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After this lecture, you will (hopefully)

1.  know the basics of dark matter halo modeling

2. know what are the targets for DM indirect detection and how to model their DM content,
based on 1. but also on their specific properties

3. become aware of the limitations and uncertainties linked to the DM modeling of these targets

4. teel like exploring how things can be improved!
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5. have all you need tor the ©@CLUMPY)  tutorial/hands on this afternoon
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1. Reminder: structure formation

2. Dark matter halos: basic modeling

3. The gamma-ray signal from DM annihilation/decay

® Derivation of the exotic signal

® General considerations to compute the "astrophysical" factor

4. DM modeling and J-tactor estimation ot astrophysical targets
® Qalactic targets

® [xtragalactic scale



Reminder: structure formation



Structure formation in ACDM

http://www.benediktdiemer.com

250 x 250 Mpc.

® structures in the universe form from fluctuations in
the primordial density field

® structure growth depends on the underlying
cosmology (expansion vs gravity)

® haloes form after the collapse of "high density"
regions

® today, the universe is highly structured (voids,
filaments and haloes)



Structure formation in ACDM

The halo mass function

® Number density of halos as a function of mass and
redshift; depends on the underlying cosmology

. 10—13
® (eneral properties
10—17
® The lower the mass, the more numerous the o
S 10—21
haloes 7
S
s 10—25
® Forming high mass haloes takes time. Less SiE 2=00
: : : 10-294 — z=0.25
massive haloes at high redshift than at low 0=
redshift 10-33 z=0.75
z=1.0
® First described by Press & Schechter (1974), later 101 10! 102 1083 10 105  10%

(semi-)analytical refinements (Sheth & Tormen M[Mo]

1999). Now generally fitted using numerical
simulations (DM-only or hydro)




Structure formation in ACDM
Substructures, halo mass range

Galactic halo from the Aquarius Simulation, Springel et al (2008)

® bottom-up structure formation: smallest haloes
from first and merge into larger structures

® substructures: haloes in haloes in haloes...

® halo mass range:

* Theoretical Mnin ~ 10-12 - 10-¢ Mg, Depends
on the free-streaming scale

*  [Simulated Mpin depends on simulation
resolution > theoretical M)

*  Mmax ~ 1015 Mgn (galaxy clusters)



Structure formation in ACDM

Locations of DM haloes?

Galactic halo from the Aquarius Simulation, Springel et al (2008)

® Gas accumulates in massive haloes. If dense
enough, trigger star formation.

® |[ocations of DM haloes we know about: galaxy
clusters, galaxies...

® Plenty of low mass DM haloes that we don't
||See ] !

® DM haloes extend much beyond the visible part




Dark matter halo: basic modeling



DM halo properties

General properties from DM-only simulations

® Haloes are triaxial, preterentially prolate

® |n practice, generally measure spherical density

profile
® Two main parametrisations are used to described
to radial density profile
— Ps NFW (Navarro, Frenk & White (1997)) g 10°
r r E
- 1 + Z) £ 1077
= a slope = -3
5 [ L >, 10°
I/‘ - —
p(r) =p_rexpq —— <—> —1 Einasto (1965, stellar systems) % 10-6
(0 r_» O
_ . — NFW
107° Einasto, alpha=0.3
10 102 10t 10° 100 107

rir—-



DM halo properties

General properties from DM-only simulations

® Haloes are triaxial, preterentially prolate

® |n practice, generally measure spherical density
profile

® Two main parametrisations are used to described
to radial density profile

Py :
— NFW (Navarro, Frenk & White (1997))
p(r) ) > (
3 (1+2)
rS rS
2 r \°
p(r) =p_rexpq —— — ] =1 Einasto (1965, stellar systems)
a 7:_2

From DM-only simulations, NFW and Einasto (with a=0.16)

are good representations of the DM halo profiles between
106 and 10415 Mg,

dlog(p)/dlog( r )

p /p fit, Einasto p/p fit, NFW

Wang et al. (2020)
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DM halo properties

General properties from DM-only simulations

® Haloes are triaxial, preterentially prolate

® |n practice, generally measure spherical density

profile
® Two main parametrisations are used to described 10
to radial density profile ~
p > 10%4 :
(r) = - NFW (Navarro, Frenk & White (1997)) - 5
g 2 0 :
— ) (1+ 1) 5 107 E
7 r, - :
° :
> s
D 10771 5
C : \
) .
© :
10-5{ — NFW E \
Einasto, alpha=0.16
From DM-only simulations, NFW and Einasto (with a=0.16) 1072 1074 107 10° 10° 10°

: : rfr-—
are good representations of the DM halo profiles between :

10-¢ and 10415 M,




DM halo properties

Mass, radius and concentration

® The spherical overdensity mass/radius definition

3H(z)?
IOCI’it(Z) — 76

Pn(2) = Q,(2)Peir(2)

4
MA,bkg — gﬂ'Rz X A X pbkg(z) pbkg(Z) — {

M500,c > Ma0,m » Ms00,¢ » €1C -

A = 200 often used as "halo size"
MZOO,C = 10 Msun ~1 Mearth, RZOO,C~ 65000 AU
Mz00,c = 101> Msun, R200,c ~ 2 Mpc

® \Which is the largest: Rogoc or Rspo,c?

13



DM halo properties

Mass, radius and concentration

® The spherical overdensity mass/radius definition

3H(z)?
IOCI’it(Z) — 76

Pn(2) = Q,(2)Peir(2)

4
MA,bkg — gﬂ'Rz X A X pbkg(z) pbkg(Z) — {

M500,c > Ma0,m » Ms00,¢ » €1C -

A = 200 often used as "halo size"
MZOO,C = 10 Msun ~1 Mearth, RZOO,C~ 65000 AU
Mz00,c = 101> Msun, R200,c ~ 2 Mpc

® The concentration parameter

R
ca=—2= (for NFW, ry =r)

F_2

® \Which is the argest: RZOO,C or RSOO,C?

® Profile has 2 free parameters (p_,, r_,). Show that it can be
equivalently determined for (Ma, ca)

14



DM halo properties

Mass, radius and concentration

® \Which is the largest: Rogoc or Rspp ¢?

® Profile has 2 free parameters (p_,, r_,). Show that it can be

® The spherical overdensity mass/radius definition equivalently determined for (Ma, ca)

R
4 p -(Z)=3H(Z)2 1. My — Ry —>rp=—
M g = E”Rz X A X ppg(2)  Pprg@d) =47 872G " Ca
pm(Z) — Qm(Z)pcrit(Z) 2 M. = J 47”.2
My = p(Adr — p_,
MZOO,C ’ MZOO,m ’ MSOO,C , €tC. 0

A = 200 often used as "halo size"

10" —— c=1,M=1el5 Msun
MZOO,C = 106 Msun ~1 Mearth, RZOO,C ~ 65000 AU ¢=3,M=1lel> Msun
—_— Cc =9, M= 1el5 Msun
Mz00,c = 101> Msun, R200,c ~ 2 Mpc 10% '
"
: S 1013
® The concentration parameter s 10
R ©
A
Cp = — (for NFW, r» = r,) =, 1011 -
7"_2 Q
. . . 109 -
At a given mass, the higher the concentration the denser the
inner regions of the halo - R -
102 101 109 101 102

r [Mpc]




DM halo properties

Mass, radius and concentration

® The spherical overdensity mass/radius definition

4 cri (Z) —
MA,bkg — gﬂ'Rz X A X pbkg(z) pbkg(Z) — P t

M500,c > Ma0,m » Ms00,¢ » €1C -

A = 200 often used as "halo size"

M200 ¢

M200 ¢

106 Maun ~1 Meartth R200c ~ 65000 AU

01> Msun, RZOO,C~ 2 MPC

® The concentration parameter

Cp =

r_

R

2

(for NFW, r» = ry)

Concentration depends on mass and redshitt:

- Low mass haloes are more concentrated than high mass

counterparts

- Concentration decreases with increasing redshift as ~(1+2)

3H(z)?
G

Pn(2) = Q,(2)Peir(2)

2.0}

1.5;

Logo C200

1.0¢

0.5}
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Sanchez-Conde et al. (2014)
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DM halo properties

Cusps vs. cores

® DM-only simulations — DM halos are cuspy (steep inner slope, e.g y = 1 for NFW)

® Adiabatic contraction in the presence of baryon condensation/central BH can
make the halo cuspier

® Observations of galaxies and dwart galaxies suggests that the density can be
‘cored' (y — 0). Cusp vs. Core problem

® Baryonic feedback may produce core denstiy profiles

® Self-Interacting DM

~10° 5
T M, =4.7x10° Mg : 4.1x10° Mg,
g 10 .
\
= 10°F ,

. . \
© 10 z 4 z \

: Halo m10b . Halo m10f »

10° -

1
Radius (kpc)

Allow for more general parametrisation

® free a in the Einasto profile (not fixed to 0.17-0.16)
® /hao parametrisation( = NFW for (a, f#,7) = (1,3,1))

Ps
(rlr)"[1 + (r/r)*]P-nia

p(r) =

Fitts et al. (2016), Mot ~1010 Mgy

DMO
— HYDRO

1.0x107 M,

\

N

éHalo ml0k \ \

0.1 1 10
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The y-ray signal from DM
annihilation (or decay)

1. Derivation, definition of the J-factor
2. General considerations on estimating the J-factor



The exotic DM signal

The source emission

Consider a volume V containing
N dark matter particles

e |[f Majorana DM, y =y
e [fnot, N/2 y and N/2 j

For a pair of DM particles, express the annihilation probability in
a time dt, given the annihilation cross section (v) and their
relative velocity v

Gann

dV  oyyvds

dplpair: V — V

Express the total annihilation rate (#/s), in the volume V,
considering the N particles

Transform the above per unit volume, as a function of the mass

of the particle m, and mass density p

Given the differential photon spectrum dN/dE, find the source
photon emission rate, per unit of volume

19



Th e exoti C D M Sig Na ‘ 1. For a pair of DM particles, express the annihilation probability in

a time dt, given the annihilation cross section o¢,,.(v) and their
The source emission relative velocity v
T dv _ 0, VA?
N 14

2.  Express the total annihilation rate (#/s), in the volume V,
considering the N particles

dpl ir O, nnV
Ftotzz - =<ann>><N = ...

