A Monte-Carlo code for stmulating subhalos
signals for indirect dark matter searches:
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1) Intro: from DM to y-rays
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1) Intro: best targets?

Massive & dense (M2/V) vs. close (1/d?) vs. little astrophysical background

+ single galaxy clusters (d = Mpc)
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Great attractor

Perseus cduster

Gottldber . al. (20107

+ ensemble average of extra-
galactic DM (d > Gpc)

“Dark”
subhalos. ™

Angulo et al. (2008)

Anuarine simulation - Bpringal at al. (Natura, 20087

CLUMPY calculates J-factors/fluxes for all the various targets



1) Intro: y-ray flux from local source

N.B.: velocity-dependant annihilations not
discussed here, not (yet?) in CLUMPY

b Prompt y-ray/v flux for single source & DM annihilation:

dg ann 1 {(ov dN
| LS ZX (E)xj J PRy d1dQ
dEobs dr (sz dE AQY]o.s.
Flux = Particle physics X J : Astrophysical factor 2&%%

(CLUMPY can also do all calculations for DM decay)

J-factor main uncertainty in indirect DM searches



1) Intro: y-ray flux from source at redshift z

— Redshifting of the y-rays/ neutrino energy loss
— absorption by pair-production with extragalactic background light (EBL)




1) Intro: y-ray flux from source at redshift z

— Redshifting of the y-rays/ neutrino energy loss
— absorption by pair-production with extragalactic background light (EBL)

F. Aharonian (2004)
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annihilation boost in smaller proper volume
— Separation in particle physics/astrophysics term
breaks down for sources in z range

description in comoving coordinates
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2) CLUMPY: public code (https://lpsc.in2p3.fr/clumpy)

Clempy gitish

{ome = CLUMPY user documentation

* Open-source code, written in C/C++
 Public development on GitLab

» Depends on:
« gsl
« Heasarc's cfitsio
« HEALRIx (shipped with the code)

CLUMPY user documentation

M pode for y-ray and v slgnals from dark maber structunes

* CE RN s RD DT (Optl ona I} e hogee yous wil enjoy Laing CLUMPY whetres vou are:

- GrEAT (Ips c‘ i n 2 pa' f”!g rE at! Dp ti Gn a I) & on ewperimersal astroparticle physicist looking for J-facvors or synthetic 200 7 -ray o & Shymaps
. fresm dark enater decay or anvibiation, bo calculate your instnanmental sersitvity or 1D use in

™ CLﬂiSS (Gpﬂonal} rodelitempate analyses;

» o Iheoreticn! ostroparticie physicist wishing to explore the §-ray o i fuxin the Galaxy, d5ghs, of
galaxy chisters for your preferred particle pivwsics model,

= i o aisist working on the D content of dSpbd and wishing to perfonm o bears analysis
o your krematic data;

o o eowmelogist wishing Lo compute halo mass funcifons for arn y cosmelegy, redshif, and
overdermity definition &

« Runs on Linux and MacOS X
» Extensive web documentation

¥ e wmnt B harve a quick overvies whibsr CLUMPY seras for vour pufpedis, Fave o lock a1
thi Inirocuciion snd Browae ted chorpy execulable: apiiang snd phols section o the Picturs

gabery. If you have decided io use CLUMPY, download &t from the Sitlab repository and consult

Provide the community reproducible models for J-factors and prompt y-ray/v fluxes
Bridge between heavy numerical simulations and experiments:

» Fast emulator to calculate J-factors/fluxes from simulation end-products down to smallest
mass scales

« Explore varying simulation results in a parametric way: fast, flexible, user-friendly
« Jeans-analysis module to reconstruct dSph DM density profiles from kinematic data


https://lpsc.in2p3.fr/

2) CLUMPY: principle
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2) CLUMPY: principle

2
AR ploax | e ¥ i User-defined
J = [ﬂ j; (P + ;Pd [*dldQ) input quantity

b
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AQ flows AOY sl _ A plos A
ng = /ﬂ j; P,mdidﬂ Jn:mm-pmd = 2/; ‘[I Psm Eﬁzl'ﬂdﬂ Jauba = f /; (Z ﬂ::l) dlds
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exact realisation (mass and position) of DM substructures not needed

o dPy
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2) CLUMPY: principle

57

A flmax ; ’ ) User-defined
J =[{} /;m.m 2 (ﬂsm‘l';pc]) [*dldQ) input quantity

Total signal from DM annihilation

| ] <+ .

