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Stellar Streams

3K Remnants of satellites, globular
clusters (GCs) or dwarf galaxies
(dGs), heavily stripped in the tidal }
field of the host galaxy. :’ FR——— o

,. /
3 Extended structures, with lengths s g | /
from 1 kpc to more than 100 kpc. ~

3K Range in heliocentric distance
from a few kpc to 100 kpc.




Stellar Streams
in a nutshell
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3K Observed by wide and deep sky —
surveys, such as SDSS, Pan- 7
STARRS, Gala and DESI . 1=20.0-1-M18 19=C-4-121 37=Gaia-3-M18 55=LMS1-Y20 73=NGC3201-P21 91=New-20-124 @® 108=0rinoco-G17 125=5SGP-5-Y22
® 2=3005-F18 ® 20=C-5-121 ® 38=Gaia-4-M18 ® 56=Leiptr-121 ® 74=NGC5053-L06 @ 92=New-21-124 109=0rphan-K23 ® 126=Sagittarius-A20
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=PS51-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
* Arou nd 1 OO Ste”ar Streams have ® 6=Acheron-G09 ® 24=Cetus-NewY21 @ 42=Gafa-8-|21 ® 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-W11l ® 26=Cetus-Y13 ® 44=Gunnthra-121 @ 62=M68-P19 @® 80=New-10-124 ® 98=New-27-124 115=Pall3-520 ® 132=Svol-I121
been Obse rved arOu nd the M”ky 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=Hrid-121 ® 64=Molonglo-G17 ® 82=New-12-124 ® 100=New-4-124 117=Pal5-PW19 ® 134=Tri-Pis-B12
11=C-12-124 29=Elqui-S19 47=Hydrus-124 65=Monoceros-R21 83=New-13-124 101=New-5-124 ® 118=Palca-518 135=Tucanalll-519
Way (MW) . ® 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-518
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-I121 @ 88=New-18-124 ® 106=0OmegacCen-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=YIgr-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)



Sample Selection for dark matter searches

Criteria to build the best sample of stellar
streams for gamma-ray dark matter (DM)
searches, according to the most relevant
properties:

3K Progenitor:
Streams whose progenitor is a dG.

3K Distance:
Streams closest to us (<100 kpc).

3K Mass:
Streams whose stellar mass is known.

Stream (1, b) (°) dsun (kpc) Length (°)
Golden sample
Indus (332.26, -49.19) 16.6 18.2
LMS-1 (43.27, 55.46) 18.1 179.2
Orphan-Chenab  (264.90, 43.60) 20.0 230.6
PS1-D (230.95, 32.67) 22.9 44.9
Turranburra  (219.72, -40.79) 27.5 13.7
Cetus-Palca (147.90, -67.80) 33.4 100.9
Styx (35.40, 75.40) 46.5 60.4
Elqui (293.88, -77.20) 00.1 10.9
Silver sample
Monoceros (180.0, 25.0) 10.6 46.9
AntiCenter (140.0, 35.0) 11.7 7.7
Sagittarius (6.01, -14.89) 25.0 280.0
Other streams whose progenitor is a dG
Jhelum-a - 13.0 30.0
Jhelum-b - 13.0 30.0
Parallel (263.88, 61.26) 14.3 37.7
C-19 (102.29, -38.54) 18.0 29.7
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Sample Selection for DM searches

Stream (1, b) (°) dsun (kpc) Length (°)
Golden sample

Indus (332.26, -49.19) 16.6 18.2
LMS-1 (43.27, 55.46) 18.1 179.2
Orphan-Chenab  (264.90, 43.60) 20.0 230.6
PS1-D (230.95, 32.67) 22.9 44.9
Turranburra  (219.72, -40.79) 27.5 13.7
Cetus-Palca (147.90, -67.80) 33.4 100.9
Styx (35.40, 75.40) 46.5 60.4
Elqui (293.88, -77.20) 50.1 10.9

‘Golden” Sample

75° 87

-75°

® 16=Cetus-Palca ® 39=Indus ® 47=LMS-1

® 20=FElqui

® 80=PS1-D @ 87=Styx

® 93=Turranburra
® 67=0rphan-Chenab
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15°

-15°

Fermi - LAT Data Analysis

/

Gamma-ray
Space Telescope
\

3K We search for any gamma-ray signal in Fermi-LAT data from the direction of the streams’ cores.