Consider a volume V containing sowrce . dz vV pairs
N dark matter particles 8 pairs
R o
® |[f Majorana DM, y = % Ny o4
. T e NV 3. Transform the above per unit volume, as a function of the mass
® Itnot, N/2 yand N/2 - of the particle m, and mass density p

4.  Given the differential photon spectrum dN/dE, find the source
photon emission rate, per unit of volume



The exotic DM signal

The source emission

Consider a volume V containing source
N dark matter particles "
R «°
e |[f Majorana DM, y =y N o4 T
F o 3
e |[f not, N/2 y and N/2 j “ 4

Adapted fom T. Lohse

For a pair of DM particles, express the annihilation probability in
a time dt, given the annihilation cross section (v) and their
relative velocity v

Gann

dV = Oyppvdt

dplpair - V V

Express the total annihilation rate (#/s), in the volume V,
considering the N particles

N N ; _
_ dplpaif - <6annv> P X P - 47 If)( ;é)(
1—Wtot o 2 o X

NN -1) N2 : _
pairs dr 4 > ~ B |f)( =X

Transform the above per unit volume, as a function of the mass

of the particle m, and mass density p

Given the differential photon spectrum dN/dE, find the source
photon emission rate, per unit of volume

21



The exotic DM signal

The source emission

Consider a volume V containing source
N dark matter particles "
R «°
e |[f Majorana DM, y =y N o4 T
F o 3
e |[f not, N/2 y and N/2 j “ 4

Adapted fom T. Lohse

For a pair of DM particles, express the annihilation probability in
a time dt, given the annihilation cross section (v) and their
relative velocity v

Gann

dV = Oyppvdt
Vv Vv

dp lpair —

Express the total annihilation rate (#/s), in the volume V,
considering the N particles

N _,N N : _

r  — 2 dplpaif - <0annv> 5 ?X? T4 Ty #%
tot = dr Vv NN-1) N2 ., _
pairs > ~ B |f)( — X

Transform the above per unit volume, as a function of the mass

of the particle m, and mass density p

dI' _ I, p°

= = —— X (0...v) with

o=41t y #jy
0 = 2 otherwise

Given the differential photon spectrum dN/dE, find the source
photon emission rate, per unit of volume

22



The exotic DM signal

The source emission

Consider a volume V containing source
N dark matter particles "
R «°
e |[f Majorana DM, y =y N o4 T
F o 3
e |[f not, N/2 y and N/2 j “ 4

Adapted fom T. Lohse

For a pair of DM particles, express the annihilation probability in
a time dt, given the annihilation cross section (v) and their
relative velocity v

aann

dV = Oyppvdt

dplpair - V V

Express the total annihilation rate (#/s), in the volume V,
considering the N particles

N N ; _
_ dplpaif - <0annv> P X P - 47 If)( #)(
1ﬂtot o 2 o X

pairs dr 4 > ~ 5 |f)( =Y

Transform the above per unit volume, as a function of the mass

of the particle m, and mass density p

dI' _ I, p°

= = —— X (0...v) with

o=41t y #jy
0 = 2 otherwise

Given the differential photon spectrum dN/dE, find the source
photon emission rate, per unit of volume

dly,  dl, y dN,
dVdE  dV = dE

SIC

23



The exotic DM signal

The received tlux

detector

Adapted fom T. Lohse

1.

Differential photon rate received in the detector?

drdet

dVAdE

24



The exotic DM signal

The received tlux

detector

Adapted fom T. Lohse

1.

Differential photon rate received in the detector?

drdet A drsrc

dVdE  4xl2 dVAE

25



The exotic DM signal

The received flux

1. Differential photon rate received in the detector?

drdet A drsrc

dVdE  4zl2 dVAE

2. What is the differential flux received, integrating over
the entire observed volume (with ov = cst)?

d C 1 dI’
¢det _ det dv =
dE ), A dVdE

(8
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The exotic DM signal

The received flux

1. Differential photon rate received in the detector?

drdet A drsrc

dVdE  4zl2 dVAE

2. What is the differential flux received, integrating over
the entire observed volume (with ov = cst)?

d 1 dr v) dN. "
baet _ det gy = $%a?) N [ o0 qydrdo
dE Jy A dVAE dmomz dE  J,q ),

using dV = [I*sinadldadp = [*dldQ

NB: if ov # cst, cannot factor it out (e.g. Boddy et al. 2020)
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The exotic DM signal

The received flux

1. Differential photon rate received in the detector?

drdet A drsrc

dVdE  4zl2 dVAE

2. What is the differential flux received, integrating over
the entire observed volume (with ov = cst)?

d 1 dr v) dN. "
baet _ det gy = $%a?) N [ o0 qydrdo
dE Jy A dVAE dmomz dE  J,q ),

using dV = [I*sinadldadp = [*dldQ

What does this become for decaying
DM (single particle process) ?




29

The exotic DM signal

The received flux

1. Differential photon rate received in the detector?

dl’ det A drsrc

dVdE  4zl2 dVAE

2. What is the differential flux received, integrating over
the entire observed volume (with ov = cst)?

d 1 dr v) dN. "
baet _ det gy = $%a?) N [ o0 qydrdo
dE Jy A dVAE dmomz dE  J,q ),

using dV = [I*sinadldadp = [*dldQ

Decaying DM = single particle process
e o=1

* (o) — l/7, 7, = lifetime

o p’ m?—p, m,
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The exotic anninilation DM signal

Recap
particle physics Astrophysical “J-factor”: [Mg kpc™] or [GeVZcm™]
dd — <O"U> de 2m Xint . lmax ”
OB E AQ (i) = Bex | d d k1o, B)d
T B A0w) = T SB[ [ simada [ (R e g)

® Predicted flux depends on the DM mass,
annihilation cross section, instrument resolution,

and DM distribution

® An accurate estimation of the J-factor (i.e. of p) is
required to place robust limit son the DM candidate

properties.

® "Model uncertainties" should always be consideread



The exotic anninilation DM signal

Recap
particle physics Astrophysical "J-factor”: [Mé kpc™] or [GeV*cm™]
ad 7 <av> dN/ / 27 / P /lmax R
— (B, k, AQ(cting)) = Byx | d sin adoy “(kl,a, B) dl
15 B F A om) = 70— 3 By [ s | P E L)
10°
® Predicted flux depends on the DM mass, 107 Detection or non-detection
108 — contours or limits in the <ov>-m_, plane

annihilation cross section, instrument resolution,
and DM distribution

"’ 10°
E |
. . . . g 10°
® An accurate estimation of the J-factor (i.e. of p) is o 102
required to place robust limit son the DM candidate S 10 .
. ~ . WIMP thermal relic cross section
properties ©
10
10 ¢

® "Model uncertainties" should always be consideread

10’ 10% 10° 10*

Moy (GeV)
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The exotic anninilation DM signal

Recap
particle physics Astrophysical “J-factor”: [Mg kpc™] or [GeVZcm™]
| l
dd — ov de 2m (int . max .
—(F, k, AQ(aynt)) = < >2 E B x ds sin ado p?(kl,a, ) dl
Source of confusion: some authors
have the 4pi in the J-factor
10°
® Predicted flux depends on the DM mass, 1071 Eeziitgzgr:;':fi';i:tiicﬁ]znww_m lane
annihilation cross section, instrument resolution, © -
. 10
and DM distribution o 104
. . . . -ig 10°
® An accurate estimation of the J-factor (i.e. of p) is o 102
required to place robust limit son the DM candidate S 10 o
. > . IMP thermal relic cross section
properties. ©
10™
® "Model uncertainties" should always be considered e
10 - T T

10’ 10% 10° 10*

Moy (GeV)
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The y-ray signal from DM
annihilation (or decay)

1. Derivation, definition of the J-tfactor
2. General considerations regarding the J-factor



The J-tactor

Global picture

34

27 Qg
S, 0, o5 = J dﬂj Sin adaJ p*(l, a, By, O)dl
0) 0) los

Without assumption, p is a complicated function

1. Wherever we look, we are looking through the
MW halo
- smooth component
- substructure component, low mass dark haloes



The J-tactor

Global picture

35

27 Qg
S, 0, o5 = J dﬂj Sin adaJ p*(l, a, By, O)dl
0) 0) los

Without assumption, p is a complicated function

1. Wherever we look, we are looking through the
MW halo
- smooth component
- substructure component, low mass dark haloes

2. It looking in the direction of a specific target, the
target will have
- a smooth component
- a population of subhaloes



The J-tactor

Global picture

36

nt

2T o
J, 0, a;, ) = J dpf J

sin adaJ 0%, a, By, 0)dl
0 0

los

What ingredients are needed to predict the J-factor?

