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Goals: 1) To search for gamma-ray signals coming from WIMPs annihilation from the direction
of the core of a sample of 11 stellar streams whose progenitor is a dwarf galaxy (dG).
2) To demonstrate the potential of streams for indirect dark matter (DM) searches.




Sample Selection for DM searches

We build a sample of 11 streams most
optimal for gamma-ray DM searches

aCCOrding to our criteria: Stream (1, b) (°) dsun (kpc) Length (°) %’_‘; (Mg)
Golden sample
% Progenitor Indus (332.26, -49.19) 16.6 18.2 3.40
8 ' - LMS-1 (43.27, 55.46)  18.1 179.2 10.00
Streams whose progenitor is a dG. Orphan-Chenab  (264.90, 43.60) 20.0 230.6 16.00
PS1-D (230.95, 32.67) 22.9 44.9 0.75
*k Di : Turranburra (219.72, -40.79) 27.5 3.1 0.76
Distance Cetus-Palca  (147.90, -67.80) 33.4 100.9 150.00
Streams closest to us (<100 kpc). Styx (35.40, 75.40) 46.5 60.4 1.80
Elqui (293.88, -77.20) 50.1 10.9 1.04
%k Mass: — Silver sample
, Monoceros (180.0, 25.0) 10.6 46.9 600.00
Streams whose stellar mass is known. AntiCenter (140.0, 35.0) 11.7 57.7 0.93
Sagittarius (6.01, -14.89) 25.0 280.0  13000.00

and separated in a golden and a silver
samples, according to our level of
confidence in them.



DM annihilation flux from stellar streams

Weakly Interacting Massive Particles (WIMPs)

One of the most promising and well-motivated DM candidates (e.g. Bertone 2010): "WIMP
miracle".

Expected to have GeV-TeV masses.
WIMPs arise in several theories beyond the Standard Model.

WIMPs may be detectable in since self-annihilation of WIMPs produce Standard
Model particles, which can eventually yield photons, among other possible by-products.

Wave-like Particle-like Macroscopic
— DM Mass

10 22¢V eV T 101°GeV T 0% g

Thermal DM{(WIMP, ; Primordial BH, etc.
SIMP, ...), Sterite-v; ¢étc.



DM annihilation flux from stellar streams

%k Assuming that all the DM is in the form of WIMPs, the expected flux due to WIMPs annihilation
(Bergstrom+1998) is:

Astrophysical J-factor

F(EAQ.1.0.9) [ (E)I(AQ.1.0.5)

~ J(AQ,L.0.5) JJpI%M dl d€2

Particle physics term
(DM particle mass, annihilation cross-

section (ov), and DM spectrum) DM density profile



DM annihilation flux from stellar streams

%k Assuming that all the DM is in the form of WIMPs, the expected flux due to WIMPs annihilation
(Bergstrom+1998) is:

e — Astrophysical J-factor
LO/’V(E, AQ, l . 0. S) zﬁop(E) X(AQ, l 0. S, JAQ,[.0.5) | nplz)M dl d€X

DM density profile

kX We model the streams with a truncated
Navarro-Frenk-White (NFWt) DM density profile:

* We assume that the streams maintain the
same density distribution as their progenitors

within the core (r < r,).

* Rest of the DM outside 7, gets lost due to tidal
stripping (e.g., Aguirre-Santaella+2023).



DM annihilation flux from stellar streams

%k Assuming that all the DM is in the form of WIMPs, the expected flux due to WIMPs annihilation
(Bergstrom+1998) is:

r— Astrophysical J-factor
F(E,AQ1.0.5) = f,,(E) AR 1.0.5)) 500,105 [ [ 3t

DM density profile

X We consider 3 different scenarios based on

different mass-to-light (M/L) ratios to % We model the streams with a truncated
estimate the DM mass at accretion time: Navarro-Frenk-White (NFWt) DM density profile:

Low:M/L =72 * \We assume that the streams maintain the
(same DM mass than baryonic mass) same density distribution as their progenitors

within the core (r < r,).

* Rest of the DM outside 7, gets lost due to tidal
stripping (e.g., Aguirre-Santaella+2023).

Benchmark: M /L. = 5

High: M/L = 50
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DM search in streams with the Fermi-LAT 7z
%k We search for any gamma-ray signal in of data from the direction of the

assumed streams’ cores.

