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‘MAPPING THE DARK MATTER DENSITY PROFILE IN
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GAIA'S GOLD

Gaia has measured with high precision the positions, distances and motions
of more than 1 billion stars in the Milky Way. It covers about one-quarter of
the disc of our Galaxy; its predecessor mission, Hipparcos, mapped about
100,000 stars in a much smaller region around our Sun.

Gaia will eventually
measure proper
motions accurate up to

Although Gaia is extremely powerful, |
calculating distances via parallax is stil for stas up 10 20,000

arsecs awa g
P y Gaia’s limit for

measuring distances
with an accuracy of 10%
is 10,000 parsecs

challenging, especially at large distanc

L

Sun

|

“.:— Hipparcos could
measure stellar
distances with an
accuracy of 10% only
up to 100 parsecs*

Lina Necib, MIT enawre  Nature557, 18 (2018) *1 parsec = 3.26 light years



GAIA'S GOLD

Gaia has measured with high precision the positions, distances and motions
of more than 1 billion stars in the Milky Way. It covers about one-quarter of
the disc of our Galaxy; its predecessor mission, Hipparcos, mapped about
100,000 stars in a much smaller region around our Sun.

Gaia will eventually

Although Gaia is extremely powerful, g .

T Kiamet(e per Gatai
calculating distances via parallax is stil
challenging, especially at large distanc

Gaia’s limit for
measuring distances
with an accuracy of 10%
is 10,000 parsecs

L

Use a data driven model to compute -

d'Stan ces. l“— Hipparcos could

measure stellar
distances with an
accuracy of 10% only
up to 100 parsecs*

Lina Necib, MIT enawre  Nature557, 18 (2018) *1 parsec = 3.26 light years



Azllmxr

Hogg et al. (2019) ’ .
Eilerset al. (2019) Lina Necib, MIT Ou, Eilers Necib, Frebel(2024)




NEED MORE ACCU

Azllmxr

But at what cost?
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NEED MORE ACCURATE
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Systematics
Eilers et al. 2019
Gaia [Stat]
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Systematics
Eilers et al. 2019
§  Caia [Stat]
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For perspective, this§
I's the Mi§
rotation curve pre
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Pato &locco(2017)

15
R [kpc]

20 25 30

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

| Datais declining e
here!

15 20 25 30
R [kpc]
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Systematics
All baryon
=+ DM: NFW

==+ Baryon + gNFW
Eilers et al. 2019
$  Gaia [Stat]
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Systematics =+ Baryon + gNFW
All baryon Eilers et al. 2019

-+ DM: NFW ¢ Gaia [Stat]
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SUCH CORED PROFILE IS IN TENSION WITH OTHER
PROBES OF DARK MATTER IN THE MILKY WAY.
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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, OuPanithanpaisaBhipp,Necib, Sanderson, Wetzel (2024)
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| Belokurovet al. (2018) Helmr et aI (Nature 2018) S — . T .
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LET6S GO BACK TO THI S, WHAT kil
SYSTEMATICS? Xiaowe Ou

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

20 25 30

Ou, Necib, et al. (2025)
arXiv:2503.05877

Ou, Eilers, Necib, Frebel(2024
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LET6S GO BACK TO THI S, WHAT kil
SYSTEMATICS? Xiaowe Ou

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

p [GeV em™]

C—— oNFW :
———- Fiducial NFW :

-y
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LET6S GO BACK TO THI S, WHAT Kk
SYSTEMATICS? Xiaowei Ou

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

{  Literature

|

Einasto

p [GeV em™]

T —— oNFW :
———- Fiducial NFW :

Lol 1 I N N
1(]” 1[11
Ou, Necib, et al. (2025) " kpc]

Ou, Eilers, Necib, Frebel(2024



WE HAVE A BETTER FIT, THAT IS NOT IN TENS|ON‘[§I
BUT WE STILL NEED TO SOLVE DA
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20 25 30

Ou, Necib, et al. (2025)
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All baryon Baryon + Einasto Gaia [Stat]
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Actual Sys. = DM: NF'W Eilers et al. 2019
All baryon Baryon + Einasto ¢ Gaia [Stat]
= DM: Einasto = Baryon + gNFW

20 20 30

Ou, Necib, et al. (2025)

arXiv-2503. 05877 Ou, Eilers, Necib, Frebel(2024




WHAT | NEED THEN IS SEETHROUGH-DUST GLASSES

Actual Sys. = DM: NF'W Eilers et al. 2019
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20 25 30

Ou, Necib, et al. (2025)

arXiv:2503.05877 Ou, Eilers, Necib, Frebel(2024




| N THE MEANTI ME, LETOS HAVE T

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

20 25 30

Ou, Necib, et al. (2025)

arXiv:2503.05877 Ou, Eilers, Necib, Frebel(2024
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DIFFERENT SIMULATIONS IMPLEMENT PROCESSES “'z

AFFECTING THE DENSITY PROFILE DIFFERENTLY =™

Hussein Necib, Kaplinghatet al. (2025xrXiv:2501.14868

Lina Necib, MIT
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Hussein Necib, Kaplinghatet al. (2025xrXiv:2501.14868 Lina Necib, MIT Pillepichet al. (2023)
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EARLY WORKS HAVE SHOWN THAT DWARF GALAXIES
MIGHT HAVE CORES
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EARLY WORKS HAVE SHOWN THAT DWARF GALAXIES
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ONE NEEDS ABOUT 10,000 STARS TO GET THE PROFILE
CORRECTLY IN THE STANDARD JEANS ANALYSIS

v =0, rg =1kpc, Myo = 1.4 X 10° Mg
1010

Ryj9

Truth

20 stars

100 stars
— 1000 stars
— 10000 stars

M /M)

Lina Necib, MIT Chang &Necib (2021



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 (2021



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

~ =0, rs =0.2kpc, Magy ~ 1.1 X 10" M,
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Build a method where we can get the correct inner densit
profile of Dark Matter.

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

Use Simulation based inference + Graph Neural Network
train a model that obtains the density profiles of dwarfs.
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WE USE SIMULATION-BASED INFERENCE TO OBTAIN THE
INNER PROFILE OF THE DARK MATTER FROM THE
KINEMATICS OF THE STARS
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GNN + NORMALIZING FLOWS
OUTPERFORMS JEANS ANALYSIS
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GNN + NORMALIZING FLOWS
OUTPERFORMS JEANS ANALYSIS
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Jeans Analysis
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GNN + NORMALIZING FLOWS
OUTPERFORMS JEANS ANALYSIS
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GNN + Flow Jeans Analysis
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z=0.13 c Tri Nguyen

100 kpc
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APPLYING THIS TO FIRE2 CDM S5
SATELLITES YIELDS GOOD FITS

-

Tri Nguyen

GraphNPE Jeans
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