Effect of substructures on the J-factor?
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The J-tactor

Point-like approximation

o o Consider a DM halo
Jw,0,a,,) = J dﬁJ' 3in adaj ,02(1, a, By, 0)dl 1. fully contained in the integration volume
0 0 los 2. with size << distance to the observer

3. ignore the contribution from the smooth MW
How is the J-factor expressed ?

d>>R

detector 2%
. ¢
/N
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The J-tactor

Point-like approximation

o o Consider a DM halo
Jw,0,a,,) = J dﬁJ' 3in adaJ ,02(1, a, By, 0)dl 1. fu.lly cpntaineo! in the integration volume
0 0 los 2. with size << distance to the observer

3. ignore the contribution from the smooth MW
How is the J-factor expressed ?

d>>R
. <z R
alete::tox‘ Then, the J factor can be simplitied as J,;, = - with | £ = £ (M, c) = p M, c)dV
* Vhalo
halo “luminosity”
M2
Jooint ™~ oY > Best targets are massive/dense and close



The J-tactor

Extended halo

Piot(7) = smooth

detector ¥
. ¢
/N

AQ
[ e
0 los

39



The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M., the form of subhalos

]('

Piot(7) = Pem(1) + {Psuns(7))

detector ¥
. ¢
/N

[AQ
0

2
J (psm + ) p;) dldQ
los i

40



The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M., the form of subhalos

]('

ptot(r) — psm(r) T <psubs(r)>

detector ¥
. ¢
/N

41

2

AQ
— l
J—[ J Psm T chl dld<
0 los i
1D toy model Same total mass
- distributed (f=1)
! LA, B4, - smoothly
2/00 ---------------------------------- - substructures
Po
> X
Jno—subs ="
J = 7

subs —




The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M., the form of subhalos

]('

ptot(r) — psm(r) + <psubs(r)>

detector ¥
A
/N

42

AQ 2
— l
J = [ J Psm T E p. | dlde
0 los i
1D toy mode] Same total mass
distributed (f=1)
2p e <R—/4> <R—/4> - smoothly
0 - substructures
Po
> X
FXO+R/2
Jro—subs pg dx = pgR Substructures will

xo—R/2 boost the annihilation

J, subs & Z (2,00)2 dx = 2P§R (what about decay?)
i Yxi—R/8




The J-tactor

Extended halo with substructures

2

AC2 |
J = J J Psm T+ Z Py | dldf
0 los i

sub :
- M5 mass fraction under
- M, . the form of subhalos

f

pt()t(r) — psm(r) + <psubs(r)>
expands into 3 terms

AQ
J, sm J J P szmdldg2
0 los

AQ
_ l
J. cross—prod — Psm Z Pel alald
detector ‘ ¥ o8 |
\x The exact realisation (mass, concentration, positions) of | 2

substructures is not known. So how to compute AQ
m Jcross—prod and Jsubs ? Jsubs — J J Z 'Oél dldC
0 los i




The J-tactor

Extended halo with substructures

Solution: go to the continuous limit, assuming

substructure spatial, mass and concentration
distributions.

d°N do,  dPp,, dP.
= Nt (r) - (M) - (M, c)
dVdMdc dV dM dc

This assumes that spatial and mass/

concentration distributions are NOT correlated.

Does not hold when baryonic effects are
considered (see later)

44



The J-tactor

Extended halo with substructures

11 11111l

[ Illllll
1 1 lllllll

Py ,
(r) & Einasto

Solution: go to the continuous limit, assuming _
. . . 10° Mg< M., < 10° M,
substruction spatial, mass and concentration 6 7
. . . 10" Mg< M, < 10" Mg
d|5tr|bUt|OnS. 107 M@< Msub < 108 M@

| - lIllllI

10° Mg< M, < 10° Mg
10° Mg< M, < 10 Mg

>N d2, | dP, 4P o1l

= N, . M) - ¢ M, 10
wvamtde = Mo gy O gy M) g0 M0
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The J-tactor

Extended halo with substructures

T rrrn
11 1 1iiil

Py ,
(r) & Einasto

.
| - IlllllI

Solution: go to the continuous limit, assuming
. . . 10° Mg< M., < 10° M,
substruction spatial, mass and concentration 6 7
o . 10° Mg < M., < 10" Mg
d|Str|bUt|OnS. 107M@<M <108M@

sub
10° Mg< M, < 10° Mg
10° Mg< M., < 10" M,

d*N dP, ||dF dP O
= Nof——(N[| === —=(M, ¢) 10 0
dVdMdc dV dM dc r [kpe]

IIINIL I IIIIIIII | IIIIIIII I IIIIIIII | IIIIIIII I llllllll I T TTTTH

Springel et al. (2008) |

[ lllllll
| - llllllI

dPy, o
—— M) x M *“witha~19 4
N\ dM

Ag-A-2
Ag-B-2
Aqg-C-2
Ag-D-2
Ag-E-2

lllllll | llllllll | llllllll | llllllll | llllllll | llllllll | l\llll

10”7 10® 10° 10™ 1073 102 10
Msub / MSO




The J-tactor

Extended halo with substructures

Solution: go to the continuous limit, assuming
substruction spatial, mass and concentration
distributions.

d°N do, ||dP,, dP.
=Nto (l’) ) (M) ) (Ms C)
dVdMdc dV dM dc

DM-only simulations give ~100 clumps

oetween 108-1010 My,,. How many subhalos
nertain a MW-like halo it Mmin = 10-¢ Mg, ?

Py ,

(r) & Einasto
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The J-tactor

Extended halo with substructures
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The J-tactor

Extended halo with substructures

Solution: go to the continuous limit, assuming
substruction spatial, mass and concentration
distributions.

d°N d, ||dP,,
— Nto (l") ) (M) )
dVdMdc dV dM

' mean= 134, 0=0.12 ‘Inc — In@EM))
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(r) & Einasto
10° Mg< M, < 10° Mg
10°Mg< M, < 10" Mg
10’ Mg< M, < 10° Mg
10° Mg< M, < 10° Mg
10° Mg< M, < 10'°° M,

llllIII 1 1 llllllI

lllllll 1 1 lll]l'j

Springel et al.:(2008)§

| - IlllllI

| - llllllI

10 100
r [ kpc ]

IIINIL I IIIIIIII | IIIIIIII I IIIIIIII | IIIIIIII I llllllll I T TTTTH

Springel et al. (2008) |

dPy, o
—— M) x M *“witha ~ 1.9
N\ dM

Ag-A-2
Ag-B-2
Aqg-C-2
Ag-D-2
Ag-E-2

lllllll | llllllll | llllllll | llllllll | llllllll | llllllll | l\llll

10”7 10® 10° 10™ 1073 102 10
Msub / MSO

49



The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M., the form of subhalos

f

Piot(7) = Pem(1) + {Psuns(7))

detector ¥
. ¢
/N

A2 | 2
J = J J Psm T Z Py | dldf
0 los ;

expands into 3 terms

AQ
o J J pZ dldQ
0 los

A€

J cross—prod = ZJ
0

AC | 2
T = J J D pgl) dldQ
0 los ;

S

Pem Y, Py dIAS

OS
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The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M, . the form of subhalos

f

A2 | 2
J = J J Psm T Z Py | dldf
0 los ;

expands into 3 terms

Piot(7) = Pem(1) + {Psuns(7))
dAP(r)
dV

<psubs(r)> — thost

<Jcross—pr0d> — ZJ'

detector r‘
2
AQ
/'\ Jsubs — J' J (chll) dldC
0 los ;




The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M, . the form of subhalos

f

A2 | 2
J = J J Psm T Z Py | dldf
0 los ;

expands into 3 terms

Piot(7) = Pem(1) + {Psuns(7))
dAP(r)
dV

<psubs(r)> — thost

<Jcross—pr0d> — ZJ'

detector 2%
> ¢
/N




53

The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M, . the form of subhalos

f

AQ | ’
J = J J (psm + ) ng> dldQ
0 los ;

expands into 3 terms

pt()t(r) — psm(r) + <psubs(r)>
dAP(r)
dV

<psubs(r)> — thost

AQ
o J J pZ dldQ
0 los

A

<Jcross—pr0d> — ZJ'

J' P sm<p subs)dldg2
0 los

detector r‘
AQ (ol M Cnax(M)
max d{@ max d@ max dt@
/'\ (Joyps) = Ntot[ [ dVV (1,€2)dl dQJ dMM (M) X [ i ~(c, M) &L M, c)|dc dM

0 M min(M ) ¢

min

[ .
min single halo luminosity
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The J-tactor

