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Without Dark Matter 

Velocities Distances Modeling

To build the Milky Wayôs circular velocity, we need

Gaia DR3: Positions and proper motions (5D) of 1.5 billion stars, with a subset of 33 million stars with radial velocities (6D) 

Gaia
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Without Dark Matter 

Velocities Distances Modeling

To build the Milky Wayôs circular velocity, we need

Gaia Products (DR3):

Å 1.5 billion proper motions. 

Å 1.5 billion parallaxes.

Å 33 million line of sight 

velocities

Gaia DR4 ï Coming in December!

Gaia collaboration et al. (2016, 2018, 2021, 2023)
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Issue:

Although Gaia is extremely powerful, 
calculating distances via parallax is still 
challenging, especially at large distances.

Nature557, 18 (2018)Lina Necib, MIT



Issue:

Although Gaia is extremely powerful, 
calculating distances via parallax is still 
challenging, especially at large distances.

Nature557, 18 (2018)

Solution:

Use a data driven model to compute 
distances.

Lina Necib, MIT
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P ROV I D E D  B Y  G A I A .

Ou, Eilers, Necib, Frebel (2024)

Astrometric 

Parallax
Coefficients

Photometry + 

Spectra

Hogg et al. (2019)

Eilers et al. (2019) 

APOGEE 
cross match: 
33,000 stars

Gaia: 33 
Million 
Stars

But at what cost?

Lina Necib, MIT
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LETôS CONSTRUCT THE MILKY WAYôS CIRCULAR 

V E L O C I T Y
Xiaowei Ou

Ou, Eilers, Necib, Frebel (2024)

For perspective, this 

is the Milky Wayôs 

rotation curve pre-

Gaia

Pato & Iocco (2017)
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S U C H  C O R E D  P RO F I L E  I S  I N  T E N S I O N  W I T H  O T H E R  
P RO B E S  O F  DA R K  M A T T E R  I N  T H E  M I L K Y  WAY.

Best Fit from Ou, Eilers, Necib, Frebel (2024)
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Is Gaia picking some stars over 

others? 

Is that biasing the results of our 

circular velocity measurements?

Sanderson et al. (2020)

Nguyen, Ou, Panithanpaisal, Shipp, Necib, Sanderson, Wetzel (2024)

Synthetic Gaia Survey (DR3) of a Simulated FIRE Galaxy

Xiaowei OuTri Nguyen

Observational 
Selection Function

Axisymmetry

Dynamical 
Equilibrium

Publicly available at https://fire.northwestern.edu/ananke/

LETôS REVIEW THE ASSUMPTIONS WE MADE



Observational 
Selection Function

Axisymmetry

Dynamical 
Equilibrium

Produced synthetic surveys and found no effect of the 

observational selection function

Xiaowei OuTri Nguyen

Nguyen, Ou,é, Necib, et al. (2024)

Ou, Necib, et al. (2025) Lina Necib, MIT
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A R E  T H E S E  R E A S O N A B L E  A S S U M P T I O N S ?

Redid the analysis on different slices, and indeed 

there is a large effect
Nguyen, Ou,é, Necib, et al. (2024)

Ou, Necib, et al. (2025) Lina Necib, MIT
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A R E  T H E S E  R E A S O N A B L E  A S S U M P T I O N S ?

We know that the Galaxy is not in equilibrium as 

evidenced by the different structures we found.

Nyx

Enceladus

Belokurov et al. (2018), Helmi et al. (Nature, 2018)

Necib et al. (Nature Astronomy 2020) 

Nguyen, Ou,é, Necib, et al. (2024)

Ou, Necib, et al. (2025) Lina Necib, MIT
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We know that the Galaxy is not in equilibrium as 

evidenced by the different structures we found.

Nyx

Enceladus

Belokurov et al. (2018), Helmi et al. (Nature, 2018)

Necib et al. (Nature Astronomy 2020) 
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S Y S T E M A T I C S ?
Xiaowei Ou

Ou, Eilers, Necib, Frebel (2024)

Updated Fit

Ou, Necib, et al. (2025)

arXiv:2503.05877

Einasto
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Core

Ou, Necib, et al. (2025)
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W H A T  I  N E E D  T H E N  I S  S E E-T H RO U G H -D U S T  G L A S S E S

Ou, Eilers, Necib, Frebel (2024)

What I really 

want, is data 

here!

Ou, Necib, et al. (2025)

arXiv:2503.05877



IN THE MEANTIME, LETôS HAVE THEORY GLASSES

Ou, Eilers, Necib, Frebel (2024)
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want, is data 

here!