NASA FermiLarge Area Telescope (Fermi-LAT)

4 TN

I Iyl B

E i' I N5

l &L ';5
L TNGEY
W b >~
- 4

Xk High-energy gamma-ray detector, in
operation since 2008 ( ).

* Energy range: 20 MeV — > 300 GeV
GeV: Ideal instrument for WIMP searches!



. . . /
DM search in streams with the Fermi-LA T

Space Telescope

Xk We search for any gamma-ray signal in 15 years of Fermi-LAT data from the direction of the
assumed streams’ cores.

‘Golden’ Sample

50

75° 87

We focus on the
streams’core

40

30

Heliocentric distance [kpc]

10

-75°

® l16=Cetus-Palca ® 39=Indus @ 47=LMS-1 @ 93=Turranburra
CFS & Sanchez-Conde ® 20=Elqui ® 80=PS1-D @ 87=Styx ® 67=0rphan-Chenab

arXiv: 2502.15656
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DM search in streams with the Fermi-LAT 2o

IS detected from any of the streams in our sample.

Example for LMS-1stream
| LMS-1 00
/_\ | (1,b)=(43.27",55.46%)
Ly — B -05
We compute flux upper limits at 7 10™ B g
: e =
95% confidence level (C.L.) and E e ~0%
. O —
place constraints on the DM = . -15 8
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DM constraints: Comparison with other targets

10—20 é
] Golden sample
10—21 = == Silver sample
Dark satellites (Coronado-Blazquez+19)
_ 1 0_22 — = dSphs (McDaniel+2023) ’/’_/,,/-/‘
T dIrrs (Gammaldi+2021) 7T
7p) ]
- 10—23
3 5
= 1n—24
107+
—~ ] —
\b/10—25_
B - <Gv>th
10726 T "’:,,— - Benchmark M/L
b bb
10~
10! 10~ 10° 10%
m, |GeV]

Xk Stellar streams can potentially provide

X The golden sample of streams improve
the limits achieved with dlrr galaxies, while
they are similar to those for galaxy clusters
and dark satellites.

Xk Results for the silver sample would be

potentially comparable with those for
dSphs.

Thermal relic cross-section:

cross-section required to account for
the amount of DM we observe today.
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DM constraints: Golden Sample, M/L scenarios

1079

] —— Benchmark

* Overall uncertainty of ©®(100) in the DM
limits.

X The combined constraints for the

Benchmark scenario are ©O(10) above the

thermal relic cross-section for the lowest
considered WIMP masses.

Xk DM limits reach the thermal relic cross-
section at lower masses when considering
the High scenario.
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Main caveats

Xk The of the streams is not well known. Uncertainties are expected to be contained within our

M/L uncertainty band

X The IS uncertain in most cases.

Future high-resolution spectroscopic

observations (e.g. DESI) should help decreasing the uncertainty in the location of the cores of

streams In our sample

X% The underlying of the streams is

unclear. Work is already ongoing in this direction
that uses the AURIGA hydrodynamical simulations
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Main caveats

Xk The of the streams is not well known. Uncertainties are expected to be contained within our
M/L uncertainty band

X The is uncertain in most cases. Future high-resolution spectroscopic
observations (e.g. DESI) should help decreasing the uncertainty in the location of the cores of
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Auriga stellar streams

* We use the cosmological
magneto-hydrodynamic simulations, with
6 Milky Way-mass halos at ‘level 3" high
resolution (Au-6, Au-16, Au-21, Au-23,
Au-24, Au-27). (Grand+2017. Grand+2024)

% We adopt the catalogue presented in
to identify streams in Auriga.
The final sample is composed by

% From raw particle data, we build the
of the Auriga streams and
study their temporal evolution.

1.5 X softening length,
i.e. our resolution limit
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Auriga stellar streams

* We use the cosmological magneto-nydrodynamic simulations, with 6 Milky Way-mass
halos at ‘level 3’ high resolution (Au-6, Au-16, Au-21, Au-23, Au-24, Au-27). (Grand+2017. Grand+2024)

* We adopt the catalogue presented in to identify streams in Auriga. The final sample is
composed by

% From raw particle data, we build the of the Auriga streams and study their
temporal evolution.