50

Spectral analysis technical setup

‘Golden’ Sample

Time domain (Gregorian)

2008-08-04 to 2023-04-01

Galactic diffuse model

B Time domain (MET) 239557417 to 702032312
g Energy range 500 MeV - 500 GeV
= IRF P8R3.SOURCE.V3
= Event type FRONT + BACK
g Point-source catalog 4FGL-DRA4
o ROI size 15° x 15°
c Angular bin size 0.01°
ks Bins per energy decade 8
Q
XL

gll_iem v07.fits

Isotropic diffuse model

150 P8SR3_SOURCE_V3_v1.txt

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

3K We perform the data analysis with the Fermipy python package.

3K Galactic diffuse component: free normalization and spectral index.
3K Isotropic diffuse component: free normalization.

3K Sources within 3 degrees from stream’s core: free normalization and spectral shape.




DEC

LAT Analysis Results: Example of skymaps

[.MS-1ROI — Data map [.MS-1ROI — Model map [.LMS-1ROI —TS map

1M1 3000 ¢ 3000 . e 5
Preliminary pat, Preliminary pyogel Preliminary VTS
35° g ance 35¢ kil 35° e
JL I 1} ]
i L 2500 - - 2500
L 4
53270+ 3016
30° irciians ahzas 2000 200 2000 s
AL j]1516:8+2918 .‘,:,' 2 71 o
| 4FGL J)1523.2+2818 4EGLJ155671 +2812 4FGL |)1523.2+2818 IFGL ]1256.1+281. 4FGL ]1523.2+4+ 2818
4FEGL J1539.6+274315170D @) 4EGL J1539.6+2743151 bt 4FGL J)1539.6%2 743151 bb
1EG 530'34 2709 FGL )1508.84 1500 I 4FG 530:34+270¢ EGL)1508:84 1500 ' Em o203 . F( 508
PG -I'I%,F‘.'IIL_,.J,I_‘:.-J 3SHAFGL 1%4: Y ."0")(:%[:" a 4FGI |1FL.1.+1T| 3,1'»41 7. l 5 $50L o e G T ST aEGL
_+_ 1 | Z2b135 ‘ L |
25 1000 25 1000 25°
500 500
15h45m 30M 15m oo™ 15h45m 30m 15m oo™ p— - '
RA 0 RA 0 15"45m 30m 15m oom

RA

Test statistic (TS): positive deviations with respect to the model

VI Likelihood of the alternative (existing
TS = — 2 1o Z(H,) \*% DM source) hypothesis
B 5 L(Hp) _ Likelihood under the null (no source)
0 hypothesis




Analysis Results: Flux upper limits

No significant emission is detected from any of the
streams in our sample.

We introduce a putative DM source

annihilating at the center of every ROI

Preliminary pata
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DM Constraints

3K In the absence of a signal, we put constraints on the DM particle properties.

3K Assuming that all the DM is in the form of Weakly Interacting Massive Particles (WIMPs), the expected flux
due to WIMPs annihilation (Bergstrom et al. 1998):

F(E,AQ, L o.5) Astrophysical J-factor

T HAQ L 0.5) x | | p2,,dldO

Particle physics term
(DM particle mass, annihilation cross-

section (o), and DM spectrum)

DM density profile

10



DM Constraints

Velocity average

annihilation cross-section

DM particle mass Minimum detection flux,
~i.e., fluxupper limits from
/  ourLAT analysis

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

J-factor from our DM
modelling

11



DM Constraints

Velocity average
annihilation cross-section

J(AQ,[.0.5) x plz)M dl d€

DM particle mass Minimum detection flux,
~i.e., fluxupper limits from
/  ourLAT analysis

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

J-factor from our DM
modelling

12



3K We assume that the streams maintain the same density distribution as their progenitors within the core

(r <ry)(eg.,

DM Modelling

)

3K Rest of the DM outside r, gets lost due to tidal stripping.

