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https://www.cbc.ca/news/technology/faintest-satellite-dwarf -galaxy-milky-way-discovered-virgo-1.386237"
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Gaia -+

® Launched December 2013
Goal: Positional and kinematic
measurement (3 positions + 2 velocities) of
1.5 billion stars (1% of the Milky Way)

® DR2: 7 million radial velocities (April
2018)

® DR3: 33 million radial velocities (June
2022)

Lina Necib, MIT
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Lina Necib, MIT Credit: Science Friday, LUX Experiment



Dark Matter in the
Solar Nelghborhood

,0@ Local Dark Matter Dens:rty -
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Assumes an Isotropic
Equilibrated Dark

Matter Potential
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Herzog-Arbeitman, Lisanti, Madau, Necib (2018)
Herzog-Arbeitman, Lisanti, Necib (2018)
Necib, Lisanti, Belokurov (2019)

Lina Necib, MIT Necib, Lisanti, Garrison-Kimmel, et al. (2018)




Feedback in Realistic Environments (FIRE)

p=0)

10 kpe

Hopkins et al. (2014)
Wetzel et al. (2016)
Hopkins et al. (2017)

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



Burldmg the Dark Matter Map

Strategy Reconstruct the Dark Matter from the dlstrlbutlons of the stars

R (“(‘lshift
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Lina Necib, MIT . - i | Stellar mass [M)] Kruijssen et al. (2020) | . : Krurjsseh et al. (2020) -,




Buﬂdmg the Dark Matter Map
Strategy Reconstruct the Dark Matte

.dt.f o

R (“(‘lsltit't

N e (2018)
e T & 10” 1010 . Helmi'et al. (2018) -
Lina Necib, MIT . - i | Stellar mass [M)] Kruijssen et al. (2020) | . : Krutjssen et al. (2020) -,



Burldmg the Dark Matter Map

Strategy Reconstruct the Dark Matter frorn the dlstrlbutrons of the stars

B Different Components:
1. Old Halo
2. Sausage/ Gaia Enceladus
3. Nyx
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Burldmg the Dark Matter Map

| lStrategy Reconstruct the Dark Matter frorn the dlstrlbutlons
5 of the stars : »

Ditferent Components:
1. Old Halo
2. Sausage/ Gaia Enceladus
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3. Nyx

—— Dark Matter, zye. >3
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v [km/s]
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Credit: H.H. Koppelman, A. Villanlobos, A. Helmi



Buﬂdlng the Dark Matter Map
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Burldmg the Dark Matter Map

| lStrategy Reconstruct the Dark Matter frorn the dlstrlbutlons of the stars
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First Empirical Dark Matter Distribution

q

SPDSS-Gaia DR2 ftotal (U) — Chalo fhalo <U> —|_ CSllefSlle (U>

Heliocentric |v|

|z| >2.5 kpc
de <4.0 kpc

- ==  Halo
Subs
—— Total
SHM

Kirby et al. (2013)

Garrison-Kimmel et al. (2015)

Necib, Lisanti, Belokurov (2018)

Lina Necib, MIT Necib, Lisanti, Garrison-Kimmel et al. (2018)




First Empirical Dark Matter Distribution

SPDSS-Gaia DR2 ftotal (U) — Chalo fhalo <U> —|_ CSUbeSUbS (U>
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Subs
Total
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Kirby et al. (2013)
Garrison-Kimmel et al. (2015)

Necib, Lisanti, Belokurov (2018)
Lina Necib, MIT Necib, Lisanti, Garrison-Kimmel et al. (2018)



First Empirical Dark Matter Distribution

SDSS-Gaia DR2 ftotal(v) — Chalofhalo<v> + Csubsfsubs(”)

Heliocentric |v|
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— == Halo

Subs

Kirby et al. (2013)
Garrison-Kimmel et al. (2015)

Necib, Lisanti, Belokurov (2018)
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masses

Lina Necib, MIT

Implications for Direct Detection

Direct Detection Limits
Xenon Target
- == alo

Subs
—— Total

Other theory
models might
have stronger
effects.

See for example
Buch et al.
2019
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r € [6.5, 9.5] kpc
|2| <3.0 kpc
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Nyx Star Motion
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If Nyx 1s a Merger

z=0.12
Hopkins et al. (2014)
Wetzel et al. (2016)
10 kpe Hopkins et al. (2017)

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



Nyx

Wang, Necib, Ji, et. al. (2022)




Dark Disk

As satellites are torn apart by tidal forces, they
deposit both their stars and their dark matter into a thick

disc (Lake 1989). The latter point is the key new idea
presented in this work: a dark matter disc must form
in a ACDM cosmology

Lake (1989)
Read et al. (2008)

_ ' Bruch et al. (2008)
Lina Necib, MIT
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Effect of Dark Disk on Direct Detection

| Pd ‘Dark Disk Density
pn : Dark Halo Density

10°
Mass [GeV/c?]