* We perform Our goal is to propose the most
adequate fitting function, also capable of encapsulating the main physical dependencies (orbital

configuration, accretion redshift (z,..), bound mass fraction (f,) , etc).
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DM annihilation luminosity

* We aim to study the potential of the Aurlga streams as targets for gamma-ray DM searches by
computing the

Lann — J' plz)M(r) dv
V

. P R A B %] is very sensitive to the inner
N . " | shape of the profile, where we face
| \ | resolution issues.

. *0Ongoing work to reconstruct this

- region, also considering SIDM models.

plp(r-z)

¥
O
~

1072

w0t

717200, sub(Zace) Preliminary ’



DM annihilation luminosity

* We aim to study the potential of the Auriga streams as targets for gamma-ray DM searches by

computing the

% Work Is ongoing to reconstruct the DM density
profile In the unresolved region, just by
extrapolating the best-fit profile down to the center,
by means of other hybrid approaches (

considering SIDM models.

% An Inner cusp Is expected at such low-mass
subhalo scales, where baryons are not expected
to play a significant role (

profiles (e.q.

) or

plp(rs)

). However,
SIDM models could eventually lead to more cored
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Summary

%k This work is the first one that uses stellar streams to set WIMP DM limits.
%k We build a sample of 11 streams most optimal for gamma-ray DM searches.

%k No signal is detected after the analysis of 15 years of Fermi-LAT data.

¥ The most reliable DM limits obtained (golden sample, benchmark scenario)
are O(10) above the thermal relic cross-section for low WIMP masses.

%k Currently using the Auriga suite of high-resolution hydrodynamical simulations
to shed light on the DM distribution within disrupted dG streams.

3k Our ongoing numerical work will provide a more robust framework for
interpreting our previous results and refining future DM searches with stellar
streams.

19



Stellar streams as targets for mdlrect
‘ dark matter searches

Thank you. .

-

N LT T, Crlstma Fernandez Suarez .
g --PhD Superv1sor MlguelA Sanchez Conde

Umvers1dad Autonoma de Madnd & IFT (UAM CSIC)

.Valenc1a Workshop on the Small-Scale Structure of the Unlverse and

Self lnteractmg Dark Matter | 2 a0 ' UA ! l‘n.i\(‘rsi('lzul Autonoma
A R X de Madrid

June 16, 2025



Backup Slides



Dark matter overview

Credit: American Museum of Natural History

~ 27 %

%k Multiple evidence from galactic to cosmological scales.
%k Properties:

= Non-baryonic

= Neutral

= Non-relativistic (cold)

= Long lifetime (at least 13.8 Gyr)

= No viable candidate in the Standard Model (SM), we need
candidates beyond the SM.

Wave-like Particle-like Macroscopic
| | | |—>DM Mass

10 22eV leV T 10 1° GeV T 10%° ¢

Thermal DM (WIMP, Primordial BH, etc.
SIMP, ...), Sterile v, etc.
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WIMPs’ searches

Direct detection

‘ Colliders

Make it

Shake it

Break it

Indirect detection

m N g
L7 AR L .
. | kg
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WIMPs’ searches

Direct detection

‘ Colliders

Make it

Shake it

Break it

\_ Indirect detection /g
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WIMPS’ indirect detection

WIMP Dark
Matter Particles
Ecm~100GeV

r Gamma-rays

A

w
" 1%1\'6

+afew p/p, d/d
Anti-matter

% They are not deflected by magnetic fields.
%k They travel following almost straight lines.

%k They do not suffer from energy losses, i.e.
spectral info is retained.

% Best sensitivity of our instruments
compared to other messengers.
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FermiLarge Area Telescope (Fermi-LAT)

%k High-energy gamma-ray detector.
%k Launched in 2008, surveys the whole sky every three hours.
% Mission led by NASA, with contributions from other countries. [Z= E22 § B | |

%k Energy range: 20 MeV — 300 GeV : Ideal instrument for WIMP searches!
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WIMP searches with gamma rays:
where should we look?