3K We model the streams’ core 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.

13



DM Modelling

3K We assume that the streams maintain the same density distribution as their progenitors within the core
(r < ry(eg., ).

3K Rest of the DM outside r, gets lost due to tidal stripping.

3K We model the streams’ core with a truncated Navarro-Frenk-White (NFWt) DM density profile.

Po and r, are obtained starting

> | from the initial DM mass (M)
)1+ L) and assuming the
subhalo concentration-
mass relation.

r < ry —— PnEwdT) =

b The extension in the sky of each stream’s core will be given by the angle subtended by 7.:

rS
0, = arctan | ——
dSun

14



DM Modelling

3K 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.

MZ‘LO (M) Low: M/L = 2
Stream 10 (same DM mass than baryonic mass)
Low Bench. High
Indus 3.4() 17.00 170.00 Benchmark / Intermediate: M/L =5
LMS-1 10.00 50.00 500.00 High: MIL = 50
Orphan-Chenab 16.00 80.00 800.00
PS1-D 0.75 3.75 37.50
Turramburra 0.76 3.80 38.00 Typical M/L for dGs: 10 - 1000
Cetus-Palca 150.00 750.00 7500.00 (e. g. M. Mateo 1998,
Styx 1.80 9.00 90.00 M. A. Sanchez-Conde et al. 2011,
Elqui 1.04 5.20 52.00 Q. Guo et al. 2019).

15



DM Modelling

3K 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, .

M40 Low: M/L =2
St 104 (Mo) -
reaim (same DM mass than baryonic mass)
Low Bench. High
Indus ko 17.00 170.00 Benchmark / Intermediate: M/L = 5
* LMS-1 10.00 50.00 500.00
% | Orphan-Chenab |  16.00 80.00 800.00 High: M/L = 50
PS1-D 0.75 3.75 37.50
Turramburra 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 the same.

16



Streams’ J-factors and Angular sizes

191 Preliminary + . Low
. ? e Benchmark
J, : J-factor integrated =~ — 187 - .
. I
up to the scale radius 7 g , o
N> 17‘ ® - "
L * +
‘ S * +
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S 16- .
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Streams’ J-factors and Angular sizes

These objects are considered as point-like sources for the LAT

Preliminary : » Low
0.25 e Benchmark
0.20 .
I R T R LAT PSF @ 10 GeV
? 0.151 |
2 ®
< 0.10 . Angular resolution of
; : * the LAT at 10 GeV
0.05{  * * + (1o, 68% containment)
. ; .
0.00- . . , , . . :
15 20 25 30 35 40 45 50
N D
& & so Q{_;\'o < &(b p ’b\db ‘O‘C\‘\' 00\\)
,b(\ &‘fb Q}o‘,
§6° A C
O

Distance to the stream core [kpc]
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(ov) [ecm3 s71] (95 % C.L)

DM constraints:
Golden Sample, Benchmark case

Golden sample: Benchmark Preliminary

~20 Golden sample: Benchmark Preliminary
10 7 1020 : —— ———
—— Combined —-= Indus /,‘-%'f,-’/ | —— Combined — = Indus PRt /.///-(/'
LT ] P R
~-= Turramburra —-- Orphan-Chenab //////// | == Turramburra —-- Orphan-Chenab "/./'/ /,///.//
-21 — = PS1-D —-= LMS-1 LT § B e : — _ e %
10 — - Elaui Cetus-Pal ,,:/./ o 10 21_: PSIF) LMS-1 /.//,.//
qui etus-raica : it { —-= Elqui Cetus-Palca o
- . - Styx e . < -../ .
10-22 =T o=




