(Can you) Infer the dark matter profile of the
Milky Way from its circular velocity curve
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Goal:
Measure the circular velocity curve for the
Milky Way

Infer the dark matter profile

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838



Stellar tracers -

kinematics

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838



Stellar tracers

6D
kinematics
Positions Velocities
Sky : Proper Line-of-sight
Coordinates Distances Motions Velocities
Vv V(1) Gaia Vv Vv APGEE

Credit: Gaia/ESA :
Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838 10



A data-driven model for more precise distances™

Features
Photometry
Precise
Spectroscopy > Model —> Distances
Labels ~40% improvement in
relative uncertainty
Astrometry ——

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838 11



- All baryon —-— Warm dust —— Baryon + DM

* Bulge HI gas § Ouetal 2023 (this work)
Disk —-— Hj gas I Eilers et al. 2019
Cold dust —— Best Fit DM: Einasto

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838




- All baryon —-— Warm dust —— Baryon + DM
* Bulge HI gas § Ouetal 2023 (this work)

Disk —-— Hj gas I Eilers et al. 2019
Cold dust —— Best Fit DM: Einasto . |
Decline!

J

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838




Modeling the curve: generalized NFW vs. Einasto profiles

15
R [kpc]
Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838
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Modeling the curve: generalized NFW vs. Einasto profiles

gNFW profile cannot model

the decline

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838
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Modeling the curve: Einasto vs. generalized NFW profiles

X2 =297

Einasto (cored)

~
~

s «
PEin X €Xp (_ (7{/'7:3)__)
-===all baryon
—— DM: Einasto
—— baryon + DM
I data
r

10 15 20 : 15
R [kpc] R [kpc]

Exponential drop-off in dark matter density outside of R~10 kpc

needed to explain the decline*
Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838
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Pom, o (Mo/pc?)
0.010  0.015 0.020

Local dark matter density

Xia+16
Sivertsson+18
Hagen+18
Guo+20
Salomon+20
Pato+15 (20)
Huang+16
Benito+19 (20)
Benito+20 (20)
Karukes+19
deSalas+19
Lin+19
Sofue_20

Einasto

Fiducial NFW Bienaymé+14
Piffl+14/15
Binney+15

Cole+17

Nitschai+20
McMillan_17

DM density at 8kpc in the MW: 0.45 GeV/cm?3 Cautun+20

Wegg+19

Both gNFW and Einasto results are consistent HiRSosi 520
and also agreeable with literature results | O Bt

Credit: de Salas & Widmark (2021)

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838



Galactic center J-factor

m—— Fiducial NFW
==+ gNIF'W

m— inasto

Xiaowei Ou

Consistently lower normalized average J-
factor

J = [ p*ds
Integrated J-factor at 15° from the Einasto

an order of magnitude lower than from the
fiducial NFW profile

19



All baryon —-— Warm dust —— Baryon + DM
Bulge Hr1 gas § Ouet al. 2023 (this work)
Disk —-— H, gas I Eilers et al. 2019

—-— Cold dust —— Best Fit DM: Einasto
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Parametric
model

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838




All baryon —-— Warm dust —— Baryon + DM
- Bulge Hr1 gas § Ouet al. 2023 (this work)
Disk —-— H, gas I Eilers et al. 2019
—-— Cold dust —— Best Fit DM: Einasto

Axisymmetry
+

Dynamical
Equilibrium

P TR S T T N T S N

Parametric
model

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838




All baryon —-— Warm dust —— Baryon + DM
- Bulge Hr1 gas § Ouet al. 2023 (this work)
Disk —-— H, gas I Eilers et al. 2019
—-— Cold dust —— Best Fit DM: Einasto

Axisymmetry X Negligible higher
L order correction
+
Unbiased stellar
population

Dynamical
Equilibrium

P TR S R T N S S

Parametric
model

Xiaowei Ou Ou et al. (2024a); arXiv:2303.12838
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Goal:
Measure the circular velocity curve for the

Milky Way
(Can YOu) @
0

Infer the dark matter profile

23



How can we understand this measurement?

Poses questions on these topics:

Non-axisymmetric potential

Dynamical disequilibrium from recent :
nergers _ @ o  Miky Way
mass profile

Uncertainty in tracer population profile O

Underestimated asymmetric drift
correction

Observational selection function

Xiaowei Ou



How can we understand this measurement?

