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A New Approach for indirect dark matter (DM) searches: 

Searching for Weakly Interacting Massive Particles (WIMPs) in 

Stellar Streams
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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.

CFS & Sánchez-Conde 
arXiv: 2502.15656

submitted to JCAP



Sample Selection for DM searches

CFS & Sánchez-Conde

arXiv: 2502.15656
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DM  annihilation flux from stellar streams
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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 gamma rays since self-annihilation of WIMPs produce Standard 
Model particles, which can eventually yield photons, among other possible by-products.




DM  annihilation flux from stellar streams
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#G**%+&92#08)0#)''#08"#56#&*#&9#08"#.-1+#-.#!H6I*;#08"#"J,"70"(#.'%J#(%"#0-#!H6I*#)99&8&')0&-9#
BK"12*01L+M/NNOF#&*:

J(ΔΩ, l . o . s) ∝ ∫ ∫ ρ2
DM dl dΩ

Astrophysical J-factor

Particle physics term

(DM particle mass, annihilation cross-

section , and DM spectrum)⟨σv⟩ DM density profile

ℱ(E, ΔΩ, l . o . s) = fpp(E) × J(ΔΩ, l . o . s)

CFS & Sánchez-Conde, arXiv: 2502.15656
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J(ΔΩ, l . o . s) ∝ ∫ ∫ ρ2
DM dl dΩ

Astrophysical J-factor

DM density profile

ℱ(E, ΔΩ, l . o . s) = fpp(E) × J(ΔΩ, l . o . s)

# !"# +-("'# 08"# *01")+*# @&08# )# 01%97)0"(#
P)<)11-3Q1"9E3!8&0"#BPQ!0F#56#("9*&04#,1-.&'":


R !"# )**%+"# 08)0# 08"# *01")+*# +)&90)&9# 08"#
*)+"# ("9*&04# (&*01&$%0&-9# )*# 08"&1# ,1-2"9&0-1*#
@&08&9#08"#7-1"#B F=


R S"*0#-.#08"#56#-%0*&("# #2"0*#'-*0#(%"#0-#0&()'#
*01&,,&92#B"=2=;#G2%&11"3?)90)"'')MTDTUF=

r ≤ rs
rs

#G**%+&92#08)0#)''#08"#56#&*#&9#08"#.-1+#-.#!H6I*;#08"#"J,"70"(#.'%J#(%"#0-#!H6I*#)99&8&')0&-9#
BK"12*01L+M/NNOF#&*:

DM  annihilation flux from stellar streams
CFS & Sánchez-Conde, arXiv: 2502.15656
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J(ΔΩ, l . o . s) ∝ ∫ ∫ ρ2
DM dl dΩ

Astrophysical J-factor

DM density profile

ℱ(E, ΔΩ, l . o . s) = fpp(E) × J(ΔΩ, l . o . s)

# !"# +-("'# 08"# *01")+*# @&08# )# 01%97)0"(#
P)<)11-3Q1"9E3!8&0"#BPQ!0F#56#("9*&04#,1-.&'":


R !"# )**%+"# 08)0# 08"# *01")+*# +)&90)&9# 08"#
*)+"# ("9*&04# (&*01&$%0&-9# )*# 08"&1# ,1-2"9&0-1*#
@&08&9#08"#7-1"#B F=


R S"*0#-.#08"#56#-%0*&("# #2"0*#'-*0#(%"#0-#0&()'#
*01&,,&92#B"=2=;#G2%&11"3?)90)"'')MTDTUF=

r ≤ rs
rs

#G**%+&92#08)0#)''#08"#56#&*#&9#08"#.-1+#-.#!H6I*;#08"#"J,"70"(#.'%J#(%"#0-#!H6I*#)99&8&')0&-9#
BK"12*01L+M/NNOF#&*:

DM  annihilation flux from stellar streams
CFS & Sánchez-Conde, arXiv: 2502.15656

#!"#7-9*&("1#U#(&.."1"90#*7"9)1&-*#$)*"(#-9##
(&.."1"90# +)**30-3'&280# B6VWF# 1)0&-*# 0-#
"*0&+)0"#08"#56#+)**#)0#)771"0&-9#0&+":

Low: #

B*)+"#56#+)**#08)9#$)14-9&7#+)**F


Benchmark: 


High: #

M/L = 2

M/L = 5

M/L = 50
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DM search in streams with the Fermi-LAT 
#!"# *")178# .-1# )94# 2)++)31)4# *&29)'# &9# /X# 4")1*# -.# Q"1+&3WGY#()0)# .1-+# 08"# (&1"70&-9# -.# 08"#
)**%+"(#*01")+*Z#7-1"*=

CFS & Sánchez-Conde

arXiv: 2502.15656

NASA Fermi Large Area Telescope (Fermi-LAT)