Extended halo with substructures

sub :
- M5 mass fraction under
- M, . the form of subhalos

f

A2 | 2
J = J J Psm T Z Py | dldf
0 los ;

expands into 3 terms

pt()t(r) — psm(r) + <psubs(r)>
dAP(r)
dV

<psubs(r)> — thost

AQ
o J J' pZ dldQ
0 los

AN Y)

v cross—pr0d> — ZJ'

J' :Osm<psubs>dldg2
0 los

detector r‘

M

AQ ¢l Cinax(M)
max d@V max dQ@M max dt@c
/'\ (Joyhs) = Ntot[ [ v (1,€)dl dQJ' T, (M) X [ i (c,M)Z (M, c)dc dM

C
0 [ in Min Cmin(M) single halo luminosity



The J-tactor

Substructure boost

Bonnivard et al. (2016)

J, sm T J, subs T J, crossprod 10% P ~Z

Boost = 7 - M,,;,;=10" Mg, f_ =02 /E
no—subs B /
i //

N i kBO1_VIR / )
Boost sensitive to subhalo i 50 y o]
- spatial distribution L M /
- mass distribution 2 10 oy =19 .
- mass-concentration relation + distribution A - kSANCHEZ14_200 _
- inner density profile - — ay =20 L
- mass range I e o = 1.9 ]

I
|

o"
=

- distance from halo centre, integration angle it

=
- -

4

10 10* 10° 10* 10° 10° 10’ 10°® 10° 10'°10''10'%10"10*10" 10"
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The J-tactor

Substructure boost

Boost =

J, sm +J subs +J crossprod

J no—subs

Boost sensitive to subhalo

- spatial distribution

- mass distribution

- mass-concentration relation + distribution

- inner density profile

- mass range

- distance from halo centre, integration angle

YTEE 1026

5 107

>

& 10*

S |

.. 10

2

% 1022
1021
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CLUMPY v3.0.1 (http://lpsc.in2p3.fr/clump
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The J-tactor

Substructure boost

Boost =

J, sm +J subs +J crossprod

J no—subs

Boost sensitive to subhalo

- spatial distribution

- mass distribution

- mass-concentration relation + distribution

- inner density profile

- mass range

- distance from halo centre, integration angle

YTE;; 1026

5 107
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CLUMPY v3.0.1 (http://lpsc.in2p3.fr/clump
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The J-tactor

Substructure boost

Boost =

J, sm +J subs +J crossprod

J no—subs

Boost sensitive to subhalo

- spatial distribution

- mass distribution

- mass-concentration relation + distribution

- inner density profile

- mass range

- distance from halo centre, integration angle

YTEE 1026

5 107
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CLUMPY v3.0.1 (http://lpsc.in2p3.fr/clump
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The J-tactor

Multi-level boost factor?

So far, we considered one level of substructure within the
parent halo. But hierarchical formation: haloes in haloes
in haloes, etc...

Considering “point-like” subhalos, show that

the 'boosted' luminosity for n levels of
substructures can be recursively computed as

Zz n(M ) =Z sm(M ) + 7 crossprod(M )
M_. (M)

max

/ d@M / /
+N,_ (M) L M= (M") am
M min dM

with LM, c) = [pgft(M : c)] AV
© Vcl

59



The J-tactor

Multi-level boost factor?

So far, we considered one level of substructure within the
parent halo. But hierarchical formation: haloes in haloes
in haloes, etc...

Considering “point-like” subhalos, show that

the 'boosted' luminosity for n levels of
substructures can be recursively computed as

Zz n(M ) =Z sm(M ) +Z crossprod(M )
M a5 (M) dP,,
+N,_ (M) J L (MY—L(M") dM’
Mmin dM
with LoM,c) = [péft(M , c)] ’ dV
y Vcl

Relative difference [%]
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No much gain to go beyond n=1 or 2 and
computationally expensive...
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The J and D factors

Recap

int

27 a
J(y, 0, a;) = J dpf J

Sin adaJ pz(l, a, By, 0)dl
0 0

los

® Need a robust estimation of the J-factor (or D-factor) to constrain the dark matter properties

* DM mass - (ov) for annihilation

X DM mass - lifetime for decay
® Modeling of the DM distribution generally assumes spherical symmetry and
% a smooth DM component

* a subhalo population that may boost the annihilation signa

® Determination of the smooth and substructure component generally relies on

* results from numerical simulations (DM-only or hydro) Second half of the lecture [ A Al

X and/or observational properties of the systems under scrutiny v =



62

The J and D factors

Recap

2r Xint
D(y, 0, o) = [ dp [ Sin adaJ p(, a, sy, 0)dl
0 0 los

® Need a robust estimation of the J-factor (or D-factor) to constrain the dark matter properties

* DM mass - (ov) for annihilation

X DM mass - lifetime for decay
® Modeling of the DM distribution generally assumes spherical symmetry and
% a smooth DM component

* a subhalo population that may boost the annihilation signa

® Determination of the smooth and substructure component generally relies on

* results from numerical simulations (DM-only or hydro) Second half of the lecture [ A Al

X and/or observational properties of the systems under scrutiny v =



Targets for indirect detection in
gamma-rays?



largets

What makes a good target for indirect detection in y-rays?
- . . . M?
® it is massive/dense (and we have means to evaluate its density)  [Remember Jooint ™ dT]
® it is located close to us v
® it has little astrophysical gamma-ray background

® optional: it is visible at other wavelengths [so we know where to look]



lTargets

A factor Galactic
102 1L [GeVZem™®] centre
What makes a good target for indirect detection in y-rays? 102+ around GC
<0.3°
® it is massive/dense (and we have means to evaluate its density) 100 +
. h
® it is located close to us dsp!
10" 1+ dark galaxies
® it has little astrophysical gamma-ray background clumps nearby
® optional: it is visible at other wavelengths 10 T clusters >
Background
1026 -
—— NFW (M = 1e-06 Msun, c = 50)
—— NFW (M = 1e+08 Msun, c = 15)
1023 - NFW (M = 1le+12 Msun, c = 6)
—— NFW (M = 1e+15 Msun, c = 5)
ﬁl"’_' 1020 -
O
@
S
o 1017 -
Z,
Q 1014 -
1011 -

1010 1078 107 10~ 1072 100
r [Mpc]



lTargets

What makes a good target for indirect detection in y-rays?

® it is massive/dense (and we have means to evaluate its density)
® it is located close to us
® it has little astrophysical gamma-ray background

® optional: it is visible at other wavelengths

1026 -
= NFW (M = 1e-06 Msun, ¢ = 50)
— NFW (M = 1408 Msun, ¢ = 15)
1023 - NFW (M = 1e+12 Msun, c = 6)
— NFW (M = 1e+15 Msun, c = 5)
ﬁl"’_' 1020 -
@)
Q.
>
o 1017 -
=
Q 1014 _
1011 -

1010 1078 107 10~ 1072 100
r [Mpc]

] 022

102"

1020 A

1 019

1 018

A factor Galactic
1 [GeV2em ) w
i around GC
<0.3°
dsph
+ dark galaxies
clumps nearby
18 I\ clusters
|
Background




lTargets

What makes a good target for indirect detection in y-rays?

® it is massive/dense (and we have means to evaluate its density)
® it is located close to us
® it has little astrophysical gamma-ray background

® optional: it is visible at other wavelengths

1026 -
= NFW (M = 1e-06 Msun, ¢ = 50)
— NFW (M = 1408 Msun, ¢ = 15)
1023 - NFW (M = 1e+12 Msun, c = 6)
— NFW (M = 1e+15 Msun, c = 5)
ﬁl"’_' 1020 -
@)
Q.
>
o 1017 -
=
Q 1014 _
1011 -

1010 1078 107 10~ 1072 100
r [Mpc]

] 022

102"

1020 A

1 019

1 018

A factor Galactic
1 [GeV2em©] Ea”Hg
i around GC
<0.3°
dsph

+ dark galaxies

clumps nearby
= clusters

1 >

\ Background




largets

What makes a good target for indirect detection in y-rays?

® it is massive/dense (and we have means to evaluate its density)

® it is located close to us

® it has little astrophysical gamma-ray background

® optional: it is visible at other wavelengths

1026_

1023_

—— NFW (M = 1e-06 Msun, ¢ = 50)

—— NFW (M = 1e+4+08 Msun, c = 15)
NFW (M = 1le+12 Msun, ¢ = 6)

—— NFW (M = 1e+15 Msun, c = 5)

Jfactor Galactic
102 . [GeV? ecm) centre
102" - around GC
<0.3°
102
dsph
10Y + dark galaxies
clumps nearby
10 clusters
|
Background

1010 1078 107 10~ 1072 100
r [Mpc]

CLUES Simulation

Virgo
*®

o . Local Group

68



largets

A Jfactor Galactic
1022 L [GeViem~®] centre
What makes a good target for indirect detection in y-rays? 102 + arougc;GC
<0.3°
® it is massive/dense (and we have means to evaluate its density) 102 t
® it is located close to us dsph
10" + dark galaxies
® it has little astrophysical gamma-ray background clumps nearby
® optional: it is visible at other wavelengths 10 T clusters >
Background

Now: go through the specitics of the DM modeling
of each type of targets!



largets

What makes a good target for indirect detection in y-rays?

