MAPPING OUT THE
DARK MATTER IN
THE MILKY WAY

Lina Necib hd

l - Massachusetts
Institute of
Technology

Credit: ESO/Y. Beletsky


https://www.facebook.com/yuribeletskyphoto




¥0 O0




WOl O®OI0@Oo 0 Qi




YQ&HORO Q1 cad G 00 Qi




YE QO QREO®O € "QQO QQI




¥0 O0




.

PPING.




GOAL
MAPPING FROI\/I THE STARS TO THE DARK I\/IATTER

4 e Streams e f L

: Nora Shlpp Nathanlel Starkman '._.:

B . T XjaoweiOu
| Abde|a.Z'IZ‘Hl..lSSGI._n . "PhDge 25

AM : .Brinson Fello.w P ' .

‘F.acult.y at .- After MIT: - :
University of GECO,Cosmu:AI S
Washington N Fellow
el ' S | Y it DW rf Unlversny i
0) ar Virginia
"Galaxies V'

' Nelghborhoodlvj i

.Tri Nguyen, ° - S
“Ph:Ree 24 <,

o AfterMTe, = = .
CIERA Fellow, -
- Northwestern .

~ " Zeineb Mezghanni . .. xjuyuanZzhang °

"Liha.N_écib, MIT.



‘T 0D AY 65"

~ Used synthetlc surveys to build the true - .

. ’systematic uncertainties of the circular
. velocity measurements:of the Milky Way,
and obtalned anew Dark Matter denSIty
' proflle . ‘ . :

TAL K | ‘ -
‘MAPPING- THE DARK I\/IATTER DENSITY PROFILE

THE I\/IILKY WAY AND DWARF GALAXIE"
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' Built a theoretical range for the
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- adiabatic contractlon and baryonlc
feedback.
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Used Graph Neural Networks to construct the density - .
profiles of Dark Matter |n dwarf, gaIaX|es based on- I|ne 7

¥ of-sight velocities. ,
Tested this new method on FIRE S|mulat|ons to show :

: robustness Next we WIII apply this to data
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- Fiducial NFW
Cored NFW

The effect can be
orders of magnitude in @8
signal expectation. §

“Lina Necib, MIT."



Aétrophysiéé'

N

funahbcm,Mrrf '

|

—
—
—
N
Lo
-
-
/
-
U
et
-~
S~

-y
—
N’

|

--= Fiducial NFW :
-==. Cored NFW :




® FIRE -2
o Dark Matter Only

Di Cintio et al. (2014a)

Tollet et al. (2016) - Core .

Cusp ' ~-- Fiducial NFW
| | ---. Cored NFW :
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o Dark Matter Only
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Systematics
Eilers et al. 2019
Gaia [Stat]

5

darxiv.2303.12838 Ou, Eilers, Necib, Frebel(2024
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Systematics
Eilers et al. 2019
§ Caia [Stat]

For perspective, this§
I s t he Mi
rotation curve pre

Pato &Ioc{(’:o(zoi(’?) °
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R [kpc]

20 25 30

Ou, Eilers, Necib, Frebel(2024
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VELOCITY o T S .

Systematics
Eilers et al. 2019
Gaia [Stat]

| Data is declining |
here!
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LETOS CONSTRUCTATHE Mr#KY wAﬂ
VELOCITY o T S .

Systematics == Baryon + gNFW
All baryon Eilers et al. 2019
-+ DM: NFW §  Gaia [Stat]

| Data is declining |
here!

darxiv.2303.12838 Ou, Eilers, Necib, Frebel(2024
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Systematics =+ Baryon + gNFW
All baryon Eilers et al. 2019

-+ DM: NFW ¢ Gaia [Stat]

| Data is declining ; £
here! =
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Ou, Eilers, Necib, Frebel(2024



LETS PUT THAT CORED PROFILE IN CONTENXT.
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SUCH CORED PROFILE

| S

IN TENSION WITH OTHER

PROBES OF DARK MATTER IN THE MILKY WAY.
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 LET6S REVIEW THE ASSUMPTI O

.........

Is Gala plckmg some stars over'
. others? ik o
- Is that blasmg the resu1ts ofour. - "
circular velocity measurements? e

‘Lina Necib, MIT.
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Tri Nguyen Xiaowei Ou

LETO0OS REVI EW THE ASSUMPTI

O

Synthetic Gaia Survey (DR3) of a Simulated FIRE Galaxy

Is Gaia picking some stars over

others?
Is that biasing the results of our
circular velocity measurements?