# [&283"9"124# 2)++)31)4# ("0"70-1;# &9#
-,"1)0&-9#*&97"#TDDO#BG0@--(MTDDNF=


# \9"124# 1)92":#
A"]:#H(")'#&9*01%+"90#.-1#!H6I#*")178"*^

20 MeV − > 300 GeV
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DM search in streams with the Fermi-LAT 
#!"# *")178# .-1# )94# 2)++)31)4# *&29)'# &9# /X# 4")1*# -.# Q"1+&3WGY#()0)# .1-+# 08"# (&1"70&-9# -.# 08"#
)**%+"(#*01")+*Z#7-1"*=

CFS & Sánchez-Conde

arXiv: 2502.15656

‘Golden’ Sample

#!"#.-7%*#-9#08"#
*01")+*Z7-1"



!"# 7-+,%0"# .'%J# %,,"1# '&+&0*# )0#
NX_# 7-9.&("97"# '"<"'# B`=W=F# )9(#
,')7"# 7-9*01)&90*# -9# 08"# 56#
,)10&7'"#,1-,"10&"*=
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DM search in streams with the Fermi-LAT 

CFS & Sánchez-Conde

arXiv: 2502.15656

No significant emission#&*#("0"70"(#.1-+#)94#-.#08"#*01")+*#&9#-%1#*)+,'"=

Example for LMS-1 stream
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DM constraints: Comparison with other targets

# Y8"# golden# *)+,'"# -.# *01")+*# &+,1-<"#
08"#'&+&0*#)78&"<"(#@&08#(H11#2)')J&"*;#@8&'"#
08"4#)1"#*&+&')1#0-#08-*"#.-1#2)')J4#7'%*0"1*#
)9(#()1E#*)0"''&0"*=#

# S"*%'0*# .-1# 08"# silver# *)+,'"# @-%'(# $"#
,-0"90&)''4# 7-+,)1)$'"# @&08# 08-*"# .-1#
(?,8*=

CFS & Sánchez-Conde, 
arXiv: 2502.15656

Thermal relic cross-section:#

71-**3*"70&-9#1"a%&1"(#0-#)77-%90#.-1#
08"#)+-%90#-.#56#@"#-$*"1<"#0-()4=

# ?0"'')1# *01")+*# 7)9# ,-0"90&)''4# ,1-<&("#
<"14#7-+,"0&0&<"#'&+&0*=



DM constraints: Golden Sample, M/L scenarios
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# b<"1)''# %97"10)&904# -.# # &9# 08"# 56#
'&+&0*=


# Y8"# 7-+$&9"(# 7-9*01)&90*# .-1# 08"#
K"978+)1E# *7"9)1&-# )1"# # )$-<"# 08"#
08"1+)'# 1"'&7# 71-**3*"70&-9# .-1# 08"# '-@"*0#
7-9*&("1"(#!H6I#+)**"*=


# 56# '&+&0*# 1")78# 08"# 08"1+)'# 1"'&7# 71-**3
*"70&-9# )0# '-@"1# +)**"*# @8"9# 7-9*&("1&92#
08"#[&28#*7"9)1&-=

𝒪(100)

𝒪(10)

CFS & Sánchez-Conde, 
arXiv: 2502.15656



Main caveats
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#The location of the streams’ core is uncertain in most cases.# #Q%0%1"#8&2831"*-'%0&-9#*,"701-*7-,&7#
-$*"1<)0&-9*# B"=2=#5\?HF# *8-%'(#8"',#("71")*&92# 08"#%97"10)&904# &9# 08"# '-7)0&-9#-.# 08"#7-1"*#-.#
*01")+*#&9#-%1#*)+,'"=

#The mass of the streams is not well known=#c97"10)&90&"*#)1"#"J,"70"(#0-#$"#7-90)&9"(#@&08&9#-%1#
6VW#%97"10)&904#$)9(=

# The underlying DM density profile of the streams is 
unclear.# !-1E# &*# )'1")(4# -92-&92# &9# 08&*# (&1"70&-9;#
08)0#%*"*#08"#GcSHAG#84(1-(49)+&7)'#*&+%')0&-9*=

CFS & Sánchez-Conde

arXiv: 2502.15656



Main caveats
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#The location of the streams’ core is uncertain in most cases.# #Q%0%1"#8&2831"*-'%0&-9#*,"701-*7-,&7#
-$*"1<)0&-9*# B"=2=#5\?HF# *8-%'(#8"',#("71")*&92# 08"#%97"10)&904# &9# 08"# '-7)0&-9#-.# 08"#7-1"*#-.#
*01")+*#&9#-%1#*)+,'"=

#The mass of the streams is not well known=#c97"10)&90&"*#)1"#"J,"70"(#0-#$"#7-90)&9"(#@&08&9#-%1#
6VW#%97"10)&904#$)9(=

# The underlying DM density profile of the streams is 
unclear.# !-1E# &*# )'1")(4# -92-&92# &9# 08&*# (&1"70&-9;#
08)0#%*"*#08"#GcSHAG#84(1-(49)+&7)'#*&+%')0&-9*=