® it is massive/dense (and we have means to evaluate its density)
® it is located close to us
® it has little astrophysical gamma-ray background

® optional: it is visible at other wavelengths

Now: go through the specifics of the
of each type of targets!

A Jfactor Galactic
102 | [GeV? cmS) centre
102+ around GC

<0.3°
‘IOZO T
dsph .17
10" T alaxig's :
0 dark g Sdlrr
clumps , nearby
10 + “.,. €lusters
-
Background
DM modeling

NB - Not covered in this lecture: dwart irregular galaxies have recently joined the list of possible targets

® dSph < Mj; < MW-like galaxies
® relevant when part of the local group (d~Mpc)
® star forming regions, so may have gamma-ray background




DM modeling of galactic targets

1. Galactic center region
2. Dwart spheroidal galaxies
3. Dark galactic clumps



The Galactic halo - central regions

® The Milky Way sits in a ~10'2 My,» DM halo and the Earth is located at 8.5 kpc from the center

— suggests large J-factor, hence prime target for indirect detection

® However, large gamma-ray emission from astrophysical processes (see M. Doro’s lecture)

— Not ideal, and complex data analysis

® Need an estimation of the DM profile of the MW
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Modeling of the Galactic halo

Adjust multi-component MW mass modeling on Galactic rotation 400
curves v =1.0
: , total
® dark matter halo component (NFW or free inner slope) @ X° =8.77
~—— e || | | pmm=——
® stellar disk = 20017 o DM
® gas > e T
~t—te—m—._._._ Baryons 777777
o Ste”ar bulge/bar O JRTELLAE AL et
to a compilation of kinematic data (stars, masers, gas, K-stars) 5 10 15 20
R [kpc]
2 & = . 3
| : '{7 — 2D D 1~ o i = E = = 0.05
| 25828 +3+4 202001 1' s 2+ g + 2 Depending on analyses, determination
] T HtS 258852+ 7 g + + F 2+ oo :
18] s f8s E2ETZsLZBEg il 58 0 535 L of the local DM density but also
2 ] ARRS SeRRaRsafRsnE o A8 1A% 98 £ parameters of the DM profile
> 0.03 ©
o L =3
o 1o 0.02 < g
S | BIe™ | 1| Inner slope of the profile is not well
0.5 | .
FII T LI Er L oo constrained
0 0



Modeling of the Galactic halo
Recipe

1. Find MW halo parametrisations/normalisation from the literature, either simulations and/or
global MW modeling typically

o NFW profile, with r, ~ 20 kpc

® Einasto, withr_, ~20 kpcand a ~ 0.17
® p,=pR,) =04GeVcm™ - p,

® Alternatively, provide p, and M( < R)

2. Indirect detection towards the Galactic centre (or close to the GC)

® Explore various inner slopes as not well constrained (e.g. H.E.S.S or Fermi-LAT galactic
centre analyses)
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The Galactic halo - central regions

CLUMPY v3.0.1 (http://lpsc.in2p3.fr/clump
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O
24 | —
© 10 = =
A~ — —
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% 1023 = Ovbs E0Is it M e 06 M, 001 M| — Towards the Galactic centre, substructures
= -dP/dV = EINASTO (o =0.68 =
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= —  -dP/dM o« M™" -
102 ~  -p =EINASTO (00=0.17)+c (M )=SANCHEZ14_200 7 the smooth component
107 ~en =
D0 L et
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DM modeling of galactic targets

1. Galactic center region
2. Dwart spheroidal galaxies
3. Dark galactic clumps
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Satellite galaxies of the MW

Overview
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Satellite galaxies of the MW

Overview

® Population of faint galaxies orbiting the MW
® No gamma-ray background
® Distance: ~20 - 300 kpc
® Size ~ 102size of spiral galaxies
60 _ .
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Satellite galaxies of the MW

Overview

® Population of faint galaxies orbiting the MW
® No gamma-ray background
® Distance: ~20 - 300 kpc
® Size ~ 102size of spiral galaxies
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OV Tig 8 gPo ML 0. Mo ey, m SDSS
+60° ” o ® i el %9/7@,-@2‘ PS1
U Ma I..Vvil . S lV(}a' | 'I.Jeo IV!Leo VLeoI(. A DES
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—60° Cet TIT - ¢ A 1c 111
60 ¥ - Phe 11 )

. ' For
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Cumulative Number

Strongly DM-dominated systems!
Great targets for indirect detection

60
Credit: Dark Energy Survey New generation of optical surveys with
wider and deeper imaging:
50 DES, SMASH, MagL.iteS, ATLAS,
Pan-STARRS, HSC, Gaia
and others...
40 1
30 1
Start of SDSS,
digitized datasets
and algorithmic searches
20 1
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Dwart spheroidal galaxies

Observables

Photometry

ESOMDigtal Sky Suvey2

“Light profile” — dSph candidate

Spectroscopy of individual stars in the object
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SO ¢ B
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1
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NN L
¢

' s L

Fornax 37716 R=178
- =13939 [Fe/H]=-1.00= 0.11
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Kirby et al. (2010)
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8700 8750} [angstrom] 8800 Kirby et al. (2010)

Dynamics - velocity dispersion ¢* — dSph status confirmation



Dwart spheroidal galaxies
DM-dominated systems

104 —r—rﬁﬂ—rw—r—rt—t—t—h—r—w
M T alker (2013)
Virial theorem 0% ~ —— 1 |
R TR
. . M  Ro? ' |
Mass-to-light ratio  — ~ ——
L LyG
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Dwart spheroidal galaxies
DM-dominated systems

5 . GM
Virial theorem 65 ~ ——
R
. . M  Ro?
Mass-to-light ratio  — ~ ——
L LyG

Dsph galaxies have large M/L ratios indicating
DM-dominated systems

How can we constrain the DM profile in those
object for robust estimation of the J-factor?

0
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—~——y
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l_i—‘ I.fl.°’-<3|8ph galaxies
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Gobular clusters
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Walker (2013)
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Dwart spheroidal galaxies
Observables

Photometry Spectroscopy of individual stars in the object
FOrnadeph g i P2 2P o

Fornax 37716 R=178
- =13939 [Fe/H]=-1.00= 0.11

6400 6450 - 6500 )
A [angstrOom ]
Kirby et al. (2010)
P o A £ g 2
0 Al n Al U A g AL ' 1 Adl'a A

i e :

| Fornax 40828 R=179 ’
of T | 7.,=4127 [Fe/H]=-1.05=% 0.11 ]
e M g B D ; 3 - -~ . 4

"Light protile”— I(R) Dynamics - velocity dispersion a]f(R)



Dwart spheroidal galaxies

Observables

Photometry
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Spectroscopy of individual stars in the object

Bonnivard et al. (2016)
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Dwart spheroidal galaxies

Jeans modeling

Light and velocity dispersion profiles

I’ oy(R) 1t

de-project project

I GEERAGE

Jeans equation: solve for I/V,,2

L i) + 2Pl D O

u(r) dr r r?

r

i = 1 = VIV MO =[ Asp(s) ds
0

given a DM profile parameterisation
(NFW, Einasto, or more general form)

,0(1") =f(:059 Fgs az’)
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Dwart spheroidal galaxies

Jeans modeling

Light and velocity dispersion profiles

| IR)  o;(R) 1

de-project project

v vi) |

1. start from collisionless Boltzmann equation
2. integrate moments O and 1 over velocities

3. combine them to get the Jeans equation
See Binney and Tremaine (2008)

Jeans equation: solve for I/V,,2

L i) + 2P0 O

u(r) dr r r?

r

i = L = V2V M) =[ Asp(s) ds
0

given a DM profile parameterisation
(NFW, Einasto, or more general form)

,0(1") =f(:059 Fgs az’)



Dwart spheroidal galaxies

Jeans modeling

Light and velocity dispersion profiles

I’ oy(R) 1t

de-project project

I GEERAGE

Jeans equation: solve for I/V,,2

d  — BV GM()
o) dr (w(ryvi(r)) + 2 . = >

r

i = 1 = VIV MO =J Asp(s) ds
0

given a DM profile parameterisation
(NFW, Einasto, or more general form)

,0(1") =f(p59 Fgs az’)

Given the observables I(R) and Gg(R),
fit for the DM profile parameters

(py> 7> 1)
Jeans equation assumes
® Spherical symmetry .
_ . Not necessarily true
® Dynamical equilibrium
® No rotation

Parametric approach /‘\

® Light profile (Plummer, King,...)

® Anisotropy (zero, constant, B(r))
® DM profile (NFW, core, Einasto)

different choices

different results

Bayesian inference needs
e Likelihood (binned or unbinned)

® Priors ("informative" or not)
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Dwart spheroidal galaxies

Jeans modeling

Light and velocity dispersion profiles

| IR)  o;(R) 1

de-project oroject

v vi) |

Jeans equation: solve for I/V,,2
14 F E
d PuiVi()  GM 12 :
() + 22 S 9
r Il 8 E -
v(r) dr r r2 S o E
N/; g Fornax %: Leo | :
r Vv - :
_ 2 | | | ‘ ‘ ' | ‘
Pani = 1 — ng / Vrz M(r) = J 4msp(s) ds 0 500 1000 1500 0 200 400 600 800 1000
0

iven a DM profile parameterisation . . .
3 P P NB: The inner slope is not well constrained
(NFW, Einasto, or more general form)

,0(7') =f(p59 Fgs az’)



Dwart spheroidal galaxies

Ranking fo best targets?