(J cross—prod } (J subs }

Do not resolve trillions of subhalos
— Calculate average signal for most masses
— Draw subhalos in mass range and distance whose
contribution fluctuates above user-defined selection



DSS colored. -

: triaxial halos enabled

:




2) CLUMPY: principle

— In each mass decade, draw subhalos
whose fluctuations (above average) > RE

VN 01 el
Ncl(-]l cl> + Jsmooth

REJ clumps

RE; (%)
cl

10" 1-10M_,

’8 C 1 1 i il 5 | v_l‘l 0 R 1 ; 111
109,01 [ 100
1min (kpc)

— Draw subhalos in [0, 1_crit] only

Do not resolve trillions of subhalos
— Calculate average signal for most masses
— Draw subhalos in mass range and distance whose
contribution fluctuates above user-defined selection



2) CLUMPY: principle

Runs from M. Hiitten
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— Draw subhalos in [0, 1_crit] only

Do not resolve trillions of subhalos
— Calculate average signal for most masses
— Draw subhalos in mass range and distance whose
contribution fluctuates above user-defined selection



2) CLUMPY: more on average of subhalos

dQ ol oMo cco BN
(Teus) =J J J J dldQdMdc ————— L (M, ¢)

PR PP dVdMdc

d*N dP, dPy, dP
(r) X ——(M) x

—=N5ub5_ E(M,F,f:)
dVdMdc dVv dM dc

User-defined
input quantity

o

d%y /[ dV : Probability to fin clump at some radial position in the host halo: usually flatter than total DM density

* dPy [ dM ~ M~ probability density of substructure mass: independent of position in halo

Mo
Nyubs = foubs Mhato /J dMM% : total number of substructures in halo
Mm.in

*  dP./ dc:Log-normal distribution around mean ¢(M, r)

In worst/naive case, 5™ sUb~1evels dimensional integral to calculate (slow...)



2) CLUMPY: boost from sub-subhalos

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

Z H(M )= sm(M )+ cmsspmd(M )

M (M) APy,
+N,, (M) L, (M= M7 dmr
‘Mmh'J dM
with  ZyM, )= | [pliM,c)] av

-vl

C




2) CLUMPY: boost from sub-subhalos

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
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Z\M) = Z(M) + Z rosprodM) 30 KSANCHEZ14_200 =
N M ‘MM(M} Sf} Mr d"‘OﬁM Mr d Mr % 25;_ Subs level 2 vs 1 _;

T tot( ) r:—l( ) ' ( ) X & ]

Jar dM I+ | ol Subs level 3 vs 2 —

% E == Subslevel 4vs 3 E

i e IS¢ g

- - tot 2 8 f .
- l.,fcl E E
g -

N A kaacbesgbeoppestt STl T ol b e e e 3

10* 102 1 100 1wt 10° 10* 10 107 10* 10"

vir

No much gain to go beyond n=1 or 2 and
computationally expensive...
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3) Results: dSph and galaxy clusters

Charbonnier et al. (2011), Nezri et al. (2012), Bonnivard et al. (2015a,b,c)

— dSphs or galaxy clusters?
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3) Results: dSph and galaxy clusters

Charbonnier et al. (2011), Nezri et al. (2012), Bonnivard et al. (2015a,b,c)

— dSphs better targets than galaxy clusters ... and beware of boost!
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What is the best observation strategy?



3) Results: dSph and galaxy clusters

Charbonnier et al. (2011), Nezri et al. (2012), Bonnivard et al. (2015a,b,c)

— dSphs better targets than galaxy clusters ... and beware of boost!
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What is the best observation strategy?