CFS & Sánchez-Conde

arXiv: 2502.15656



Auriga stellar streams
# !"# %*"# 08"# G%1&2)# 7-*+-'-2&7)'#
+)29"0-384(1-(49)+&7# *&+%')0&-9*;# @&08#
d#6&'E4#!)43+)**#8)'-*#)0# e'"<"'#UZ#8&28#
1"*-'%0&-9# BG%3d;# G%3/d;# G%3T/;# G%3TU;#
G%3Tf;#G%3TgF=


!"# )(-,0# 08"# 7)0)'-2%"# ,1"*"90"(# &9#
S&'"4MTDTf# 0-# &("90&.4#*01")+*# &9#G%1&2)=#
Y8"# .&9)'# *)+,'"# &*# 7-+,-*"(# $4# /Df#
*01")+*=


Q1-+#1)@#,)10&7'"#()0);#@"#$%&'(# 08"#56#
("9*&04#,1-.&'"#-.# 08"#G%1&2)#*01")+*#)9(#
*0%(4#08"&1#0"+,-1)'#"<-'%0&-9=

BA1)9(MTD/g=#A1)9(MTDTfF

CFS, Sánchez-Conde & Aguirre-Santaella, in prep.

softening length,

i.e. our resolution limit
1.5 × Subhalo virial radius at 

accretion time 
( )r200,sub(zacc)15

Preliminary
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Auriga stellar streams
# !"# %*"# 08"# G%1&2)# 7-*+-'-2&7)'# +)29"0-384(1-(49)+&7# *&+%')0&-9*;# @&08# d# 6&'E4# !)43+)**#
8)'-*#)0#e'"<"'#UZ#8&28#1"*-'%0&-9#BG%3d;#G%3/d;#G%3T/;#G%3TU;#G%3Tf;#G%3TgF=


!"#)(-,0#08"#7)0)'-2%"#,1"*"90"(#&9#S&'"4MTDTf#0-#&("90&.4#*01")+*#&9#G%1&2)=#Y8"#.&9)'#*)+,'"#&*#
7-+,-*"(#$4#/Df#*01")+*=


Q1-+# 1)@# ,)10&7'"# ()0);# @"# $%&'(# 08"#56# ("9*&04# ,1-.&'"# -.# 08"# G%1&2)# *01")+*# )9(# *0%(4# 08"&1#
0"+,-1)'#"<-'%0&-9=


!"#,"1.-1+#.&0*#-.#")78#56#,1-.&'"#0-#(&.."1"90#.%970&-9)'#.-1+*=#b%1#2-)'#&*#0-#,1-,-*"#08"#+-*0#
)("a%)0"# .&00&92# .%970&-9;#)'*-#7),)$'"#-.#"97),*%')0&92# 08"#+)&9#,84*&7)'#(","9("97&"*# B-1$&0)'#
7-9.&2%1)0&-9;#)771"0&-9#1"(*8&.0#B F;#$-%9(#+)**#.1)70&-9#B F#;#"07F=zacc fb

BA1)9(MTD/g=#A1)9(MTDTfF

CFS, Sánchez-Conde & Aguirre-Santaella, in prep.



DM annihilation luminosity
CFS, Sánchez-Conde & Aguirre-Santaella, in prep.
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!"#)&+# 0-#*0%(4# 08"#,-0"90&)'#-.# 08"#G%1&2)#*01")+*#)*# 0)12"0*# .-1#2)++)31)4#56#*")178"*#$4#
7-+,%0&92#08"#56#)99&8&')0&-9#'%+&9-*&04:

Lann = ∫V
ρ2

DM(r) dV

R # &*# <"14# *"9*&0&<"# 0-# 08"# &99"1#
*8),"# -.# 08"# ,1-.&'";# @8"1"# @"# .)7"#
1"*-'%0&-9#&**%"*=#

Rb92-&92# @-1E# 0-# 1"7-9*01%70# 08&*#
1"2&-9;#)'*-#7-9*&("1&92#?H56#+-("'*=

Lann

Preliminary



DM annihilation luminosity
CFS, Sánchez-Conde & Aguirre-Santaella, in prep.
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!"#)&+# 0-#*0%(4# 08"#,-0"90&)'#-.# 08"#G%1&2)#*01")+*#)*# 0)12"0*# .-1#2)++)31)4#56#*")178"*#$4#
7-+,%0&92#08"#56#)99&8&')0&-9#'%+&9-*&04=

!-1E# &*# -92-&92# 0-# 1"7-9*01%70# 08"# 56# ("9*&04#
,1-.&'"# &9# 08"# %91"*-'<"(# 1"2&-9;# h%*0# $4#
"J01),-')0&92#08"#$"*03.&0#,1-.&'"#(-@9#0-#08"#7"90"1;#
$4# +")9*# -.# -08"1# 84$1&(# ),,1-)78"*# B])9# ("9#
K-*78MTD/O;# G2%&11"3?)90)"' ')MTDTUF# -1#
7-9*&("1&92#?H56#+-("'*=