Bonnivard et al. (2015b,c), Walker et al. (2016)
22

: : : : : Charbonnier et:al. (2011) '
21 § ? § § §Ackermann et al (201 4)
. ¢ i i v :Geringer-SBameth et al. (2015) :
20 : : : § : Simén et aI (2015) ‘
: I% : . m : Thisiwork
1y :——68%Cls :

19
2

h*"ir‘;* lti .1

18
L1

Log,_ (J(at,, =0.5)/GeV? cm®)

17

A

16

15

. . . . : : : : . . fd[kpcf;
14 23 218 | 407 86 138 | 250 101 | 205 | 132 160 66

Leo5 Leo4 Segl Cvnl LeoT Sext For Leol Car Leo2 Her Cvn2 Boot

79
Scl

97 57 35
UMal Tuc2 Seg2 UMi

J-féctoﬁ

. Class?cal
. O :Ultraj:”aintg

| a4 [0 | % | 2
bR o v

89

Distance is the main driver for the J-factor

Error bars depends on the size of the data
sample and on the modeling choices
(number of free parameters, priors, etc.)




Dwart spheroidal galaxies
Contribution of the MW halo ?

Galactic DM background

— Jo = Im t <> cl Umi

T

: e (lassical
1 68% and 95% Cls 0 Ultrafaint

0 50 100

¢ from GC [deg]

For small integration angles the MW
halo contribution may be neglected
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Dwart spheroidal galaxies

Contribution of the MW halo ?

Bonnivard et al. (2016)

0 — - -
A =
5,
0Q
(™

10 .
10 LeoT
10° mr Galactic DM background
8 I
10 — Jgu = Jm + <J > X :
10 3 5
105 i o (lassical ! i
5 68% and 95% Cls o Ultrafaint
10 '} 1 'l ) l '} '} | | '} I 1 1 1
0 50 100

¢ from GC [deg]
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For small integration angles the MW
halo contribution may be neglected

The larger the integration angle, the
smaller the contrast with the MW
halo exotic contribution




Dwart spheroidal galaxies

Triaxiality and projection eftects (mock data)

Bonnivard et al. (2015)

L(';': I IIIIIII| I T I T
<
N§®1012
—
10" =
— Line of sight orientation:
10°E- | —— Short axis =
— .7/ Core[y=0.23] —— Medium axis
A — Long axis
107
I I I I I I I I I I I S I
107 10 1

10
O(int [deg]

Triaxial Zhao profile

Ps
(r,/r)"[1 + (r,/r )] p—nia

X2 Y? Z?
Fe = 22 | b2 | 2

p(r) =

Typically, dSph-like halos in simulations have a/b~0.8, a/c~0.6

Compute the J-factor for the 3 l.o.s
— little impact on the value of the J-factor
— good news, but...




o, [km/s]

Dwart spheroidal galaxies

Triaxiality and projection eftects (mock data)

10

Bonnivard et al. (2015)

IEER I IIIIIII‘ R

Triaxial - Cusp

Large sample

-
e
.......
.....

== 95% Cls

— Simulated data: "|“'
= Line of sight = Long axis * +

—

— e Line of sight = Short axis

.
—

1111111‘ 1 1111111‘ L L L

10" 1 R [kpc!

Triaxiality strongly impacts the
projected velocity dispersion profile

Spherical Jeans anlaysis to constrain

p(r) —>J
will yield bias values

J [|v|§D kpc™]

10"

10'°

Solutions exist (but more expensive computationnally)

Triaxial - Cusp: Medium sample

® axisymmetric Jeans analysis (e.g. Hayashi et al. 2016)

® made-to-measure models

':"' " . —]

' ’ ® |.o.s. = Short axis =
S . A L.o.s. = Medium axis N
.~ — Median . B

L.0.s. = Long axis
E 95% Cls === True (I.0.s. = Medium axis)=
1 1| | EEENIEEEY | L1
10™ 1 10
OLint [deg
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Dwart spheroidal galaxies

And what about substructure boost?

Bonnivard et al. (2016)

__ 6 4
- M,,.=10"Mg.f_ =02 dSPh //f
i //
i kBO1_VIR Vs )
.. —_— i _— GM =20 / A
Negligible boost from substructures, . e . =10 /
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Dwart spheroidal galaxies

Summary

® dSph are arguably the best targets to place stringent constraints on DM: High J-factors
thanks to a favorable combination of distance and density

® Stellar kinematics trace the underlying gravitational potential
- Standard approach: spherical Jeans analysis in Bayesian framework to constrain the

DM density
Need to be careful of possibles biases introduced by modeling choices: extensive

checking on mock data!

- Continuous development:
» axisymmetric Jeans analysis (e.g. Hayashi et al. 2016)

» informative priors (e.g. Ando et al. (2020))
» non-parametric approach + higher orders of the velocity distribution (e.g. Read &

Steger 2017)

=0
o
NS




DM modeling of galactic targets

1. Galactic center region
2. Dwart spheroidal galaxies
3. Dark galactic clumps



Dark galactic haloes

® L ow mass dark haloes pertain the Galactic DM halo

® Some may be quite close to us

® DM annihilation in a dark clump would be seen as a point-like emission in y-rays, with no counterpart
® |[f no-detection, place limits provided a model of the subhalo population

® Conversely to Galactic halo or dSph galaxies, all we can rely on are results from numerical simulations
or semi-analytical modeling to use as ingredients
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Dark galactic haloes
The ingredients

From Part 1, recall the 7 ingredients to described the average contribution of substructures to J-factor

Mmax max(M )d

AQ (hu 4. ¢
(Joyhs) = NtotJ J L (r(1, Q) dI dQJ — (M) X J ~(¢, M) LM, c)dcdM
0 % v dM ¢ o de L}
L M,c) =

Those distributions give a full statistical description of the subhalo population
— can generate realisations
— early studies: stick to one configuration
— to bracket modeling uncertainties, need to explore various options for each of these

lmin

|

Vhalo

p*(M, c) dV
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Dark galactic haloes
The ingredients

From Part 1, recall the 7 ingredients to described the average contribution of substructures to J-factor

AQ lmax d@v Mmax d@ CmaX(M)dt@
(Joyhs) = NtotJ J (r(l,Q))dl dQJ — (M) x } ~(c, M) &M, c)dcdM

0 lmin d V M, min dM min(M ) dC L‘
LM, c) = [ p*(M, c) dV
Vhalo
Those distributions give a full statistical description of the subhalo population
— can generate realisations
— early studies: stick to one configuration
— to bracket modeling uncertainties, need to explore various options for each of these
Hutten et al (2016)
Model VARO LOW VARI1 VAR2 VARS3 VARA4 VAR5 | VAR6a | VARG6D
inner profile NFW E E E E E E E E E
" Qin 1.9 1.9 2.0 1.9 1.9 1.9 1.9 1.9 1.9 1.9
55 4:’_3 O 0.14 0.14 0.14 0.24 0.14 0.14 0.14 0.14 0.14 0.14
- & B E-AQ | EFAQ | E-AQ | E-AQ | M-VLII | E-AQ | E-AQ | E-AQ | E-AQ | M-VLII
> 5 Neatin 150 150 150 150 150 300 150 150 150 300
- sub-subhalos? no no no no no no yes no no no
c(m) SP SP SP SP SP SP SP | Moliné | P-VLII | P-VLII




C200

100

Dark galactic haloes

Subhalo specificities: radial-dependent concentration

A Q lmax d (@ V Mmax Q@M Cmax (M)d
(Joups) = Ntotj } (r(l, Q))dl dQJ ——(M) X J “(c, M) LM, c)dcdM
0 lmin dV Mmin dM Cmin(M ) dC
Moliné et al. (2016)
l \ | l l l |
100 ;+ — INE o distance 0 <Xgup <0.1 |
! . .-1‘..;' from 0.1 <Xsup < 0.3 ]
. oee Wi center ?g:)’f“z: 12 Z Compared to field haloes, subhaloes d are
‘ # ~— AR - ‘ subject to tidal stripping, making them more
L] el _ compact.
: : The closer to the center of the host halo, the
more concentrated the subhalos.
114 < i
10 | VLI +— @ . c(M) = c(M, r)
; ELVIS — & i
BP | e +TL e _ | ¥ |
- 114+VLII+ELVIS+BP S -1 =
i P12 = = = = o | .
| N | | | | | | | | | | | | | | | | | | |
107 100 10° 1010 101°

Moo [N M)
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Dark galactic haloes

Subhalo specificities: radial-dependent concentration

100

10

Moo [N M)

AQ el . M. .. Conax (M)
(Jop) =N, a d‘@v(r(z Qydide| ﬂ(M) o[l
subs/ T “Vtot dV ’ dM
0 lmin M min Cmin(M )
Moliné et al. (2016)
] T T T
* — + . distance 0 <Xsup< 0.1 _
. Py P from 0.1 < Xgyp < 0.3
E Y center 0.3<Xgup<1.0 -
r ”ﬂ_ 1.0 < Xgp < 1.5
14 —&
N VLI —e B
i ELVIS —aA i
BP | ¥ |
- 114+VLII+ELVIS+BP - ~
- P12 = = = = . T
I NN NN AN SN A RN SN N N S I I N R B
107 100 10° 1010 101°

~(c,M, r(l,Q)) LM, c, r(l,Q))dc dM

dc

Compared to tield haloes, subhaloe are
subject to tidal stripping, making them more
compact.