' Galactic Center :
Satellites oot Sentietioe. b Milky Way Halo
Low ba.ckground and .Qo?d 0(; : 5 ;:.:s, : s:urce i Large statistics, but diffuse
source id, but low statistics contusion/diffuse backgroun background

o~

-

Spectral Lines Isotropic” contributions

Little or no astrophysical uncertainties, Large statistics, but astrophysics,

but low sensitivity because of
expected small branching ratio Galaxy Clusters Dark matter simulation:
Low background, but low statistics Pieri+(2009) arXiv:0908.0195

Credit: Gonzalo Rodriguez, SciNeGHE 2016 —
18 October 2016

galactic diffuse background
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WIMP searches with gamma rays

10_225||||| | | ||||||| | | | IESEEIU [RPE RO M I | | | | lllllE
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- —— MW Center: Gomez-Vargas+ (2013) _
10_23 e dSphs: Ackermann+ (2015) g
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Stellar Streams
in a nutshell

%k Remnants of satellites, globular
clusters (GCs) or dwarf galaxies
(dGs), heavily stripped in the tidal
field of the host galaxy.

%k Extended structures, with lengths
from 1 kpc to more than 100 kpc.

X Range in heliocentric distance
from a few kpc to 100 kpc.

X More than 100 stellar streams

have been observed around the
Milky Way (MW).

Bonaca & Price-Whelan 2024




Stellar Streams
in a nutshell

%k Observed by wide and deep sky
surveys, such as SDSS, Pan-
STARRS, Gaia and DESI.

X More than 100 stellar streams

have been observed around the
Milky Way (MW).

0° +15 +120° +90° +60° +30°
-15°
6
-30°
-45°
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3=AAU-ATLAS-L21 21=C-7-121 39=Gaia-5-M18 57=Lethe-G09 75=NGC5466-)21 93=New-22-124 ® 110=PS1-A-B16 127=Sangarius-G17
4=AAU-AligaUma-L21 @ 22=C-8-121 ® 40=Gaia-6-121 ® 58=M2-121 ® 76=NGC6362-520 @ 94=New-23-124 111=PS1-B-B16 ® 128=Scamander-G17
5=ACS-R21 23=C-9-124 41=Gaia-7-121 59=M3-Y23 77=NGC6397-121 95=New-24-124 ® 112=PS1-C-B16 129=Shdr-121
6=Acheron-G09 ® 24=Cetus-New-Y21 @ 42=Gaia-8-121 ® 60=M30-520 ® 78=NGC7492-124 @ 96=New-25-124 113=PS1-D-B16 ® 130=Spectre-C22
7=Alpheus-G13 25=Cetus-Palca-T21 43=Gaia-9-121 61=M5-G19 79=New-1-124 97=New-26-124 ® 114=PS1-E-B16 131=Styx-G09
8=Aquarius-w1l1l ® 26=Cetus-Y13 ® 44=Gunnthra-121 @ 62=M68-P19 @® 80=New-10-124 ® 98=New-27-124 115=Pall3-520 ® 132=Svol-I121
9=C-10-124 27=Cocytos-G09 45=Hermus-G14 63=M92-121 81=New-11-124 99=New-3-124 ® 116=Pall5-M17 133=Sylgr-121
10=C-11-124 ® 28=Corvus-M18 ® 46=Hnd-121 ® 64=Molonglo-G17 ® 82=New-12-124 ® 100=New-4-124 117=Pal5-PW19 ® 134=Tri-Pi1s-B12
11=C-12-124 29=Elqui-S19 47=Hydrus-124 65=Monoceros-R21 83=New-13-124 101=New-5-124 ® 118=Palca-S518 135=Tucanalll-519
12=C-13-124 ® 30=Eridanus-M17 ® 48=Hyllus-G14 ® 66=Murrumbidgee-G17 @ 84=New-14-124 ® 102=New-6-124 119=Parallel-W18 ® 136=Turbio-S18
13=C-19-121 31=GD-1-121 49=Indus-S19 67=NGC1261-121 85=New-15-124 103=New-7-124 ® 120=Pegasus-P19 137=Turranburra-S19
14=C-20-124 ® 32=Gaia-1-121 ® 50=)et-F22 ® 68=NGCl261a-124 @® 86=New-16-124 ® 104=New-8-124 121=Perpendicular-wl8 @ 138=Wambelong-S18
15=C-22-124 33=Gaia-10-121 51=)helum-a-B19 69=NGC1261b-124 87=New-17-124 105=New-9-124 ® 122=Phlegethon-121 139=Willka_Yaku-518
16=C-23-124 ® 34=Gaia-11-121 ® 52=)helum-b-B19 @ 70=NGC1851-121 @ 88=New-18-124 ® 106=0megacCen-i21 123=Phoenix-S19 © 140=Yangtze-Y23
17=C-24-124 35=Gaia-12-121 53=Kshir-121 71=NGC2298-121 89=New-19-124 107=0phiuchus-C20 @ 124=Ravi-S18 141=Ylgr-121
18=C-25-124 ® 36=Gaia-2-121 ® 54=Kwando-121 ® 72=NGC288-121 ® 950=New-2-124