' ' Bruch et al. (2008)
Lina Necib, MIT



Beyond the largest structures,
The use of Clustering

—50000

~ —100000

— 150000

5000 0 5000
Jp [kpc km/s]

* Gaia eDR3 proper motions
* Gaia DR2 radial velocities
* Quality cuts

Ou, Necib & Frebel (2022)



Beyond the largest structures,
The use of Clustering

Xiaowei Ou

—125000

—150000

—2500 2500

0
L. [kpc km s71] v, [km/s]

& Prioritized stable clusters.

® Looked at the stars that got clustered at least 40 times through 100 realizations. Dropped the stars always associated as

noise.

® These structures are stable, although possibly incomplete. Ou, Necib & Frebel (2022)
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Building the empirical velocity distribution of
Dark Matter

Lina Necib, MIT
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Dark Matter 1r1 the
Galactre Center
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o ",Standard Model
~ Single New Electroweak
E ~Triplet, Fermion. -
TR ,‘Expected n TeV mass scale .
4 :..‘_ : *'_Ahard to probe n colhders L
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"Hisano et al. (2003 2004, 2005 2()06 2007)

LR SR, L _ : Clrelhetal (2006,2007) - ° e
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X

Sommerfeld :

Enhancement:

X

Rinchiuso et . ... Recoiling
al. (2018) Yadiatio Jet

—

'ANS'ignal' = FluX7 X EXpﬁerimen‘Cal Efﬁmency X -:E;-)X.po'sure';

X {ow) / . / e AT
: . "..line.' of sight. ang-le§ : .

N S el . : e S AR T oy S SRR e i) ByKlepseratEnghshW1k1ped1a CCBYSA30 ,
Lina N€CIb-, MIT : 5 e S0 v A ’ s : " https://commons.wikimedia.org/w/indéx. php7cur1d—61288242



Example: Dark Matter Search at H.E.S.S.
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Enhancement:
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Effect on Limits [%]

10000
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Dark Matter D..en'_s'ity Distribu.tion :

| Emasto (1965) _

i Navarro, Frenk, Whlte (1996) :

. Fornasa & Green (2013) :
Gaskms (2016) A

Lina Necib, MIT



Dark Matter D..en'_s'ity Distribu.tion :

Densny proflles can Vary
by orders Of magnltude

Lina Necib, MIT

=== NFW

— Einasto

— Burkert

* Einasto-(1965)
" Burkert (1995)

Navarro, Frenk, White (1996)

Fornasa & Green (2013)
Gaskms (2016) A



Dark Matter D..en'_s'ity Distribu.tion :

Densny proflles can Vary
by orders Of magnltude

Lina Necib, MIT

=== NFW

— Einasto

— Burkert

Einasto-(1965)
" Burkert (1995)

Navarro, Frenk, White (1996)

Fornasa & Green (2013)
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Using Sagittarius Stream to Model the Potential

>

Outer Virgo Overdensity

Inner
trailing

Outer
trailing
tail

Trailing

e from Sesar et al. 2017

Lina Necib, MIT Fardal et al. (2019)



Dark Matter Density Distribution -

eV /em?|

i
x

=
a

_Credit: Gabriel Pérez g ; : N ;
Diiz, SMM (IAC). e a1 A b

https‘:'// W;’VW_ .universetoday.ecom/9152
__ O/astronomy-without-a-telescope-
= . o could-dark-matter-not-matter/
4 e : : e - - .\ rpat i B T Ly / NASA'/ESA/ Hubble / Marcheti et al. 2018
; 5 ."' s ¢. . >‘v I .. . o - p : 5 - A 2 : T _‘ ’ g : . e 2 el R
Lina Necib, MIT . LAl TR ST : - : = -

“



 Determining the Escape Velocity -

N =1862 Data
vmin =300 km/s o Halo
Outliers

| .,.Goa-l:’M'-od‘ellﬁt.he" _té:_ﬂ:_(')f.thé '.dis.tribl';_tion - |

[ Sum

U] [km/s

AR L y oy S ‘ e s T bt oo LeOnafd~&5Tremair1_e (19_90)
LinaNecib, MIT< . oo SRR BRI T e . o & - Necib & Ein 202110)..