G9# &99"1# 7%*,# &*# "J,"70"(# )0# *%78# '-@3+)**#
*%$8)'-# *7)'"*;# @8"1"# $)14-9*# )1"# 9-0# "J,"70"(#
0-# ,')4# )# *&29&.&7)90# 1-'"# BI"i)11%$&)MTD/D;#
G2%&11"3?)90)"'')MTDTU;#?0j7E"1MTDTUF=#[-@"<"1;#
?H56#+-("'*#7-%'(#"<"90%)''4#'")(#0-#+-1"#7-1"(#
,1-.&'"*# B"=2=# ]-2"'*$"12"1MTD/T;# k)<)')MTD/U;#
G(8&E)1&MTDTTF=

Ex. with gNFW

Ex. with Einasto

Preliminary



19

Summary

`%11"90'4#%*&92#08"#G%1&2)#*%&0"#-.#8&2831"*-'%0&-9#84(1-(49)+&7)'#*&+%')0&-9*#
0-#*8"(#'&280#-9#08"#56#(&*01&$%0&-9#@&08&9#(&*1%,0"(#(A#*01")+*=


b%1# -92-&92# 9%+"1&7)'# @-1E# @&''# ,1-<&("# )# +-1"# 1-$%*0# .1)+"@-1E# .-1#
&90"1,1"0&92#-%1#,1"<&-%*#1"*%'0*#)9(#1".&9&92# .%0%1"#56#*")178"*#@&08#*0"'')1#
*01")+*=

#Y8&*#@-1E#&*#08"#.&1*0#-9"#08)0#%*"*#*0"'')1#*01")+*#0-#*"0#!H6I#56#'&+&0*=


#!"#$%&'(#)#*)+,'"#-.#//#*01")+*#+-*0#-,0&+)'#.-1#2)++)31)4#56#*")178"*=


#P-#*&29)'#&*#("0"70"(#).0"1#08"#)9)'4*&*#-.#/X#4")1*#-.#Q"1+&3WGY#()0)=


#Y8"#+-*0# 1"'&)$'"#56#'&+&0*#-$0)&9"(#Bgolden#*)+,'";#$"978+)1E#*7"9)1&-F#
)1"# #)$-<"#08"#08"1+)'#1"'&7#71-**3*"70&-9#.-1#'-@#!H6I#+)**"*=𝒪(10)

CFS & Sánchez-Conde

arXiv: 2502.15656

CFS, Sánchez-
Conde & Aguirre-
Santaella, in prep.
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Backup Slides
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Dark matter overview

22

Dark matter (DM) ∼ 27 %

#6%'0&,'"#"<&("97"#.1-+#2)')70&7#0-#7-*+-'-2&7)'#*7)'"*=


#I1-,"10&"*:#########


3 #P-93$)14-9&7

3 #P"%01)'#

3 #P-931"')0&<&*0&7#B7-'(F

3 #W-92#'&."0&+"#B)0#'")*0#/U=O#A41F

3 #P-#<&)$'"#7)9(&()0"# &9# 08"#?0)9()1(#6-("'# B?6F;#@"#9""(#
7)9(&()0"*#$"4-9(#08"#?6=#########################

Credit: American Museum of Natural History



WIMPs’ searches
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WIMPs’ searches
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WIMPs’ indirect detection
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``Golden channel´´

 They are not deflected by magnetic fields.


 They travel following almost straight lines.


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


 Best sensitivity of our instruments 
compared to other messengers.



Fermi Large Area Telescope (Fermi-LAT)
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 High-energy gamma-ray detector.


 Launched in 2008, surveys the whole sky every three hours.


 Mission led by NASA, with contributions from other countries.


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



WIMP searches with gamma rays:

 where should we look?
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Credit: Gonzalo Rodriguez, SciNeGHE 2016 – 

18 October 2016



WIMP searches with gamma rays
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Charles, Sánchez-Conde, et al. 2016



# S"+9)90*# -.# *)0"''&0"*;# 2'-$%')1#
7'%*0"1*# BA`*F# -1# (@)1.# 2)')J&"*#
B(A*F;# 8")<&'4# *01&,,"(# &9# 08"# 0&()'#
.&"'(#-.#08"#8-*0#2)')J4=


#\J0"9("(# *01%70%1"*;#@&08# '"9208*#
.1-+#/#E,7#0-#+-1"#08)9#/DD#E,7=


# S)92"# &9# 8"'&-7"901&7# (&*0)97"#
.1-+#)#."@#E,7#0-#/DD#E,7=###


# 6-1"# 08)9# /DD# *0"'')1# *01")+*#
8)<"# $""9# -$*"1<"(# )1-%9(# 08"#
6&'E4#!)4#B6!F=#################################

Stellar Streams 
in a nutshell
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Bonaca & Price-Whelan 2024