— Ranking of best dSphs (Jeans analysis)
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3) Results: dSph and galaxy clusters

Charbonnier et al. (2011), Nezri et al. (2012), Bonnivard et al. (2015a,b,c)

— dSphs better targets than galaxy clusters

. and beware of boost!
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Bonnivard et al. (2016)

What is the best observation strategy?
— Benefit of stacking strategy (clusters)

— Ranking of best dSphs (Jeans analysis)
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3) Results: extragalactic

Hiitten et al. (2018)

Zmax

d® E%M 0 (UU) (1 + Z source E
I(E,) = < > - §%(2) x e~ Ev)
7 dE,dQ/ 8w m2 ( ) dEe |g.—(1+2)E,
. Single
Intensity
multiplier 1 A halo
(62%(2)) = Z, dM ~ M(M, z) x L(M, 2)



3) Results: extragalactic

Hiitten et al. (2018)

d@ 07 av i 1 dNSOUrCE
I(E’Y)=<—> =QDL<2) z( +z <62( )) 5 e—T(% Ev)
dE’Y df2 sky 8 ey dEe Ee=(142)Ey
— Thorough analysis of main uncertainties Intensity S}ilglg;e
(varying critical ingredients) multiplier an
(6%(2)) = o— | AM ——(M,2) x L(M, z)
Reference intensity: I Qm 0 dM

(M > 10'° Mg, no subhalos)

Physics properties Reference I Variations Iy var |Io — Io, var|/To
Halo mass functionf R16 [28] TO8 [32], B16 [55] <40%
Density profile ppao og = 0.17 ap = 0.15, ag = 0.22, NFW <20%
ca(Ma) relation? C15 [29] L16 [30], C15-0,=0.2, (S14) <10%
Cosmology (h, %, Pi)?  Planck-R16 [28] WMAPT [56], (WMAP-T08) S10%
Overdensity definition Ay (3.3) A¢ (3.1) or Ay, (3.2)=200 <5%
EBL model* 113 [57] FO8 [58], D11 [59], G12 [60] <5-40%

Total CDM contribution: I; (extrapolation to low masses)
(M > Myn, no subhalos)

Field halo properties  Values (default in bold) L/ (~ 5)
Slope of dn/dM, axy 1.85, 1.9, 1.95 ~4—14
Minimal mass Myin 10712, 10-6, 103 M, ~4-8
Density profile ppalo ag = 0.15, 0.17, 0.22, NFW, Ishiyama [61] ~4—8
ca(Ma) relationt C15 [29], L16 [30] 814 [33]) ~3-8

. ..including boost from subhalos: I},

(m > Mupin With mpyin = Mmin)

(Sub-)halo properties  Values (default in bold) L/I (= 1.5)
Mass fraction fsubs 10%, 20 %, 40 % ~12-22
Minimal mass Mmin 10712, 1078, 103 Mg ~13-138
ca(Ma) relationt C15 [29], L16 [30], (S14 [33]) ~13-17
Density profile pguphale  ar = 0.15, 0.17, 0.22, NFW, Ishiyama [61] ~1.3-17
Slope of dP/dm, am, 1.85, 1.9, 1.95 ~14-1.7
dP/dV profile Aquarius [62], Pheenix [63], o phost ~1.49 —-1.51

T Tos (Tinker et al., 2008), B16 {(Bocquet et al., 2016), R16 (Rodrguez-Fuebla et al., 2016)
¥ 514 (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-T08 (Cosmology used in TOS, [32])
* FO8 (Franceschini et al., 2008), D11 (Dominguez et al., 2011), Gilmore et al. {2012), and 113 (Inoue et al., 2013)



3) Results: extragalactic

Hiitten et al. (2018)