 Determining the BscapeVeloety

' Gosl ModeldieRIBRIe Gl ributiosi -

.

Data
Halo
Outliers
Sausage

1 Sum

10| [km/s

U a L i R e L e LeOnafci'»&f:Tremai.rlﬁe (1990)
Lina:Neeib, MIT = - ae TOE RS 8- SRR 0 e ' & " Necib & Ein (2021aD).



- Determining the Escape Velocity

* Goal: Model the tail of the distribution

B = Data

B Halo
Outliers
Sausage

Data
Disk
Outliers
Halo
Sausage
] Sum

300 LeOnafd'»&-’:Tremai.n.e (1990)

Lina Necib, MIT Necib & Lin (2021a,b)..
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Now onto Gaia DR3

GATA DR3 high-speed profile
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Roche, Necib & Lin (in prep)
Lina Necib, MIT



Now onto Gaia DR3

GAIA DR3 high-speed profile

782 stars

350,400 450-. . F

Roche, Necib & Lin (in prep)
Lina Necib, MIT
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All baryon
Bulge
Disk

Cold dust

—-— Warm dust
Hr1 gas
—-— H, gas
—— Best Fit DM: Einasto

—— Baryon + DM
§  Ouet al. 2023 (this work)
E Eilers et al. 2019

Xiaowei Ou

Ou, Eilers, Necib, Frebel (2023)
arXiv:2303.12838
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All baryon
Bulge
Disk

Cold dust

—-— Warm dust
Hr1 gas
—-— H, gas
—— Best Fit DM: Einasto

—— Baryon + DM
2  Ouet al. 2023 (this work)
{  Eilers et al. 2019

Xiaowei Ou

Ou, Eilers, Necib, Frebel (2023)
arXiv:2303.12838



Warm dust Baryon + DM
¥ Ouet al. 2023 (this work)
I Eilers et al. 2019

Xiaowei Ou

_ ) Ou, Eilers, Necib, Frebel (2023)
Lina Necib, MIT arXiv:2303.12838
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Streams: An insight into Dark Matter

Proper motion + photometry selection

SR J~r ] ’
Previously Progenitor?
. .undetected . .

GDI1 stream

* Gaps in streams can constrain dark matter subhalo masses, and
therefore models of warm dark matter!

* Streams are also used to constrain the potential of the Milky Grillmair & Dionatos (2006b)
Way. Koposov et al. (2010)
Price-Whelan & Bonaca (2018)

Lina Necib. MIT Bonaca et al. (2019)



GD-1 Perturber?

T T T 11T
L1 1 F11T

GD-1 perturber
(Bonaca et al. 2019)

Outer disk molecular clouds
(Miville-Deschénes et al. 2017)

Globular clusters
(Baumgardt & Hilker 2018)

1 IIIIIIII
| IIIIIIII

Dwarf galaxies
(McConnachie 2012)

T T T oL
pb>

ACDM subhalos (3 ¢ scatter)
(Moliné et al. 2017)

1 IIIIIIII
| I]III[I|

Lina Necib, MIT Bonaca et al. (2019)



GD-1 Perturber?

T T TTTIT
| A

GD-1 perturber
(Bonaca et al. 2019)

1 IIIIIHI

Outer disk molecular clouds
Miville-Deschénes et al. 2017)

lobular clusters
Jaumgardt & Hilker 2018)

1 IIIIIIII

IIII

warf galaxies
VIcConnachie 2012)

ACDM subhalos (3 ¢ scatter)
(Moliné et al. 2017)

1 IIIIIIII

Lina Necib, MIT Bonaca et al. (2019)



Need to 1increase statistics of streams

& -
M W
Ny
s
w‘ ® e
For a large dataset of streams, see https://github.com/cmateu/galstreams Credh ESAIELRIDPAC

Stellar Streams
Malhan etal.(2018), Ibataetal. (2019)
Lina Necib, MIT



Build a Stream Finder Algorithm

e o
< o

N e
e 4

algorithm that searches for
anomalies in a multi-

dimensional distribution.

¢ (%)

Galaxy Picture

Credit : ESA/Gaia/DPAC
Stellar Streams
Malhan etal.(2018), Ibataetal. (2019)

Shih, Buckley, Necib, Tamanas (2021)




Apply Via Machinae on GD-1
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Lina Necib, MIT Shih, Buckley, Necib (2023)



102 New Stream Candidates,
90 of which are expected to match stellar structures

. %{

e VM-10
e VM-11
e VM-12

e VM-13
e VM-14

pt; (mas/yr)

Lina Necib, MIT Shih, Buckley, Necib (2023)
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