# b$*"1<"(# $4# @&("# )9(# ("",# *E4#
*%1<"4*;# *%78# )*# ?5??;# I)93
?YGSS?;#A)&)#)9(#5\?H=


# 6-1"# 08)9# /DD# *0"'')1# *01")+*#
8)<"# $""9# -$*"1<"(# )1-%9(# 08"#
6&'E4#!)4#B6!F=#

Stellar Streams 
in a nutshell

I'-0#+)("#@&08#08"#A)'*01")+*#'&$1)14#B6)0"%#"0#)'=#TD/O;#6)0"%#TDTUF
30



Sample Selection: 

Distance

31

G2%&11"3?)90)"'')#l#
?m978"n#`-9(";#TDTf#
)1o&<:TUDN=DTUUD<T#



DM  Modelling
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# !"# )**%+"# 08)0# 08"# *01")+*# +)&90)&9# 08"# *)+"# ("9*&04# (&*01&$%0&-9# )*# 08"&1# ,1-2"9&0-1*# @&08&9# 08"# 7-1"#
B F=


#S"*0#-.#08"#56#-%0*&("# #2"0*#'-*0#(%"#0-#0&()'#*01&,,&92#B"=2=;#G2%&11"3?)90)"'')#"0#)'=#TDTUF=


#!"#+-("'#08"#*01")+*#@&08#)#01%97)0"(#P)<)11-3Q1"9E3!8&0"#BPQ!0F#56#("9*&04#,1-.&'"=

r ≤ rs

rs

H.

r ≤ rs

r > rs ρNFWt(r) = 0

ρNFWt(r) =
ρ0

( r
rs ) (1 + r

rs )
2

 : characteristic DM densityρ0

 :scale radiusrs

#)9(# #)1"#-$0)&9"(#*0)10&92#.1-+#08"#&9&0&)'#56#
+)**#B F#)9(#)**%+&92#08"#6-'&9p#"0#)'=#TD/g#

*%$8)'-#7-97"901)0&-93+)**#1"')0&-9=

ρ0 rs
M200

CFS & Sánchez-Conde

arXiv: 2502.15656



DM  Modelling: M/L ratio scenarios
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# ?0)10&92# .1-+# 08"# E9-@9# *0"'')1# +)**;# @"# )(-,0# 081""# (&.."1"90# +)**30-3'&280# B6VWF# 1)0&-*# 0-# "*0&+)0"# 08"#
e-1&2&9)'Z#56#+)**#-.#")78#*01")+#)0#)771"0&-9#0&+";# =M200

Y4,&7)'#6VW#.-1#(A*:#/D#q#/DDD#


B"=#2=#6)0"-#/NNO;#

?m978"n3`-9("#"0#)'=#TD//;


A%-#"0#)'=#TD/NF=

Low: #

B*)+"#56#+)**#08)9#$)14-9&7#+)**F


Benchmark: 


High: #

M/L = 2

M/L = 5

M/L = 50

CFS & Sánchez-Conde

arXiv: 2502.15656



DM  Modelling
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# ?0)10&92# .1-+# 08"# E9-@9# *0"'')1# +)**;# @"# )(-,0# 081""# (&.."1"90# +)**30-3'&280# B6VWF# 1)0&-*# 0-# "*0&+)0"# 08"#
e-1&2&9)'Z#56#+)**#-.#")78#*01")+#)0#)771"0&-9#0&+";# =M200

H9#7)*"*#@8"1"#9-#"*0&+)0"*#-.#08"#7%11"90#*01")+*Z#+)**#&*#)<)&')$'";#@"#7-9*&("1#08"#*0"'')1#+)**#-.#08"#
,1-2"9&0-1#)*#08"#*0"'')1#+)**#-.#08"#*01")+:#(%1&92#08"#*01"078&92#,1-7"**;#08"#*01")+*#'-*"#56#@8&'"#@"#
)**%+"#08)0#08"#0-0)'#$)14-9#+)00"1#7-90"90#1"+)&9*#)'+-*0#08"#*)+"=

Low: #

B*)+"#56#+)**#08)9#$)14-9&7#+)**F


Benchmark: 


High: #

M/L = 2

M/L = 5

M/L = 50

CFS & Sánchez-Conde

arXiv: 2502.15656



DM  Modelling: Streams’  J-factors

35

#:#r3.)70-1#&90"21)0"(#
%,#0-#08"#*7)'"#1)(&%*#
Js

rs

CFS & Sánchez-Conde

arXiv: 2502.15656



DM  Modelling: Streams’  J-factors

36This work

Example of typical J-factor values for other targets
Charles, Sánchez-Conde, et al. 2016

CFS & Sánchez-Conde, arXiv: 2502.15656



DM  Modelling: Streams’ Angular sizes

37

Y8"*"#-$h"70*#)1"#7-9*&("1"(#)*#
,-&903'&E"#*-%17"*#.-1#08"#WGY

G92%')1#1"*-'%0&-9#-.#08"#WGY#)0#/D#A"]#

BdO_#7-90)&9+"90F

θs = arctan ( rs

dSun )#Y8"#"J0"9*&-9#&9#08"#*E4#-.#")78#*01")+Z*#7-1"#@&''#$"#2&<"9#$4#08"#)92'"#*%$0"9("(#$4# :rs