Combined Likelihood Analysis

3K 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)andm,) Parameters in the background model

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

particular DXLanmiliation P og( 20, 0,1 2)) = . 108(Z, (1. 0,12, ))

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

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

20



Golden Sample, M/L scenarios

DM constraints:

(ov) [ecm3s~1] (95 %C.L)

Golden sample

Preliminary

10—20§
10—21.§
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10—23é

10—241

- Benchmark
-== High
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Golden sample Preliminary

1029 -
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10721y —-= Low

10-22-
10-23-

10-24 ¢

(ov) [ecm3 s1] (95 % C.L)

10723 -

—
——--‘—-

10—26
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Silver Sample, Benchmark case

DM constraints:

(ov) [cm?3 s71]
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DM constraints:

Comparison with other targets

- Golden sample

1 === Silver sample

10-214 —°° dirrs (Gammaldi+2021)

] =—-= Galaxy clusters (DiMauro+2023)

' Dark satellites (Coronado-Blazquez+19)

[ [ P— dSphs (McDaniel+2023)

Preliminary

my [GeV]

—
—

(ov) [cm?3 s~

1020 -
] = Golden sample Prelimi
1 === Silver sample reliminary
10-214 —°° dirrs (Gammaldi+2021)
] —-= Galaxy clusters (DiMauro+2023)
] Dark satellites (Coronado-Blazquez+19)
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] R
; Va
) /,/
1 ,-/./ /'/.
—-23 | ~ SR 4
10 § - /././/,
: - <L
Ve
24 ./"'//’,
10_ 1 7 ,/'/ //
| o ,’
- /'/ -
L+ e -
— -~ -
10725 - P
] T -
x P
] - ,..\‘_._,;"’ (OV)e
| R TP PP PP e AT s T, CCPEE 008000 E0000E0000000000000008000000N00000000000000000000000000000000000000008000000008000
._26 - - - ”
10 E —= -
1 .- -
i o "’ i
] T'T
-
10_27 T LA A | ™
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3K The results obtained for the golden sample of streams improve the limits achieved with dirr galaxies, while they are similar to

those for galaxy clusters and dark satellites.

3K At present, dSphs provide the most stringent constraints. However, when considering the silver sample of streams, the DM

limits would be potentially comparable with them.
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General Remarks

3K This work aims to provide a complementary target for indirect DM searches with gamma rays, potentially
being as competitive as dSphs.

3K No detection after looking at 11 stellar streams.

¥ The most reliable DM limits obtained (golden sample, benchmark scenario) are O(10) above the thermal
relic cross-section for low WIMP masses for the bb and ©7 annihilation channels.

]
3

[EROS AN A s o SRR Las o o SRRSO A A e = — tas oo o L . S

AR BNy SIS BERSRERPB " . e - > . Ay s o YNGLAang SIS g 2 e . J!

Caveats:

& The mass of the streams’ core is currently uncertain. This could lead to overestimating or ‘
underestimating the J-factor, which would result into greater uncertainties of the DM limits. |
However, these uncertainties are expected to be contained within our M/L uncertainty band.

& High-resolution hydrodynamic simulations are needed to know the dynamic state of the core
of each stream, as well as to accurately model their density profile accounting for tidal
disruption. Work is already ongoing in this direction.

e =S i el e e i % Srmss DR R B S o e~ TR R = i i Sl . = i SR i - i - i LRSI S

3K The work is about to be submitted to the journal.
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Analysis Results:
Flux upper limits with a Power Law

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

Preliminary pata
35° — —
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Sample Selection:
Distance

1020 ,:

o
o

<
0

1017.

J-factor [GeV? cm™]
S

all subhaloes

VL-II

=107

0

A. Aguirre-Santaella and
M.A. Sanchez Conde, 2023
arXiv:2309.02330v1

28



Golden Sample,

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

(ov) [cm3 s~1] (95 % C.L)
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DM constraints:
Silver Sample, M/L scenarios
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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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