Plot made with the Galstreams library (\Mateu et al. 2018, Mateu 2023)
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Sample Selection:
Distance

1020 ,:

o
o
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1017.

J-factor [GeV? cm™]
S

all subhaloes

VL-II

0

S,
Msub [MO]

S
>

—_—
-
N

10*

Aguirre-Santaella &
Sanchez Conde, 2024
arXiv:2309.02330v2
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Xk We assume that the streams maintain the same density distribution as their progenitors within the core

(r < ry).

DM Modelling

* Rest of the DM outside r, gets lost due to tidal stripping (e.g., ).

%k We model the streams with a truncated Navarro-Frenk-White (NFWt) DM density profile.

-

\.

. Po - characteristic DM density

r < rg=———> Pnpw 1) =

r > I”S—> pNFWt(F) — O

- [, :Scale radius

Po and r, are obtained starting from the initial DM

mass (M,q,) and assuming the
subhalo concentration-mass relation.
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DM Modelling: M/L ratio scenarios

%k Starting from the known stellar mass, we adopt three different mass-to-light (M/L) ratios to estimate the

‘original’ DM mass of each stream at accretion time, M, .

LOW.’M/L — 2 MZOO (MG))
(same DM mass than baryonic mass) Stream 104
Low Bench. High
Benchmark: M/L = S Indus 3.40 17.00 170.00
High: M/L = 50 LMS-1 10.00 50.00 500.00
Orphan-Chenab 16.00 80.00 800.00
| PS1-D 0.75 3.75 37.50
Typical M/L for dGs: 10 — 1000
Turranburra 0.76 3.80 38.00
(e. g. Mateo 1998, Cetus-Palca 150.00 750.00 7500.00
Sanchez-Conde et al. 2011, Styx 1.80 900 90.00
Guo et al. 2019).
Elqui 1.04 5.20 52.00
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DM Modelling

%k Starting from the known stellar mass, we adopt three different mass-to-light (M/L) ratios to estimate the

‘original’ DM mass of each stream at accretion time, M, .

MZOO
Stream 10% (Mp) Low: M/L =2
L ow Bench. High (same DM mass than baryonic mass)
Indus 3.40 17.00 170.00
* LMS-1 10.00 50.00 500.00 Benchmarl: M/L = 5
% | Orphan-Chenab 16.00 80.00 800.00 .
PS1-D 0.75 3.75 37.50 High: M/L = 50
Turranburra 0.76 3.80 38.00
Cetus-Palca 150.00 750.00 7500.00
Styx 1.80 9.00 90.00
Elqui 1.04 5.20 52.00

% In cases where no estimates of the current streams’ mass is available, we consider the stellar mass of the
progenitor as the stellar mass of the stream: during the stretching process, the streams lose DM while we

assume that the total baryon matter content remains almost the same. .



DM Modelling: Streams’ J-factors

19- ;
» Low
Lt e Benchmark
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S 174 .
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2 16- ®
S ' ¢
15- B .
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Distance to the stream core [kpc]

CFS & Sanchez-Conde
arXiv: 2502.15656



DM Modelling: Streams’ J-factors

Target

Distance (kpc) | J factor (GeV*cm™5)

19 B + " L ow
Lt e Benchmark
— 181 . . + High
|
S . ® ,
% 17 1 © oh
.9‘ 4 e + N
- . *
2 16- .
P! ’ ¢ o
15 - .
15 20 25 30 35 40 45 50
¥ Y Q > > & O
\Qb \% z("b Qc_)\/ ({\oé‘ ’Q@\Q ‘76 QQQ
& Qo >
Q\Q’b .Q)* &
0&