CFS & Sánchez-Conde, arXiv: 2502.15656



Fermi - LAT Data Analysis

38

‘Golden’ Sample Spectral analysis technical setup

#!"#,"1.-1+#08"#()0)#)9)'4*&*#@&08#08"#Fermipy#,408-9#,)7E)2"=#

#?-%17"*#@&08&9#U#("21""*#.1-+#*01")+Z*#7-1":#.1""#9-1+)'&n)0&-9#)9(#*,"701)'#*8),"=

#A)')70&7#(&..%*"#7-+,-9"90:#.1""#9-1+)'&n)0&-9#)9(#*,"701)'#&9("J=

#H*-01-,&7#(&..%*"#7-+,-9"90:#.1""#9-1+)'&n)0&-9=

#!"#*")178#.-1#)94#2)++)31)4#*&29)'#&9#/X#4")1*#-.#Q"1+&3WGY#()0)#.1-+#08"#(&1"70&-9#-.#08"#)**%+"(#*01")+*Z#7-1"*=

CFS & Sánchez-Conde

arXiv: 2502.15656



LAT Analysis Results: Flux upper limits
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P-#*&29&.&7)90#"+&**&-9#&*#("0"70"(#.1-+#)94#-.#08"

*01")+*#&9#-%1#*)+,'"=

!"#&901-(%7"#)#,%0)0&<"#56#*-%17"#
)99&8&')0&92#)0#08"#7"90"1#-.#"<"14#SbH


Example for LMS-1 stream

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

CFS & Sánchez-Conde

arXiv: 2502.15656



LAT Analysis Results: Example of skymaps

40

LMS-1 ROI — Data map LMS-1 ROI — Model map LMS-1 ROI — TS map

TS = − 2 log ( ℒ(H1)
ℒ(H0) )

Test statistic#BY?F:#,-*&0&<"#("<&)0&-9*#@&08#1"*,"70#0-#08"#+-("'

Likelihood under the null (no source) 
hypothesis

Likelihood of the alternative (existing 
DM source) hypothesis

TS ∼ σ2CFS & Sánchez-Conde

arXiv: 2502.15656



Analysis Results: 

Flux upper limits with a Power Law

41

!"#&901-(%7"#)#,-@"1#')@#*-%17"#)0#
08"#7"90"1#-.#08"#SbH

Example for LMS-1 stream

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



LAT Analysis Results: Sagittarius (Sgr) stream
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TS map for Sgr

# Y8"# *-%17"# fQAW# r/OXX=/3UDTX# &*# ("0"70"(# D=T#
("21""*#.1-+#?21#7-1"=#H0#&*#)**-7&)0"(#@&08#08"#2'-$%')1#
7'%*0"1#6Xf#&9#08"#fQAW35Sf#7)0)'-2=


# `%11"90# (&*7%**&-9# )$-%0# 08"# -1&2&9# -.# 08&*# "+&**&-9###
B+&''&*"7-9(# ,%'*)1*# &9*&("# 6Xf# -1# 56# )99&8&')0&-9# )0#
08"# 7-1"# -.# ?21F=# !"# @&''# &9<"*0&2)0"# &9# 08"# .%0%1"#
@8"08"1# 08&*#"+&**&-9# #7-%'(#$"#(%"#0-#56#)**-7&)0"(#
0-#?21#&9#*-+"#@)4=


# K4# &901-(%7&92# )# ,%0)0&<"# 56# *-%17"# )0# 08"# "J)70#
'-7)0&-9#-.#?21#7-1";#@"#.&9(#9-#"+&**&-9=

∼

CFS & Sánchez-Conde

arXiv: 2502.15656



DM  Constraints
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# H9# 08"#)$*"97"#-.#)#2)++)31)4#*&29)'# .1-+#08"#(&1"70&-9#-.# 08"#*01")+*Z#7-1"*;#@"#,')7"#7-9*01)&90*#-9#08"#
56#,)10&7'"#,1-,"10&"*=


#!"#*"0#7-9*01)&90*#-9#08"# #.-1#56#+)**"*#.1-+# #0-# # #&9#08"# #)9(# #)99&8&')0&-9#78)99"'*=⟨σv⟩ 10 104 A"] bb̄ τ+τ−

Velocity average 
annihilation cross-section

DM particle mass Minimum detection flux, 
i.e., flux upper limits from 

our LAT analysis

J-factor from our DM 
modelling

DM spectrum for a particular 
annihilation channel integrated 

within an energy range (Cirelli+11)

J(ΔΩ, l . o . s) ∝ ∫ ∫ ρ2
DM dl dΩ



DM  Constraints
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# H9# 08"#)$*"97"#-.#)#2)++)31)4#*&29)'# .1-+#08"#(&1"70&-9#-.# 08"#*01")+*Z#7-1"*;#@"#,')7"#7-9*01)&90*#-9#08"#
56#,)10&7'"#,1-,"10&"*=