Sanderson et al. (2020) Publicly available at httpsfife.northwestern.edananké

Nguyen, OuPanithanpaisalShipp,Necib, Sanderson, Wetzel (2024)
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10 kpc

: : . Bk il fEsde , _ Produced syntheticsurveys and found no effecto
‘(N)l? I\‘l‘eglbe;al'\’gg%‘)ﬂ . (_2024) CodE L B S “Lina Nécib, MIT. i observatlonal selectlon function :
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10 kpc

NG Ui Neon (2024)' R laanino o TR L L SIS Redld the anaIyS|s on dlfferent sllces andlnd
Ou, Necib, et al; (025) . - .- .. - .. 'LinaNecib, MIT.  .° ‘thereis alarge effect = = -
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10 kpc
. Belokurovet al. (2018) Helml et aI (Nature 2018)_. Sl . : ‘ i | |
Necibet al. (Nature Astronom 2020) T R e R

Nguy. eé Ne@h, et &. (2)624) ) I N N e W LD S We know that the Galaxy is not n equmbnum

Ou, Necib, et &l. @025) . - .+ . - .. 'LinaNecib,MIT." . " “evidenced by the different structures we foun
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LET6S GO BACK TO THI S, WHAT kil
SYSTEMATICS? Xiaowei Ou

Systematics = DM: NFW Eilers et al. 2019
All baryon ——— Baryon + Einasto ¢ Gaia [Stat]
= DM: Einasto === Baryon + gNF'W

15 20 25 30

R [kpc]

Ou, Eilers Necib, Frebel(2024

Ou, Necib, et al. (2025)
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LET6S GO BACK TO THI s, WHAT Kk
SYSTEMATICS? Xiaowei Ou

Systematics == DM: NFW Eilers et al. 2019
All baryon Baryon + Einasto ¢ Gaia [Stat]
= DM: Einasto =+ Baryon 4+ gNFW
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LET6S GO BACK TO THI S, WHAT ki
SYSTEMATICS? Xiaowei Ou

Actual Sys. = DM: NFW Eilers et al. 2019
All baryon Baryon + Einasto ¢ Gaia [Stat]

= DM: Einasto ==+ Baryon 4+ gNFW _

‘ — ——
, t  Literature
-_ 1012__ :
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= k

p [GeV em™

| —— gNFW ;
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WE HAVE A BETTER FIT, THAT IS NOT IN TENSlONl'ﬂ
BUT WE STl LL NEED TO SOLVE DA

Actual Sys. =+ DM: NFW Eilers et al. 2019
All baryon ——— Baryon + Einasto ¢ Gaia [Stat]
= DM: Einasto ==+ Baryon 4+ gNFW

15 20 25 30

R [kpc]

Ou, Eilers Necib, Frebel(2024

Ou, Necib, et al. (2025)
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Actual Sys. ==+ DM: NFW Eilers et al. 2019
All baryon Baryon + Einasto Gaia [Stat]
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BUT DUSTEé

Actual Sys. =+ DM: NFW Eilers et al. 2019
All baryon ——— Baryon + Einasto ¢ Gaia [Stat]
= DM: Einasto ==+ Baryon 4+ gNFW
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Ou, Necib, et al. (2025) Ou, Eilers, Necib, Frebel(2024



WHAT | NEED THEN IS SEETHROUGH-DUST GLASSES

Actual Sys. =+ DM: NFW Eilers et al. 2019
All baryon ——— Baryon + Einasto ¢ Gaia [Stat]
= DM: Einasto ==+ Baryon 4+ gNFW
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WE ACTUALLY HAVE SEETHROUGH-DUST GLASS
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WE ACTUALLY HAVE SEETHROUGH-DUST GLASS

Actual Sys. =+ DM: NFW Eilers et al. 2019
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Il N THE MEANTI ME, LETOS HAVE T

Actual Sys. =+ DM: NFW Eilers et al. 2019
All baryon ——— Baryon + Einasto ¢ Gaia [Stat]
= DM: Einasto ==+ Baryon 4+ gNFW
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LETOS QUANTI FY OUR | GNORAN
A SYSTEMATIC BAND FOR THEMILKY WAY

£
E
Py

Abdelaziz Hussein

AC + MW p,

N SBF + MW p, {109
Ou et al. 2023

=== Zhou et al. 2023

HusseinNecib, Kaplinghatet al. (2025%rXiv:2501.14868 Lina Necib, MIT
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THE DIFFERENT MECHANISMS ALSO AFFECT -

\é'