Distance to the stream core [kpc]

This work

CFS & Sanchez-Conde, arXiv: 2502.15656

Galactic center / halo (§4.4
Known Milky Way satellites (&

Dark satellites (§4.6))

4.5

)

Galaxy Clusters (§

4.7)

8.5 3 10 2foH <10
25 to 300 3010 ted <10
up to 300 uptod <10
> a1

up to 1 x 1018

Example of typical J-factor values for other targets
Charles, Sanchez-Conde, et al. 2016
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DM Modelling: Streams’ Angular sizes

r
& The extension in the sky of each stream’s core will be given by the angle subtended by r,: 6, = arctan (—S)
Sun
0.25- + et
' e Benchmark
0.20 .
w LAT PSF @ 10 GeV * Angular resolution of the LAT at 10 GeV
P (68% containment)
0 . .
L=
¢ 0101 _ .,
0.05{ * * + + . .
5 . . These objects are considered as
0.00 - | | * | | | (R point-like sources for the LAT
15 20 25 30 35 40 45 50
S Y Q > + D
N\ © \%Q/o@ Q‘o” ) {(‘\o\)é sog'z}db (_,’C\ Q)O\?
&Q,bo /\&x &
O

Distance to the stream core [kpc]




CFS & Sanchez-Conde /.

arXiv: 2502.15656 . . - )
Fermi - LAT Data Analysis T

Space Telescope

%k \We search for any gamma-ray signal in 15 years of Fermi-LAT data from the direction of the assumed streams’ cores.

Spectral analysis technical setup

50

‘Golden’ Sample

Time domain (Gregorian) 2008-08-04 to 2023-04-01
3 Time domain (MET) 239557417 to 702032312
g Energy range 500 MeV - 500 GeV
= IRF P8R3.SOURCE.V3
° = Event type FRONT + BACK
i g Point-source catalog 4FGL-DRA4
o ROI size 15° x 15°
5 c Angular bin size 0.01°
ks Bins per energy decade 8
o T Galactic diffuse model gll_iem_v07.fits
Isotropic diffuse model | iso . PSR3_.SOURCE_V3_v1.txt

® 1l6=Cetus-Palca ® 39=Indus @ 47=LMS-1 @ 93=Turranburra
® 20=Elqui ® 80=PS1-D @ 87=Styx ® 67=0rphan-Chenab

%k We perform the data analysis with the Fermipy python package.
%k Sources within 3 degrees from stream’s core: free normalization and spectral shape.
%k Galactic diffuse component: free normalization and spectral index.

%k Isotropic diffuse component: free normalization. >



LAT Analysis Results: Flux upper limits

No significant emission is detected from any of the

We introduce a putative DM source
annihilating at the center of every ROI

_Data
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DEC

LAT Analysis Results: Example of skymaps

LMS-1ROI — Data map [LMS-1 ROl — Model map LMS-1ROI— TS map 5
3000 3000
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35°
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Test statistic (TS): positive deviations with respect to the model

< - Likelihood of the alternative (existing

Z(H,) " DM source) hypothesis

P(H PR Likelihood under the null (no source)
(Ho) )< hypothesis

TS = -2 log
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Analysis Results:
Flux upper limits with a Power Law

We introduce a power law source at
the center of the ROI

Data
35° — "

30°

ol of oF o

DEC

25°

15R45m 30™ 15M 00™

Example for LMS-1stream

3000

- 2500

2000

1500

1000

500

Flux upper limits 95 % confidence level (C.L.)

| LMS-1
| (I,b)=(43.27°,55.46%)

[
=
@)\

E2dN/dE [MeV cm™2 s71]
=

10° 10% 10°
Energy [MeV |

0.0

- = ©
N - N
Delta LoglLikelihood

|
[
-

|
o
)




DEC

4 6034
4. 4FGI J18LELF(*L 11%368 2

: o AEAFGL!
AFCL ]]91() 09953 AFGL T1853.3- 2447 IFGL.J 18335

2 5 o | ,_.._4FGL J1923.4-2503, o 1909 04252’5-11-85-3-3-_.541:& 1184578-2524FGL J18
_ e