#!"#*"0#7-9*01)&90*#-9#08"# #.-1#56#+)**"*#.1-+# #0-# # #&9#08"# #)9(# #)99&8&')0&-9#78)99"'*=


#H9(&<&(%)'#'-23'&E"'&8--(#,1-.&'"#.-1#")78#*01")+#)*#)#.%970&-9#-.#56#+)**#)9(# :

⟨σv⟩ 10 104 A"] bb̄ τ+τ−

⟨σv⟩

ℒ = (ℱ, E) ℒ(⟨σv⟩, mχ) = ∑
Ej

ℒ(ℱ(⟨σv⟩, mχ, Ej), Ej)

ℱ(E, ΔΩ, l . o . s) = fpp(E) × J(ΔΩ, l . o . s)

Likelihood profile in 
flux-energy space

Summing over all energy bins and introducing



DM Constraints: Combined Likelihood Analysis
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# b97"# 08"# &9(&<&(%)'# )9)'4*&*# -.# ")78# *01")+# &*# (-9";# @"# 7-+$&9"# 08"# 1"*%'0*# -$0)&9"(# .-1# ")78# -9"# $4#
*%++&92# 0-2"08"1# 08"# &9(&<&(%)'# '-23'&E"'&8--(#,1-.&'"*# &9(","9("90'4# .-1# ")78#"9"124#$&9;# 0-#-$0)&9#)#2'-$)'#
'&E"'&8--(:

log(ℒj(μ, θj |𝒟j)) = ∑
i

log(ℒi,j(μ, θi,j |𝒟i,j))

Combined likelihood for a 
particular DM annihilation 

channel as a function of the DM 
mass and  for all targets⟨σv⟩

: index of each target in the list

:  index of each energy bin of the LAT data ( )

i
j 𝒟

Parameters in the background model 
(i.e., the nuisance parameters)

DM parameters 
(  and )⟨σv⟩ mχ

Same methodology used e.g. in previous LAT dwarf analysis (e. g. Albert et al. 2016, McDaniel et al. 2024).



Individual and combined log-likelihood profiles

46

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

Y8"#<)'%"##-.#  for which 
 is %*"(#0-#*"0#08"#NX_#

`=W=#%,,"1#'&+&0*#-9#

⟨σv⟩
Δℒ = 2.71/2

⟨σv⟩

CFS & Sánchez-Conde

arXiv: 2502.15656



DM constraints: 

Golden Sample, Benchmark case
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#Y8"#`"0%*3I)'7)#*01")+#(-+&9)0"*#08"#7-+$&9"(#1"*%'0=


#Y8"#7-+$&9"(#7-9*01)&90*#)1"# #)$-<"#08"#08"1+)'#1"'&7#71-**3*"70&-9#.-1# 08"# '-@"*0#7-9*&("1"(#!H6I#+)**"*#)9(#$-08#
78)99"'*=

𝒪(10)

CFS & Sánchez-Conde

arXiv: 2502.15656



DM constraints: 

Silver Sample, Benchmark case
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#Y8"#6-9-7"1-*#)9(#?)2&00)1&%*#*01")+*#(-+&9)0"#08"#7-+$&9"(#56#'&+&0*=


#Y8&*#*)+,'"#)''-@*#0-#1%'"#-%0#!H6I*#%,#0-# #TDD#A"]#.-1#$-08#78)99"'*=∼

CFS & Sánchez-Conde

arXiv: 2502.15656



DM constraints:

Golden Sample, Low and High cases

49

CFS & Sánchez-Conde

arXiv: 2502.15656



DM constraints:

Golden Sample, Low and High cases

50

CFS & Sánchez-Conde

arXiv: 2502.15656



DM constraints: Golden Sample, M/L scenarios

51

#b<"1)''#%97"10)&904#-.# #&9#08"#56#'&+&0*=

# Y8"# 7-+$&9"(# 7-9*01)&90*# .-1# 08"# K"978+)1E# *7"9)1&-# )1"# # )$-<"# 08"# 08"1+)'# 1"'&7# 71-**3
*"70&-9#.-1#08"#'-@"*0#7-9*&("1"(#!H6I#+)**"*#)9(#$-08#78)99"'*=

#56#'&+&0*#1")78#08"#08"1+)'#1"'&7#71-**3*"70&-9#)0#'-@"1#+)**"*#@8"9#7-9*&("1&92#08"#[&28#*7"9)1&-=

𝒪(100)
𝒪(10)

CFS & Sánchez-Conde, arXiv: 2502.15656



DM constraints:

Silver Sample, Low and High cases

52

CFS & Sánchez-Conde

arXiv: 2502.15656



DM constraints:

Silver Sample, Low and High cases
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CFS & Sánchez-Conde

arXiv: 2502.15656



DM constraints:

Silver Sample, M/L scenarios
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CFS & Sánchez-Conde

arXiv: 2502.15656
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DM constraints: Comparison with other targets