-2 Zmax
_ d® _ QDM, 0 (U’U) (1 + z 62 stource —7(2, Ey)
B =3B, ).~ smz | ¥ HE @) g, .
Y sk X e E.=(142)E,
— Thorough analysis of main uncertainties Intensity Sﬁglg;e
(varying critical ingredients) multiplier an
2
(6%(2)) = o— | AM ——(M,2) x L(M, z)
Reference intensity: Iy Qm 0 dM
(M > 10'° Mg, no subhalos)
Physics properties Reference I Variations Iy var |Io — Io, var|/To
Halo mass functionf R16 [28] TO8 [32], B16 [55] <40% I inties f b
Density profile ppa1o ag = 0.17 ag = 0.15, ag = 0.22, <20% - arge uncertainties from boost
ca(Ma) relation? C15 [29] L16 [30], C15-0.=0.2, (S14) <10% i ‘
Cosmology (h, %, Pi)?  Planck-R16 [28] WMAPT [56], (WMAP-T08) <10% 106 my = 100GeV 1
Overdensity definition Ay (3.3) A¢ (3.1) or Ay, (3.2)=200 5% - EE:;BWHH o xx — bb ]
EBL model* 113 [57] F08 [58], D11 [59], G12 [60] <5-N0% ]
Total CDM contribution: I; (extrapolation to low masses) 1
(M > Myn, no subhalos) T~ ]
Field halo properties  Values (default in bold) L/ (~ 5)
Slope of dn/dM, anm 1.85, 1.9, 1.95 ~4—14 % v D, :::ﬂ:{f;:f;]
Minimal mass My, 10712,1076, 1073 Mg ~4-8 Y & R\ B This work, I,
Density profile ppalo ag = 0.15, 0.17, 0.22, NFW, Ishiyama [61] ~ 4 - BY == This work, I,
ca(Ma) relationt C15 [29], L16 [30] 814 [33]) -8 & 4 R\ &= This work, I
D, | S i _JSiom 3
. ..including boost from subhalos: I}, & 8 i ]
(m > Mumin With mpin = Moi,) 1= 10! 10° 10! 10° 10° 10
(Sub-)halo properties  Values (default in bold) L/I (= 1.5) E, [GeV]
Mass fraction fsyhs 10%, 20 %, 40 % ~12-22
Minimal mass Mmin 10712, 1078, 103 Mg ~13-138
ca(Ma) relationt C15 [29], L16 [30], (S14 [33]) ~13-17
Density profile pguphale  ar = 0.15, 0.17, 0.22, NFW, Ishiyama [61] ~1.3-17
Slope of dP/dm, am, 1.85, 1.9, 1.95 ~14-1.7
dP/dV profile Aquarius [62], Pheenix [63], o phost ~1.49 —-1.51

T Tos (Tinker et al., 2008), B16 {(Bocquet et al., 2016), R16 (Rodrguez-Fuebla et al., 2016)
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3) Results: dark halos (1000 realisations)

— Varying parameter in allowed range

Hiitten et al. (2016)
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— Largest differences: c-M relation
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— Varying parameter in allowed range
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— Comparison to other results

Fp(0.8°) > 1GeV [ergem—2s71], xx — bb, m, = 40GeV
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— Probability to observe a “flux” (non-gaussian tail) determines sensitivity
— In practice, search (e.g., in Fermi-LAT catalog) for unassociated sources
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— Comparison to other results

— Prospects for CTA + complementary limits to dSphs
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— Varying parameter in allowed range

Model VARO - VAR1 | VAR2 | VAR3 VAR4 | VAR5 | VAR6a | VAR6b -
inner profile NFW E E E E E E E E E
o U 1.9 1.9 2.0 1.9 1.9 1.9 1.9 13 149 1.9
28 o 0.14 0.14 0.14 0.24 0.14 0.14 0.14 0.14 0.14 0.14
5§ By E-AQ | E-AQ | E-AQ | E-AQ | M-VLII | E-AQ | E-AQ | E-AQ | E-AQ | M-VLII
> 5 Nealib 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

— Angular power spectrum (APS)

].0_14 | 1 1 10_14 1 I I

5 | CL/(AE)?, g | & . - CL/(AE)?,

:'> 10-16] " Ackermann+ (2012) o - :|> 10-16] © Ackermann+ (2012) @ |
¢ .’ ¢ —— HIGH, this work