Ou, Necib, et al. (2025)

arXiv:2503.05877



Video by Shea Garisson-Kimmel, http://www.tapir.caltech.edu/~sheagk/firemovies.html

Lina Necib, MIT
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D I F F E R E N T  S I M U L A T I O N S  I M P L E M E N T  P R O C E S S E S  

A F F E C T I N G  T H E  D E N S I T Y  P R O F I L E  D I F F E R E N T LY

Hussein, Necib, Kaplinghat et al. (2025) arXiv:2501.14868

Abdelaziz Hussein

Lina Necib, MIT

Wetzel et al. (2016)

Hopkins et al. (2018)

Wetzel et al. (2023)

Grand et al. (2024)

Agertz et al. (2021)

Rey et al. (2023)

Pillepich et al. (2023)

https://arxiv.org/abs/2501.14868


C O M PA R I N G  T H E S E  R E S U LT S  T O  T H E  T H E O RY  

P R E D I C T I O N  L E A D S  T O
Abdelaziz Hussein

Lina Necib, MIT

Wetzel et al. (2016)

Hopkins et al. (2018)

Wetzel et al. (2023)

Grand et al. (2024)

Agertz et al. (2021)

Rey et al. (2023)

Pillepich et al. (2023)Hussein, Necib, Kaplinghat et al. (2025) arXiv:2501.14868

https://arxiv.org/abs/2501.14868


C O M PA R I N G  T H E S E  R E S U LT S  T O  T H E  T H E O RY  

P R E D I C T I O N  L E A D S  T O

Ratio of 

theory 

expectation 

to simulation 

results

Abdelaziz Hussein

Lina Necib, MIT

Wetzel et al. (2016)

Hopkins et al. (2018)

Wetzel et al. (2023)

Grand et al. (2024)

Agertz et al. (2021)

Rey et al. (2023)

Pillepich et al. (2023)Hussein, Necib, Kaplinghat et al. (2025) arXiv:2501.14868

https://arxiv.org/abs/2501.14868


C O M PA R I N G  T H E S E  R E S U LT S  T O  T H E  T H E O RY  

P R E D I C T I O N  L E A D S  T O

Ratio of 

theory 

expectation 

to simulation 

results

Adiabatic 
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the model
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Feedback is 

breaking the 
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model
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We can also vary the different 

feedback parameters to 

understand where the cause 

of the difference is
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C O M PA R I N G  T H E S E  R E S U LT S  T O  T H E  T H E O RY  

P R E D I C T I O N  L E A D S  T O
Abdelaziz Hussein

Lina Necib, MITGarcia, Rose, [inc Hussein, Necib] et al. 2025

The main effect is 

actually the burstiness of 

the feedback. The 

different parameters of 

the supernova do not 

change the results as 

much. 
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T H E  D I F F E R E N T  M E C H A N I S M S  A L S O  A F F E C T  

T H E  DA R K  M A T T E R  S PAT I A L  D I S T R I B U T I O N

Lina Necib, MIT

Strong Baryonic 

Feedback

Adiabatic 

Contraction

Hussein, Necib, Kaplinghat et al. (2025) arXiv:2501.14868

https://arxiv.org/abs/2501.14868
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P U T T I N G  E V E RY T H I N G  I N T O  P E R S P E C T I V E .  

T H E O RY,  O B S E RVAT I O N S, EVERYTHINGé

Ou, Necib, et al. (2025)

Hussein, Necib, Kaplinghat et al. (2025) arXiv:2501.14868

Updated Fit

Xiaowei Ou

Lina Necib, MIT

https://arxiv.org/abs/2501.14868
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Oh et al. (2015)

Tulin & Yu (2017)

E A R LY  WO R K S  H AV E  S H OW N  T H A T  DWA R F  G A L A X I E S  

M I G H T  H AV E  C O R E S

Self-Interacting 

Dark Matter?

Spergel & Steinhardt (2000)

Kowalczyk et al. (2013)

Ackermann et al. (2015)

Bonnivard et al. (2015)

El-Badry et al. (2017)

Possible Complications:

1. Equilibrium Assumption.

2. Presence of Binaries.

3. Sphericity Assumption.

4. Tidal Disruption.

5. Small Extent of Stars.

6. Lack of Proper Motion 

Measurements. 

Lina Necib, MIT
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Cores are 

harder to 

resolve 

with fewer 

statistics

The errors are 

worse for the 

ultrafaints

Cusp:

Core: 

Chang & Necib (2021)
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Goal:

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

Issue:

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.

Solution:

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

Lina Necib, MIT



Generate 
Idealized 

Simulations

Build the 
Graph to 
establish 

relationships 
between the 

stars

Train the 
Network

Apply to 
data

Use 
Normalizing 

Flow to 
obtain a 
posterior 

distribution

Lina Necib, MIT

W E  U S E  S I M U L A T I O N-B A S E D  I N F E R E N C E  T O  O B T A I N  T H E  
I N N E R  P R O F I L E  O F  T H E  D A R K  M A T T E R  F R O M  T H E  
K I N E M A T I C S  O F  T H E  S T A R S

Nguyen, Mishra-Sharma, Williams, & Necib (2022)
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Nguyen, Mishra-Sharma, Reul, & Necib (2022)Nguyen, Mishra-Sharma, Williams, & Necib (2022)
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