Poses questions on these topics:

Non-axisymmetric potential

Dynamical disequilibrium from recent Simulation :
mergers ) Milky Way

Uncertainty in tracer population profile Synthetic Survey | MASS prOflle

Underestimated asymmetric drift
correction

Observational selection function

Xiaowei Ou
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Test with simulation and
synthetic surveys
(Nguyen & Ou et al. 2024)

Test the robustness of the same method

From stellar sample selection to Jean’s equation
calculation

Compare with underlying truth from the
Wetzel et al. (2023) simulation

arXiv:2306.16475; http://ananke.hub.yt/; https://github.com/trivnguyen/ananke dr3;
https://github.com/athob/py-ananke;

Xiaowei Ou



http://ananke.hub.yt/
https://github.com/trivnguyen/ananke_dr3
https://github.com/athob/py-ananke

Test with simulation and synthetic surveys

Poses questions on these topics:

Non-axisymmetric potential

Dynamical disequilibrium from recent [E

mergers é:’ 019

Uncertainty in tracer population profile if 10 Pre“mmary
Underestimated asymmetric drift = uos

correction -

15.0 17.5 20.0

Radius [kpc]

Observational selection function

Xiaowei Ou 27



Test with simulation and synthetic surveys

Poses questions on these topics:

Non-axisymmetric potential

=== Axis asymmetry

Dynamical disequilibrium from recent
mergers

Uncertainty in tracer population profile
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Test with simulation and synthetic surveys

Poses questions on these topics:

Non-axisymmetric potential

=== Axis asymmetry === Dynamical disequilibrium

Dynamical disequilibrium from recent
mergers

Uncertainty in tracer population profile
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Test with simulation and synthetic surveys

Poses questions on these topics:

Non-axisymmetric potential

=== Axis asymmetry = == Higher-order correction
=== Dynamical disequilibrium

Dynamical disequilibrium from recent
mergers

Uncertainty in tracer population profile
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Test with simulation and synthetic surveys

Poses questions on these topics:

Non-axisymmetric potential

=== Axis asymmetry = == Higher-order correction
=== Dynamical disequilibrium == = Sclection function

Dynamical disequilibrium from recent
mergers

Uncertainty in tracer population profile
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Test with simulation and synthetic surveys

Poses questions on these topics:

Non-axisymmetric potential

=== Axis asymmetry == = Selection function
=== Dynamical disequilibrium m— Total

Dynamical disequilibrium from recent
mergers

= Higher-order correction

Uncertainty in tracer population profile
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Test with simulation and synthetic surveys: summary

=== Axis asymmetry == == Selection function
=== Dynamical disequilibrium — Total

= Higher-order correction

_
ot

—

=
Qo
=
+2
g
=
%
A
-
=
+~
<
—
<]
ast

0.00 1 s = 3 = -
7.5 : 2.5 17.5 20.0

Radius [kpc]

Xiaowei Ou 33



Test with simulation and synthetic surveys: summary

Xiaowei Ou

Relative Deviation

is asymmetry == == Selection function
Dynamical disequilibrium — Total

Higher-order correction

Preliminary

:quilibrium

orrection

15.0 17.5
Radius [kpc]
L

.
-.—-lﬂ"--’
* '.-.. -
amnn = »

15.0 17.5

== == Selection function

m— Total

20.0

Radius [kpc]
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Test with simulation and synthetic surveys: summary

=== Axis asymmetry == == Selection function
m— Total

= === Higher-order correction

== == Selection function

ailibrium m— Total

Relative Deviation

== == Selection function

»quilibrium — Total

orrection

17.5
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Conservatively increase the uncertainties:

X2 =004
Einasto (cored)
JI¥SwvEnm|
jaainn .' " '

-
-
~-~1

oo <o | PENFW X (o7 33147 s s-

====all baryon

—— DM: Einasto
—— baryon + DM
¥ data —— DM: gNFW

10 15
R [kpc]

Both Einasto and gNFW
fits are plausible.

Xiaowei Ou 36




Dark matter density: before and after

— gNF'W , — gNFW
= =+ FKinasto = =+ Kinasto

= Fiducial NFW = Fiducial NFW

DM density at 8kpc in the MW: 0.37 vs. 0.49
GeV/cm?

gNFW fit is consistent with the fiducial NFW profile.

Cusp or Cored?

Xiaowei Ou
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Goal:
Measure the circular velocity curve for the

Milky Way
(Can YOu) @
0

Infer the dark matter profile
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Goal:
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Simulation
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| O Synthetic Survey

Infer the dark matter profile
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Goal:
\Measure the circular velocity curveifor the

I ; II” :S i_.%i J Simulation

0 Synthetic Survey

0
LLnfer the dark matterprﬂj

Non-parametric
Profiles
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Goal:

\Measure the circular velocity curveifor the

Additional
Probes

Xiaowei Ou

5 : ! Simulation

Q Synthetic Survey

0
LLnfer the dark matterprﬂj

Non-parametric
Profiles
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Summary:

—T ———T—— T ——T

= Selection function ==+= Dynamical disequilibrium ] —==-All baryon . Warm dust —— Baryon + DM
Higher-order correction = Total © Bulge H1 gas § Ouetal inprep
=== Axis asymmetry Disk H, gas 1 Eilers et al. 2019

Cold dust Best Fit DM: gNFW

i
ot

=
=
o

m12i snapshot 600

Relative Deviation

Measuring circular velocity

curve alone is not sufficient to T ittt

understand the nature of dark ' ’ v R [fpd . » Y
matter in the Milky Way.
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Comparison with the current literature