4FGL J1920.0-2622

AFGLJ1913.4- 2652 ' AFGL 11836, 14F
i ARG QO46271_?_4FGLJ184862 OL Lo

_I_
4FGLJ1917. 5"5746
| 4FGLJ1857.7-283 0s = 4FGL Jl%ﬁ =

' T : 4bGL 11525577
4FGL J1924 8-2914 4FGI: J19(‘7 5-2926 L= 4FGLE TFRé

4FGI5J1851:0-3003

_300 +4FFL J1916.%- 025 +4FGLJ185 1- 30241:(31 J184O3 3037 4

_|_

4FGL J18 4FGﬁ T1842.44FGD I183

' o 4FG;
L+ ek LS 312904 1-3223L 118578322061 J1543, ++FLJL JI83
-+ 4F(JL J1602.7: 3246354FUL J1844 8 2218

4 4FGI Jl 4FG4PC
5 T -+

4FCL 11838%1* 3352

4E‘GLJ1925.1-3358 AFGLJ19024.3417
LY A GL41*IGM)J] j4 7-3433
1 J1B329 4FC4J15289 345 4F(
35 R :
= ') | 4FGLJ1855.6-3603

4FGL J1926_|(1_£626 ﬂ1913 4 3629% AFGL 318543 3640

. _{_‘4‘;GL J 1999 1-3744
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LAT Analysis Results: Sagittarius (Sgr) stream

* The source IS detected ~ 0.2

degrees from Sgr core. It is associated with the globular
cluster M54 in the 4FGL-DR4 catalog.

%k Current discussion about the origin of this emission
(millisecond pulsars inside M54 or DM annihilation at
the core of Sgr). We will investigate in the future
whether this emission could be due to DM associated
to Sgr in some way.

%k By introducing a putative DM source at the exact
location of Sgr core, we find no emission.
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DM Constraints

Xk In the absence of a gamma-ray signal from the direction of the streams’ cores, we place constraints on the
DM particle properties.

* \We set constraints on the (ov) for DM masses from 10 to 10* GeV in the bb and 717~ annihilation channels.

DM particle mass Minimum detection flux,
_i.e, fluxupper limits from
~¥¢  ourLAT analysis

Velocity average N
annihilation cross-section ]

DM spectrum for a particular
annihilation channel integrated
within an energy range (Cirelli+11)

J-factor from our DM
modelling

J(AQ,[.0.5) o« || phy,dldQ




DM Constraints

Xk In the absence of a gamma-ray signal from the direction of the streams’ cores, we place constraints on the
DM particle properties.

* \We set constraints on the (ov) for DM masses from 10 to 10* GeV in the bb and 7*z~ annihilation channels.

* |ndividual log-likelihood profile for each stream as a function of DM mass and {(ov):

flux-energy space

Likelihood profile in & =(%.E) * Z{ov), m){) — Z L(F({ov), m,, E]), E])
5

Summing over all energy bins and introducing
F(E,AQ,[.0.59) = f,p(E) X J(AQ,l.0.5)
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DM Constraints: Combined Likelihood Analysis

% Once the individual analysis of each stream is done, we combine the results obtained for each one by
summing together the individual log-likelihood profiles independently for each energy bin, to obtain a global
likelihood:

DM parameters

((ov)and m,)

v Parameters in the background model

Combined likelihood for a (i.e., the nuisance parameters)

particular DM annihilation log( gj( u, g] | gzj)) — Z log(Z i j, 6’1-, j | D i j))

channel as a function of the DM}
mass and (o) for all targets

i: index of each t)rget ithe list
J: index of each energy bin of the LAT data (&)

Same methodology used e.g. in previous LAT dwarf analysis (e. g. Albert et al. 2016, McDaniel et al. 2024).
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Individual and combined log-likelihood profiles

6 _ .
—— Combined —-— Indus :l ,, ,' |
5. —-—  Turranburra —+— Orphan-Chenab , ' i , :
—-— PSID —-— LMS-1 _i,-'_i lj
Elqui Cetus-Palca .' [ " ,’ ll
o 41 —— Styx ’,"
S i
= 3, Golden sample H
2 Benchmark M/L
4 9. my =6000 GeV i The value of (ov) for which
o0 bb 1 ,
e | C.L. upper limits on {(ov)
0

_1]()—28 10'—26 10'—24 10'—22 10'—20
(ov) [em’® s7!]