The closer to the center of the host halo, the
more concentrated the subhalos.

c(M) = c(M,r)
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Dark galactic haloes
Subhalo specificities: tidal disruption from the host DM halo

Hltten et al (2016)

10() i

Ea rt h ' Rtj_’{}

Tracing piot (biased)
Anti-biased ~ R X pyq
Madau (2008), VL II

Phoenix, all halos
Aquarius, all halos

Ag-Al halo (E-AQ)

102

16()

® unevolved population: spatial distribution follows
the total/smooth distribution

® tidal stripping/disruption due to the strong
gravitational gradient in the inner region
— reduces the number of haloes in the inner
region of the host halo

® cffect captured naturally captured by simulations,
but can also be model from (semi-)analytical
considerations (Han et al. 2016)
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Dark galactic haloes

Cumulative source count distribution

Hitten et al (2016)

LA | T T LA L S B N | 1 T LA S B B A |

4 .. -
10 g — Total emission — HIGH |3
- 9int = (.5° — LOW
- . Model VARO | LOW | VAR1 | VAR2 | VAR3 | VAR4 | VAR5 | VARGa
103 known MW satellites,
5 9int = 0.5° E inner profile NFW E E E E E E E
: ' : . m 1.9 1.9 2.0 1.9 1.9 1.9 1.9 1.9 1.9 1.9
¥ g % O 0.14 0.14 0.14 0.24 0.14 0.14 0.14 0.14 0.14 0.14
—~ ' 5 E Osubs E-AQ | E-AQ | E-AQ | E-AQ | M-VLII | E-AQ | E-AQ | E-AQ | E-AQ | M-VLII
~ 10%E Galactic center > Neatin 150 150 150 150 150 300 150 150 150 300
Al ; co - 21 9 T - sub-subhalos? no no no no no no yes no no no
= : J(0.5°) = 5-10°" GeV*em™ : c(m) SP SP SP SP SP SP SP | Moliné | P-VLII | P-VLII
= 10} :
: power-law :
- extrapolation ]
[ R it e : a—
10—1 1 ] 1

Modeling choices matter and the cumulative
source count distribution can vary by ~ 1

2.5 X = VARG6b _

z Y — VARGa order of magnitude
= 2.0 X = VAR5 -
= 15 X =VAR4 |
= X = VAR3
2 1.0 X = VAR2 -
Ky 05 X =VARl |

' X = VARO

J-factor [GeV? cm™°]



Dark galactic haloes
Subhalo specificities: tidal disruption from the host DM halo

Hltten et al (2016)

10() i

Ea rt h ’ Rtj_’{}

Tracing piot (biased)
Anti-biased ~ R X pyqt
Madau (2008), VL II

Phoenix, all halos
Aquarius, all halos

Ag-Al halo (E-AQ)

unevolved population: spatial distribution
follows the total/smooth distribution

tidal stripping/disruption due to the strong

gravitational gradient in the inner region —
reduces the number of haloes in the inner
region of the host halo

effect captured naturally captured by
simulations, but can also be model from
(semi-)analytical considerations (Han et al. 2016)
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Dark galactic haloes
Subhalo specificities: tidal disruption from the host DM halo + baryonic disk

107°

units|

10~"

arbitrary

10~°

ox dP/dV |

DM only
———  Phat-ELVIS
SL17, ¢ = 0.01
—— SL17, ¢ =1

/
Vi

Hutten et al (2019)

107"
10~

10"

i
Distance |kpc]

10°

® adding potential from a baryonic disk has an
even stronger impact, with total depletion of
subhaloes in the innermost regions

® cffect captured captured by simulations with
added disk potential (Kelley et al. 2019), but
can also be modeled from (semi-)analytical
considerations (Stret & Lavalle 2017)
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Dark galactic haloes

Subhalo specificities: tidal disruption from the host DM halo + baryonic disk

@9 . .. .
ocLUMPY) - Annihilation }

____________
» | W AR RS

Phat-ELVIS

l L1

1018 1019 1020 102
dJgrawn/dQ [GeVZem s

® Drastic consequences on the properties of the
brightest subhalo in annihilation, with
decrease of the flux of the brightest subhalo
by a factor of 2 to 7 when adding disk
potential

® Caution: semi-analytical model use simplifying
assumptions and simulations may suffer from
numerical disruption of subhaloes
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Dark galactic haloes

Summary

® Dark subhaloes in the MW Galactic halo can be constraining “targets”

— Fermi-LAT all sky survey, CTA planned extragalatic survey

® Modeling of the subhalo population requires 7 ingredients. Constraints may only come from
numerical simulations or semi-analytical modeling

® Need to better pin down the effect of tidal stripping in the full MW potential to get a better picture



DM modeling ot extragalactic
targets

1. Galaxy clusters

2. The extragalactic ditfuse exotic signal
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Coma - optical - NASNESNDSSZ : B

Galaxy clusters

Overview

® | ast stage of structure formation; largest gravitationnally-bound objects
in the universe

B P
Coma - opt[cq[ ¥'ming { .
i § o s <,

® ~101-107>Ms,n densest regions in the universe \ ,,/: A

BN AT\ AY
- ~80% dark matter .("/ ,' /' j "' .- "-:M ‘\-:\ \./'
- ~15% hot gas RN

- ~afew% galaxies

» ) k\.
i; \‘v ‘\

e "Close by" clusters: Virgo (~16 Mpc), Coma (~102 Mpc)

- large 1/d? dilution the exotic signal

® Observationnally
- X-rays: hot gas emission (free-free from ICM e’)
- mm-wavelength: hot gas - CMB interaction (5Z effect)

- Visible, infrared: galaxies

- y-rays? expected emission from interaction between gas and cosmic rays
(background for DM indirect detection)
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Galaxy clusters

Mass, DM profile determination

Dynamical estimation (visible, spectroscopy)

NN LS [ £/
(GRS A s T ¢
S N ) ) )] =
\ / / | | 'S o *
. A .

Lokas & Mamon (2003), Coma 4 Measure velocity dispersion of galaxies in Mass estimation from ba r'yonic proxies (X'rayS, SZ)
- : the cluster — ‘ — M
— use virial theorem to get the mass oma £ optical + eray © . Comalopticals ¥

— perform Jeans analysis and fit for the
density profile

S
o
—
1

Olos [103 km/s]
o
{

T a=1/2 : j In the Jeans equation (# dSph)
! Mtot(r) = |\/lDI\/I(r) + Mgas(r) +Mstars(r)

0 0 1 L 1 1 1 1 1 1 1 L L 1 1 1 1 | 1
.

Weak lensing mass estimate (visible)

n,(r), T,(r) P(r) = n,(r)kT,(r)
Gavgzzi et al. (?OO‘?), 'Corr'wa
g Weak gravitational lensing: d P G Myse(r)
- the shape of background galaxies are E =—pg =-—p 2

2 coherently distorted in the presence of A Assume hydrostatic equilibrium
5 a foreground cluster (lens). r? d P(r)
S g _ <t orei Mygsg(r) = — X
=& the amount of distorsion depends on Gum,n,(r) dr

the project mass density of the lens

27.8

- If HSE is wrong, reconstructed mass may be biased
No assumption on dynamical state of the - Large catalogs
system
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Galaxy clusters

Mass, DM profile determination

At the cluster scale, NFW profiles are generally a good fit the data



Galaxy clusters

J-factors, boost from substructures?

Varied type of information available from the literature
e directly get p,, 7,
® get the mass with a given radius, e.g. Mspo c
- in that case, need to use a M-c relation

- be careful with the mass definition!

,,:\_' 1015 E | | | | | | | | | | | | | | | I | | | | | | | | | | | | | | | | | :if
2. - dSphs Galaxy clusters 5
f@ 101 W — Galaxy (smooth and subhalos) B Ad26

= o . A Virgo =
=) = a;, = 0.1 n AWM?7 =
) T Sculptor 5 3C129_1 ]

O 13 Draco NGCI1550
2 10 L Lol A A0262 —=
e= = : €0 ' FORNAX =
& — 75 2A0335 =
= N A0496 —
.a 1012 __ M Coma —
= = =
g — =
— [ —_
5 10t = =
3 = ¢ - =
& = A =
et 0 -
o - =
>‘ — ——
: S —
5 10 =
= — —
7 - —
< — _
10° = —
f | | | I | | | I | | | I | | | | | | | I | | | I | | | I | | | | | | e

0 20 40 60 80 100 120 140 160

Adapted from Nezri et al. (2012) Angle w.r.t. Galactic centre [deg]

Best cluster J-tactors < than that of dSphs
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Galaxy clusters

J-factors, boost from substructures?

Varied type of information available from the literature Boost in galaxy clusters?