O . gl . , th

L 10-18 3 1018 LOW, this work

w2 [p]

| ' )
< 10720t <7 10720

| |

= = :

= 1022 = 10-22

S E

=< == HIGH (CLUMPY sk < 24 ;o

S 107 (CLUMPY skymaps) &S 107#F7 " =« VLI Lange+ (2015) :
- == LoW (C}UMPY skymaps) | -— - = = Semi-analytic, Ando+ (2013)

I

+ 107% - - HIGH, Cp from Bq. (34) 1 4 10-26 - - GAL-Aq, Fornasa+ (2013) 1
0 il S

= - - LOW, Cf from Eq. (3.4) = : -+ - MHEin, Calore+ (2014)

10° 10! 102 103 10° 10! 102 103

multipole ¢ multipole ¢



— Varying parameter in allowed range

Hiitten et al. (2016)

amde ~ v X G

43P

dP

Modcl VARO r XTA T 1 | XTATYM XTATYM x ™A | XTam™ms | XThaT™WF aohna “
inner profile NFW E 1o~
@ 1.9 1. .
2 g . ] g e L e
v g o 0.14 | 0. [ an® g L, _
i Fos E-AQ | E- L1018 L | Bo.nnl‘_"?‘rd et al. (..2916.5_'3_‘)_ ) h
g Ncatib 150 15 ; :
sub-subhalos? no n 10-10 |-
c(m) SP S =
-20 |
l: 10
2 0t
10~ E
, ape ]
= /4 T 1
—16| Ackerr. . p-2
Z 10 &
CED [ 5 10~
I 10—18 =
C\:CE 5'_;:'" 1{]—25 i
IUJ - + 4 26
- 1020 L = 10
g 1{’_27 i J:-im
— —22
10 1{]—??’. L = -—’T-:Ira'n'u: kBO1 VIR 1
CE 20 _— 'Lh'awu, kSANCHEZ14_200
~~ _ 10-20 | .
S 10724 10 —  {Jabs) + Joss—proa (both cases) , Lange+ (2015) .
— —30 - - | - ]
- . 10) 0 - 0 o analytic, Ando+ (2013)
i 10 multipole ¢ -Aq, Fornasa+ (2013) A
< | - | din, Calore+ (2014)
10—28 i) PP | 10—28 gl s e ] |
10° o102 103 10° 10 o107 10°%
multipole ¢ multipole ¢



3) Results: dark halos (1000 realisations) [EraEAuRe

Hiitten et al. (2019)

Subhalos disrupted by Milky Way baryonic potential
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Phat-ELVIS simulation (Kelley et al. 2019)
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Subhalos disrupted by Milky Way baryonic potential
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Subhalos disrupted by Milky Way baryonic potential
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— Allows to study statistical properties (here of brlghtest sub-halos)
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— Allows to study statistical properties (here of brlghtest sub-halos)
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— Useful to test detectability by Fermi-LAT (e.g., Di Mauro, Stref & Calore 2020)
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Conclusions

Status of CLUMPY

* 3 public releases (on git, full documentation)

* From dark clumps to extragalactic
— Impact of tidal disruption implemented for dark halos in v3.1 (released last year)

* Growing use in community
— Used in DM analyses by Antares, Fermi-LAT, CTA, HAWC

Desired developments

1) Synthetic skymaps for extragalactic: average + nearby known/relevant (as for dark clumps)
— 1-point statistics, direct calculation of higher-order statistics, full skymap simulation

2) Include calculation of generalised J-factors (velocity-dependent cross-sections)
— Stay tune for Lacroix et al. (see M. Stref’s talk)... that would be nice to implement in CLUMPY

3) More exotic or more technical issues
— Python interface, simple parallelisation, etc.

Unfortunately, workforce of the CLUMPY team asymptotically goes to N < 1 with time!
(contact us if you are interested: clumpy@Ipsc.in2p3.fr)


mailto:clumpy@lpsc.in2p3.fr
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