# Y8"# golden# *)+,'"# -.# *01")+*# &+,1-<"# 08"# '&+&0*# )78&"<"(# @&08# (H11# 2)')J&"*;# @8&'"# 08"4# )1"#
*&+&')1#0-#08-*"#.-1#2)')J4#7'%*0"1*#)9(#()1E#*)0"''&0"*=#
#S"*%'0*#.-1#08"#silver#*)+,'"#@-%'(#$"#,-0"90&)''4#7-+,)1)$'"#@&08#08-*"#.-1#(?,8*=

CFS & Sánchez-Conde, arXiv: 2502.15656



General Remarks
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#Y8&*#@-1E#&*#08"#.&1*0#-9"#08)0#%*"*#*0"'')1#*01")+*#0-#*"0#!H6I#56#'&+&0*=


#!"#$%&'(#)#*)+,'"#-.#//#*01")+*#+-*0#-,0&+)'#.-1#2)++)31)4#56#*")178"*=#


#P-#*&29)'#&*#("0"70"(#.1-+#)94#-.#08"+#).0"1#08"#)9)'4*&*#-.#/X#4")1*#-.#Q"1+&3WGY#()0)=


#Y8"#+-*0#1"'&)$'"#56#'&+&0*#-$0)&9"(#Bgolden#*)+,'";#$"978+)1E#*7"9)1&-F#)1"# #)$-<"#08"#08"1+)'#1"'&7#
71-**3*"70&-9#.-1#'-@#!H6I#+)**"*#.-1#08"# #)9(# #)99&8&')0&-9#78)99"'*=

𝒪(10)
bb̄ ττ̄

# `-+,'"+"90)14# 0)12"0# .-1# &9(&1"70# 56# *")178"*# @&08#
2)++)#1)4*;#,-0"90&)''4#$"&92#)*#7-+,"0&0&<"#)*#(?,8*=


# Y8"1"#)1"# &+,-10)90# 7)<")0*# 08)0#@&''# $"#)((1"**"(# &9# 08"#
9")1#.%0%1"#B-92-&92#@-1EF=

CFS & Sánchez-Conde

arXiv: 2502.15656
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Auriga simulations G%1&2)#&*#)#*%&0"#-.#7-*+-'-2&7)'#+)29"0-384(1-(49)+&7#
B6[5F#n--+3&9#*&+%')0&-9*#-.#2)')J4#.-1+)0&-9=BA1)9(MTD/g=#A1)9(MTDTfF

G%3d G%3/d G%3T/

G%3TU

?0"'')1#("9*&04#)0#z = 0

G%3Tf G%3Tg

#d#*&+%')0&-9*#-.#6&'E4#!)43+)**#8)'-*#)0#e'"<"'#UZ#8&28#1"*-'%0&-9#BG%3d;#G%3/d;#G%3T/;#G%3TU;#G%3Tf;#G%3TgF=
#BK)14-9&7#+)**#,)10&7'"#1"*-'%0&-9:# ;#56#,)10&7'"#+)**#1"*-'%0&-9:# ;#?-.0"9&92#'"9208:#/OO#,7F6.7 × 103M⊙ 3.6 × 104M⊙
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Identifying stellar streams in Auriga
#!"#)(-,0#08"#7)0)'-2%"#,1"*"90"(#&9#S&'"4#"0#)'=#TDTf#08)0#7')**&.4#)771"0&-9#"<"90*#)*#.-''-@*:

Intact:#08-*"#*%$8)'-*#08)0#8)<"#"J,"1&"97"(#'&00'"#-1#9-#(&*1%,0&-9=


Stellar streams:# 08"4# 8)<"# "J,"1&"97"(# 0&()'# (&*1%,0&-9# )9(#
,1-(%7"#7-8"1"90#*01%70%1"*;#8)<&92#'-*0#)0#'")*0#U_#-.#08"&1#*0"'')1#
+)**=


Phase-mixed:# )*# (&*1%,0&92# *)0"''&0"*# 7-90&9%"# 0-# "<-'<";# 08"4#
"<"90%)''4#$"7-+"#,8)*"3+&J"(#*4*0"+*#08)0#)1"#*,)0&)''4#*+--08=

S&'"4#"0#)'=#TDTf

G%3TU
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#!"#)(-,0#08"#7)0)'-2%"#,1"*"90"(#&9#
S&'"4MTDTf#0-#&("90&.4#*01")+*#&9#G%1&2)Auriga stellar streams

G%3d
7 streams

G%3/d
18 streams

G%3T/
21 streams

G%3TU
18 streams

G%3Tf
16 streams

G%3Tg
24 streams

CFS, Sánchez-Conde & Aguirre-Santaella, in prep.
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#!"#)(-,0#08"#7)0)'-2%"#,1"*"90"(#&9#
S&'"4MTDTf#0-#&("90&.4#*01")+*#&9#G%1&2)Auriga stellar streams

G%3d
7 streams

G%3/d
18 streams

G%3T/
21 streams

G%3TU
18 streams

G%3Tf
16 streams

G%3Tg
24 streams

Final sample of 104 streams

CFS, Sánchez-Conde & Aguirre-Santaella, in prep.