Xiaowei Ou

—— FEinasto halo + stellar
§  Ouet al. 2023

¥ Huang et al. 2016

10 15 20
R [kpc]

Callingham et al. 2019
Eadie & Juric 2019
Posti & Helmi 2019

]

Watkins et al. 2019
Wang et al. 2022
Zhou et al. 2022
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Comparison

Xiaowei Ou

circulor velocity curve based on Jeons Eq. with § = 0
circular velocity curve based on Jeans Eq. with 8 = 0.37

Vg, estimates based on Simulation |

i on Simulation Il
1

|
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More tests on the robustness of the curve and the fit

Varying baryonic models yields
consistent dark matter halo
fitting results

N

? 000 0900 1. % 6. .90

TN X7 0NN O 07 ©F 07 N
Myir [101 M ] hlkpcl n
Credit: Jiao et al. (2023

Xiaowei Ou
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A Williams17
McMillan11
Nesti&Sauccil3NFW
Irrgang13model II
Irrgang13model Il
Bajkova&Bobylevl6
McMillan17
Battaglia05
Xue08
Gnedinl0
Watkins10
Kafle12
Deasonl2
Huang16
Ablimit&Zhaol7
Sohn18
Watkins19
Fritz20
Kochanek96 w leol

WE99

Sakamoto03 w Leo |
Deasonl2b

Eadiel5
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Eadiel7

Postil9
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Vasilievl9

Li19

Lil9 w RC

Lin95

LawO05

Koposov10

Gibbons14 i 1
Kupperl5 =Y
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Erkal 19 ! |y
Penarfubial4d - j%‘ |

i1 i

3

Ou et al. (2024a); arXiv:2303.12838

Dynamical mass of the Milky Way from different tracers

Credit: Wang et al. (2020,
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Dynamical mass of the Milky Way from different tracers

A Wiliams17 Sakamoto03 w Leo | . \Co( yead
McMillan11 Deasonl12b E d\ﬂg\
Nesti&Sauccl 13NFW Eadiels e\N N
irrgang1 3model 11 Eadle16 C  § ()1\
Irrgang1 3model 1l Eadlel7 \ 202

berags Eetncutas GC/\’dSph K'y. Q. LMO) Vasiievt

Xue08 Vasilievl9

\n V-
Gnedin10 Li1g 0SS0
— Watkins10 Li19 w RC 1 Sg{ St( eam sl \\A C) \KOP
(0] Kaflel2 Lin95
= 10! H Deasonl2 Law05 ' ‘ ¥ _,_-"" t‘feam n
=) Huang16 Koposovl0 - h aﬂ S
o Ablimit&Zhaol7 Glbbons14 ' O Y p
— Sohn18 Kupperls E
— Watkins19 Malhan&lbatal9 l_ L J
[ Kochanek96 w leol A Penarrublald
Vv WE99 b ﬂ! } J

Best-fit model from Ou et al. (2024a)

10° A I,""’ . .
[compilation from Wang+ 2020]

10! 102
rikpc] (Courtesy of Eugene Vasiliev)
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Annihilation cross section

Xiaowei Ou

Fermi Galactic Center Exces I

—— Daylan et al,, 2016
Abazajian et al., 2016
Calore et al., 2015

¢

0 ’
.. Thermal Relic Cross Section

(Steigman et al {'7‘[117)
AMS-02 Antiproton Excess
—— Cuietal, 2016

Fermi Dwarf Galaxy Observations
—— Ando et al,. 2020

m, [GeV]

Leane et al. (202

J = [ p*ds

Lower J-factor increases the inferred
annihilation cross section

Tension with dwarf galaxy constraint!
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Dark matter models in general

g
Baryonic feedback %
Ny
o
Vi = 239-315 km/s
20 30 40 50 60 70
Radius (kpc)
. . Ren et al. (2019
Self-interacting dark matter
Non-equilibri Fuzzy dark matter
o NGC 7814 (4, 9) NGC 6503 (2, 7)
o
o
o

drift correction from vertical
motion

10 12 14 16 18 20 25

'l Bernal et al. (2018

r [kpc]

Xiaowei Ou



Circular Velocity [km/s]

Deviation [km/s]

300 =
280
260

240

180

160

B
o

§  Ananke 1}

Snap

o jp—o—i

Circular Velocity [km/s]

Do
(=}
T

¥

S .;_EI’_______I_Y}.E_I: e

Deviation [km/s]

'r

280

260

240

)
Do
[=}

200

"‘;"

TEeaz, t

Ananke

;ziiii;%££1
)

3
=

i

i,

Snapshot

o p——

S e e = _1_!% ¥ z _____

bt bpp-t o1

=~

(23

T L
15.0 17.5

Radius [kpc]

(3]
ot

12.

10.0

ot

15.0 ‘17,5
Radius [kpc]



Circular Velocity [km/s|

Scatter [km/s]
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