.7703 17.7303 17.98)% 18.0%53
Horologium1 19.1%3 18.1:}3:; 18.3;5:; - - 2 2 2 3 : 3
Hydrus1 18,5404 183%0% 185% - - . . = - . .

43 0. 02 +0.3 +0.3 +0.4 +0.4 +0.5 +0.4 +0.3 +0.3
Leo4 1567 16702 172105 17:0103 470123 azrdd azatdd ae9rds: 72t 17.77%3 172770
Leo5 17.25%% 15.9;3?;' 17.3%? 16.73%}% 16.9f§f§ 17.1f§f§ 17.25%% 17.23‘5}2 17.3%}3 17.6%’5% 17.5%%
LeoT 17.6;(1,;3 12.9;8;g 17.0 23 l6:8%02 16.9%02 171207 A7:0%% A7.1%3: 17055 17135 17153
Pegasus3 17877 16.75,; 17.275¢ - - - - = & 3 i
Pisczlsﬂz 17.2:_3;; 16‘7;";:; 17.2;%;; 16.7103 16.7t03 16.970% 16.9702 16.9%02 17.275% 17.5733 17.5103
Reticulum2 19.070% 18.7%0> 18.8*0 - - - o . . . -
Seguel 19.7%%;3 19.2%g 19.3§33§ 18.2ig;§ 18.4i§;3 18.9;%; 19.2;%% 19.0;§;§ 19.2;,3% 19.2;,3;3 19.2;,3;3
Segue2 18.0:% 18.0 25 18.4 oy 17.7803  17.7+03  17.9%5% 18.140% 18.1%0% 18473 184103 184103
Triangulum2 14.4:3:2 17.7 13:2 18.5 18:2 - - - - - 2 5 &
Tucana2 18.145%  17.9%0% 182*0. - = 2 i . . . 2

13 04 04
Tucana3 15.7%,5 1755,z 1817 - - - - . . g s
UrsaMajor1 187703 183708 153703 1g¢t02 18.1¥02 18.3+02 18 3+02 g 3+02 g 3+02 g 4+0.2 g 4+0.2
UrsaMajor2 19.5§§f§ 19.05%3 19.15%3 18.65%2 18.6i§§ 18.9‘;§f§ 19.1j§f§ 19.053% 19.05%;? 19.1f§f§ 19.1%53
Willman1 19.570% 18.8%0% 19.0703 18.0703 18.1%)3 18.6%3 18.9%3 18.7';3 1883 1895 18.9')3

w/o SHMR SHMRyjo5er  SHMRgeproozi

flat sat. sat. sat.

Carina 17.91°;i 17.9401 17.9:";i 17.9:°;i
Draco 18.9%07 189%), 18.9*01 18.8%
Fornax 17.9:5@ 1s.o:§;i 18.01§;i 18.0’:§:i
Leol 17.8% 17.7131 17.7_8; 17.7‘;8;1
Leo2 17.8%05 17.74 17.7% i by
Sculptor  18.6%0, 18.57070 18.6%50 185409
Sextans1 1&1:8; 13.1j§;i 18.1i‘§:i 18.1:§:i
UrsaMinor 18.5%(7 18.5%(7] 18.5707 18.5%07
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J-factors
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Difference of Jeans analyses

e [2002.11956]: velocity dispersion averaged over total system

5 ArG [

Olos = 3 A dr rv,(r)M(r),

e This work: radial dependent velocity dispersion calculated by the spherical
Jeans equation

2 _ 2 [ _ .Rz) vi(r)o7(r)
Fos®= 505 fo ¥ (1o Nk
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https://arxiv.org/abs/2002.11956

Models

e Plummer model

3 r\2\ 2
= 14 —
nr) 41IR~:*( +(Re)) ’

1 RrR2\
YR)=-[1+—] ,
® n( RZ)

e

e Truncated NFW model

o Outermost halo is striped by tidal force

p(r) = {ps(rr_‘)_l(l +1)" Osrsr)
0

(re<r)

_ [4mor(iog(1+2)-15) @srs<n)
M(r)_{ (1+:—:)— j;ts) (r.<r), |
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dSphs and DM detection

e Dwarf spheroidal galaxies (dSphs)

o inner DM halo profile gives constraints on DM self-interaction

e.g. Fornax dSph 10*

[ 1508.03339 Dwarf = 1
LSB +—e—i
Cluster

103 |
102 |

100

(ov)/m [cm? /g x km/s]

100 §

A A R L
10° 10t 10% 108 10*
v) [km/s|

(
Hayashi et al. [2008.02529]

McConachie et al. [2007.05011]



Sommerfeld effect

e Sommerfeld effect:
o nonrelativistic effect of scattering

3000
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