Example of the log-likelihood profiles for a
particular DM mass and annihilation channel




DM constraints:
Golden Sample, Benchmark case

10720 e 10720 i
| —— Combined —-—- Indus Pl | —— Combined ——- Indus //////
1 0_21 __ Turranburra —-—- Orphan-Chenab=~ » 1 0_21 Turranburra ——-  Orphan-Chenab ////////
_ j Elqui Cetus-Palca /‘/";;//"/ | _ Z Elqui Cetus-Palca |
n 10—22 | —— Styx ~ T n 10—22 | —— Styx
mm f::::::::: ---- - ‘/‘/':‘ mUJ ,./-/‘_,/ = ‘/‘;'.4.:/
73 | = T o BT - %
51072 == 5107 |
/>\ - , - />\ _,_,-:":.‘:/:;:/'
O 24 T i
S 10 L= Golden sample L 10 L= Golden sample
3 Benchmark M/L L — Benchmark M/L
10~% bb 10-25 .
S A Lt (oV)n
10726 S S — N 1026 — - S
10! 107 10° 10% 10! 10~ 10° 10%

%k The Cetus-Palca stream dominates the combined result.

* The combined constraints are @(10) above the thermal relic cross-section for the lowest considered WIMP masses and both

channels. 47



DM constraints:
Silver Sample, Benchmark case

. 107 e
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%k The Monoceros and Sagittarius streams dominate the combined DM limits.

* This sample allows to rule out WIMPs up to ~ 200 GeV for both channels.



DM constraints:
Golden Sample, Low and High cases
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Golden Sample, Low and High cases

DM constraints:
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DM constraints: Golden Sample, M/L scenarios

1020

] —— Benchmark

m, [GeV]
* Overall uncertainty of ©(100) in the DM limits.

* The combined constraints for the Benchmark scenario are O(10) above the thermal relic cross-
section for the lowest considered WIMP masses and both channels.
%k DM limits reach the thermal relic cross-section at lower masses when considering the High scenario.
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DM constraints:
Silver Sample, Low and High cases
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DM constraints:
Silver Sample, Low and High cases
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DM constraints:

Silver Sample, M/L scenarios
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DM constraints: Comparison with other targets
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X The golden sample of streams improve the limits achieved with dlrr galaxies, while they are
similar to those for galaxy clusters and dark satellites.

¥k Results for the silver sample would be potentially comparable with those for dSphs.
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General Remarks

Xk This work is the first one that uses stellar streams to set WIMP DM
%k We build a sample of 11 streams most optimal for gamma-ray DM

%k No signal is detected from any of them after the analysis of 15 yea

limits.
searches

rs of Fermi-LAT data

% The most reliable DM limits obtained (golden sample, benchmark scenario) are ©(10) above the thermal relic

cross-section for low WIMP masses for the bb and 77 annihilation channels. _ ala

%k Complementary target for indirect DM searches with
gamma rays, potentially being as competitive as dSphs

%k There are important caveats that will be addressed in the
near future (ongoing work
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Auriga Simulati()ns Auriga is a suite of cosmological magneto-hydrodynamic

(Grand+2017. Grand+2024) (MHD) zoom-in simulations of galaxy formation.

6 simulations of Milky Way-mass halos at ‘level 3’ high resolution (Au-6, Au-16, Au-21, Au-23, Au-24, Au-27).
(Baryonic mass particle resolution: 6.7 X 1O3M@, DM particle mass resolution: 3.6 X 104M®, Softening length: 188 pc)

Au-6 Au-16 Au-21

Au-23 Au-24 Au-27

Stellar density at z = 0



Identifying stellar streams in Auriga

%k \We adopt the catalogue presented in that classify accretion events as follows:
Au-23

'

Intact: those subhalos that have experienced little or no disruption.

Stellar streams: they have experienced tidal disruption and
produce coherent structures, having lost at least 3% of their stellar ..
mass.

Phase-mixed: as disrupting satellites continue to evolve, they
eventually become phase-mixed systems that are spatially smooth.
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We adopt the catalogue presented in

Alll‘iga Ste“ar Stl‘eamS Riley+2024 to identify streams in Auriga
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Auriga stellar streams

We adopt the catalogue presented in
to identify streams in Auriga
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