THE DARK MATTER SPATIAL DISTRIBUTION w——

Abdelaziz Hussein

FIRE 2 - m12m AURIGA - Halo 24
Strong Baryonic Adiabatic

- —
v .
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HusseinNecib, Kaplinghatet al. (2025%rXiv:2501.14868 Lina Necib, MIT
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o Dark Matter Only
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EARLY WORKS HAVE SHOWN THAT DWARF GALAXIES
MIGHT HAVE CORES
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Oh et al. (2015)
Lina Necib, MIT Spergel& Steinhardt (2000) Tulin & Yu (2017)




EARLY WORKS HAVE SHOWN THAT DWARF GALAXIES
MIGHT HAVE CORES
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ONE NEEDS ABOUT 10,000 STARS TO GET THE PROFILE
CORRECTLY IN THE STANDARD JEANS ANALYSIS

~ =0, r, =1kpc, Mg =~ 1.4 X 10° Mg
10"
10?
108
G 107
106 R1/2
Truth
20 stars
100 stars
— 1000 stars
— 10000 stars

=

107

Lina Necib, MIT Chang &Necib (2020



ONE NEEDS ABOUT 10,000 STARS TO GET THE PROFILE
CORRECTLY IN THE STANDARD JEANS ANALYSIS

v =0, rs =1kpc, Mag =~ 1.4 x 109 Mg,

100 stars 1000 stars 10000 stars

Chang &Necib (2020



ONE NEEDS ABOUT 10,000 STARS TO GET THE PROFILE
CORRECTLY IN THE STANDARD JEANS ANALYSIS

~ =0, r, =0.2kpc, Mago ~ 1.1 X 10" M,

100 stars 1000 stars 10000 stars

Chang &Necib (2020



Build a method where we can get the correct inner den:
profile of Dark Matter.

Lina Necib, MIT



Build a method where we can get the correct inner den:
profile of Dark Matter.

Jeans analysis, the standard method, makes a lot of
assumptions to deal with this problem, and requires a

LOT of statistics to get the answer right.

Lina Necib, MIT



Build a method where we can get the correct inner den:
profile of Dark Matter.

Jeans analysis, the standard method, makes a lot of
assumptions to deal with this problem, and requires a
LOT of statistics to get the answer right.

Use simulation based inference + Graph Neural Netwo
to train a model that obtains the density profiles of
dwarfs.

Lina Necib, MIT



WE USE SIMULATION-BASED INFERENCE TO OBTAIN THE
INNER PROFILE OF THE DARK MATTER FROM THE
KINEMATICS OF THE STARS
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Lina Necib, MIT Nguyen, MishraSharma, Williams, &Necib (2022)



GNN + NORMALIZING FLOWS
OUTPERFORMS JEANS ANALYSIS

/ . \ .
logyg (rs/kpc) logyg (po/Mekpe™)

Lina Necib, MIT Nguyen, MishraSharma, Williams, &Necib (2022)



GNN + NORMALIZING FLOWS
OUTPERFORMS JEANS ANALYSIS

Tri Nguyen

Jeans Analysis
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GNN + NORMALIZING FLOWS
OUTPERFORMS JEANS ANALYSIS

Tri Nguyen

GNN + Flow Jeans Analysis
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2=0.13 @ Tri Nguyen

100 kpc

Wetzel et al. (2016)

Hopkins et al. (2018) _
Wetzel et al. (2023) Lina Necib, MIT Nguyen, Read\ecib, et al. (2025)



APPLYING THIS TO FIRE2 CDWM
SATELLITES YIELDS GOOD FITS

Tri Nguyen

GraphNPE Jeans

m12f CDM halol14351 ml12f| CDM halg22164 ml12m_CDM hal 059806 : ml12m_CDM halob1673
105 stars : 992 lstars 5 86!stars : 311 stars

' GraphNPE

— Simple Jeans

logo(p/Ma kpe™)

0
logy(r/kpc)

Strigariet al. (2008)
Lina Necib, MIT Nguyen, Read\ecib, et al. (2025)



APPLYING THIS TO FIREZ2 SIDM
SATELLITES YIELDS GOOD FITS

Tri Nguyen

GraphNPE Jeans

m12f_SIDM10 halo8741 m12f_ SIDM10 halo36529 m12m_SIDM10 halo47 m12m_SIDM10 halo40468
i 83 stars 546 stars Lo 35 stars 426 stars

log0(p/Me kpe™)

log 10 ( r / k pc )

Strigariet al. (2008)
Lina Necib, MIT Nguyen, Read\ecib, et al. (2025)
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