® directly get p,, 1, ® carly 2010s, boost ~1000! Power-law extrapolation

® get the mass with a given radius, e.g. Msgo ¢ down to 10-¢ M, of M-c relations obtained from
simulations (M>1010 M)

® Now, using flattened M-c relation, boost~10-50

- in that case, need to use a M-c relation

- be careful with the mass definition!

v."_‘ 1015 % | | | | | | | | | | | | | | | I | | | | | | | | | | I | | | | | I = ) | l | | I I | | I l | | I | | | I
8. = dSphs Galaxy clusters |5 107 6 _ clustersZ
(f‘@ Nl —— Galaxy (smooth and subhalos) B Ad26 — Mmin_lo Mo fDM_O’Z /
2 10 E _ 0 A Virgo = : / :
e — aint = Ol g - AWMY —] /
=) culptor . 3C129_1 _ — —
Q 101 Draco | NGCI550 L 8 / |
g :  Leol ~ ?g‘g& AX = kB0 l_VIR / ,
= R oo 2A0335 = | L0
= Caripa | : AD496 — —_ — =0, =20 /
= 1012 — r : st Coma — e /
g E _? l § = 10 = ----(X,le.g N
= on L j Hy | Q?a - kSANCHEZ14_200 :
= = - v & & - = - -
Q%-% E - é 1 | i A op E B aM = 2.O \\\\\‘\\\\\\\\\““"“”“"'.Ll.
§ 1010 E_ _E e aM — 1.9 . \\‘\\‘““\\\\\\\\\\ i
.C;O; E E =" ’“\’\\\u\\n\\““
= [ ] B - = T |
S = =
= — —
7 - —
< — — 1= —
10° =— - - n
=S N N R R T T R R R | T T T T T T T T — E vl ol ol ol vl 3l Uunul Covd vl vl e vl vmd vl sl |
0 20 40 60 80 100 A '2‘1 t g"l ; ‘6‘3 e 1 10 10* 10° 10* 10° 10° 10’ 10° 10° 10'°10"'10"*10"10"*10"10"°
: ngle w.r.t. Galactic centre [de , _
Adapted from Nezri et al. (2012) g g \Y [M@] Bonnivard et al. (2016)
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Galaxy clusters

Summary

® Galaxy clusters are the densest part of the universe
® |arge X-ray catalogs of “close-by” clusters. Option to stack the signal in survey data

® Their masses/profiles can be determined in multiple wavelength
— allow to cross-check results
— cuspy profiles, NFW

® Substructures may boost the annihilation signal by ~10-50

® J-factors < than that of dSphs



DM modeling ot extragalactic
targets

1. Galaxy clusters

2. The extragalactic ditfuse exotic signal
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The dittuse extragalactic signal
Getting started

® Dark matter in the entire universe annihilates

— gives raise to an isotropic exotic gamma-ray signal

® Recall: at the Galactic scale, we had

particle physics Astrophysical “J-factor”: [MC% kpc™] or [GeV?cm™]

e, - (00) ~~dNT [ em o
— (B, k, AQ(aint)) = B d °
dE( y vy (a t)) 47T5m%)MZ dE fX/O 6/0 SlIlOédOé/O P (k l7a75) dl
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The dittuse extragalactic signal
Getting started

® Dark matter in the entire universe annihilates

— gives raise to an isotropic exotic gamma-ray signal

® Recall: at the Galactic scale, we had

particle physics Astrophysical “J-factor”: [Mg kpc™] or [GeVZcm™]
ad L (ov) dN/ 2 %int lmax L
—(FE, k, AQ(q; = B x d sin ado 2(kl,a, B) di
dE( (Qint)) . 5m%)M Z Jf f /O 6/0 /0 p~( B)
Can we separate the spectral and astrophysical part when What new ingredients do we need?

considering the extragalactic emission? Why?
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The dittuse extragalactic signal
Getting started

® Dark matter in the entire universe annihilates

— gives raise to an isotropic exotic gamma-ray signal

® Recall: at the Galactic scale, we had

particle physics Astrophysical “J-factor”: [MC% kpc™] or [GeV?cm™]
ad L (ov) dN/ 2 %int lmax L
—(E, k, AQ (o = B X d sin ado “(kl,a, B) dl
T B F A aw) = 00 S B [ a | | e
Can we separate the spectral and astrophysical part when What new ingredients do we need?
considering the extragalactic emission? Why? - Cosmology
No. Integration along los = integration over redshift range - Halo mass function

and spectrum depends on redshift - EBL absorption model




119

The dittuse extragalactic signal

—2
dd Obm, 0 (0V) 1+ 2)3 d NS,

I(E7) _ < > _ DM, 0 <2 /cdz ( ) <52(Z)> source v e_T(z’EA’)
Structu.re Source Spectrum and EBL absoprtion
formation

; : e 2 - 1 dn single halo
Intensity multiplier <5 (Z)> = —— | dM — (M, z) X|L(M,z)| | = osi
O1m.0 dM y
. dn Omo dlno~?
Halo mass function — (M — )
Variance of the density field 9 B D(z)2 T 9
on scale defined by R(M) o°(M, z) = 92 /Plin(k’ z=0) W(kR) k" dk

A

Linear matter power spectrum
= f(cosmo)



The dittuse extragalactic signal

Capturing the modeling uncertainties

Hutten et al (2018)

Physics properties

Halo mass function’
Density profile ppaio
ca(Ma) relation?
Cosmology (h, €, Py)}
Overdensity definition

EBL model*

Field halo properties

Slope of dn/dM, aj;
Minimal mass Mpyin
Density profile ppalo
ca(Ma) relation?

Reference intensity: I
(M > 10'° Mg, no subhalos)

Reference Iy Variations Iy, var 1o — Io, var|/To
R16 [28] TO8 [32], B16 [55] < 40 %

ag = 0.17 ag = 0.15, ag = 0.22, NFW < 20%
C15 [29] L16 [30], C15-0.=0.2, (S14) <10%
Planck-R16 (28] WMAPT [56], (WMAP-TO08) <10%
Avir (3.3) Ac(3.1)or Ay, (3.2)=200 < 5%

113 [57] FO8 [58], D11 [59], G12 [60] < 5—40%

Total CDM contribution: I; (extrapolation to low masses)

(M > My, no subhalos)

Values (default in bold) I/Iy (=~ 5)
1.85, 1.9, 1.95 ~4-—14
10712, 1076, 103 Mg ~4—8
ag = 0.15, 0.17, 0.22, NFW, Ishiyama [61] ~4—8
C15 [29], L16 [30], (S14 [33]) ~3—8

. . . including boost from subhalos: I},

(m = Mpin With mpyin = Zwmin)

(Sub-)halo properties  Values (default in bold) Iy/I; (~ 1.5)
Mass fraction fsyps 10 %, 20 %, 40 % ~12—-22
Minimal mass mmin 10-12,10-6, 103 Mg ~13—1.8
ca(Ma) relation? C15 [29], L16 [30], (S14 [33]) ~13-1.7
Density profile pguphale  @g = 0.15, 0.17, 0.22, NFW, Ishiyama [61] ~13—-1.7
Slope of dP/dm, a, 1.85, 1.9, 1.95 ~1.4—1.7
dP/dV profile Aquarius [62], Pheenix [63], o< phost ~ 1.49 —1.51

' Tos (Tinker et al., 2008), B16 (Bocquet et al., 2016), R16 (Rodrguez-Puebla et al., 2016)
t s14 (Sanchez-Conde & Prada, 2014, [33]), C15 (Correa et al., 2015), L16 (Ludlow et al., 2016)

§ Planck-R16 (MultiDark-Planck simulations used in Rodriguez-Puebla et al., 2016), WMAP-TO08 (Cosmology used in TO0S, [32])
* FO8 (Franceschini et al., 2008), D11 (Dominguez et al., 2011), Gilmore et al. (2012), and 113 (Inoue et al., 2013)

A lot of possible options, all available in

o

O
O@I\A\Pp .

(]

=

O

120



121

The diftuse extragalactic signal

Estimation of the signal

Hutten et al (2018)

m, = 100 GeV

DGRB, 7,
107 = Ackermann+ (2015,a) XX —* b
0
3 8
710
w . . .
1 - Modeling uncertainties: ~1 order of
0 ’ S .
k_g 10 /// P magnitude
- ” 3
<] 10-100 £ .77 e, NS —— Ullio+ (2002)
~ 4 N W ~—— Ando+ (2013)
X 1011 Y AR ==us This work, I,
9 : 3 BN ~ =~ This work, I,
12 o P .‘ s T his work, IU
10 R\ S This work, 150"
102 10! 10° 10! 102 10° 10°

E. (GeV]



So, to conclude



Robust contraints on DM properties require robust J- (or

D-) factors determination

Numerical simulations provide a lot of insight into modeling of DM distribution

Apart for dark clumps, observational information (dynamics, etc.) specific to the

targets under scrutiny can help up infer the DM profile

Doing so, there are a lot of user-defined choices that may impact the results so

remember to check the dependence of the results with respect to a range of these

choices.
o

=0

o

A

O
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OCLUMPY) . V3.1 is out! Update for this afternoon’s hands on if you wish/can.



