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Dark Matter in the Milky Way  
Shortcomings & Dynamical Tests



Hyper-brief (biased) history

1785  

Herschels MW model 
• Sun lies close to the 

middle 
• Distribution is 

flattened extending 
~5x further in plane 
that in the 
perpendicular 
direction

 

1920

Sun

Kapteyn & van Rhijn/ Shapley 
MW models 
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Sun

21-cm line 
discovery

1944

Dust obscures our 
view of  the MW
1930 

1960 1970

MW models

Schmidt 1956 
Kuzmin 1956 
Perek 1959 
Idlis 1961 
Einasto 1965 
Innanen 1966 
Takase 1967 
Einasto 1970 
Miyamoto & Nagai 1975

Isodensity contours

Classical paradigm 
with no DM VS. 
new one with DM 
@ 3rd European 
Astronomy meeting 
in Tbilisi (Georgia)

1975 

Einasto et al & 
Ostriker et al: 
Galaxies are 
surrounded by 
an extended halo

1974

Surface density

Einasto 1979 

Galactic models 
w/ a DM halo



1989-1993 
Hipparcos satellite

1990 2000 2010 2020

2000- 
SDSS

2013- 
Gaia satellite

Star’s density

~ 200 kpc

~ 30 kpc

(not to scale)

Hyper-brief (biased) history
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Rotation curve

Escape velocity

Stream modelling

Satellite kinematics

LG dynamics

Timing argument

Local DM density

Virial mass

Present 



Babusiaux + (Gaia collab.) [1804.09378]

Bimodal chemical composition

Belokurov +[1802.03414]

Bimodal kinematics

Gaia-Sausage-Enceladus merger 7-11 Gyr ago

See also e.g.   Helmi + [1806.06038], Gallart + [1901.02900]
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Galaxy as a complex evolving system



Galaxy as a complex evolving system
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Rotational velocity [km/s] Radial velocity [km/s]

Vertical velocity [km/s]

Katz + (Gaia collab.) [1804.09380]
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Large-scale dynamical features: ripples, ridges and spirals

Rotational velocity vs. Galactocentric radius

Antoja + [1804.10196]

Vertical phase-space (z, vz)

Galaxy as a complex evolving system
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Large-scale dynamical features: ripples, ridges and spirals

Rotational velocity vs. Galactocentric radius

Antoja + [1804.10196]

Vertical phase-space (z, vz)Astrophysical  
Observables

DM  
Distribution

Astrophysical/
Laboratory DM 

searches

Particle  
Physics

Dynamical 
model ¿ ?

Galaxy as a complex evolving system



DM halo shape ?¿
The shape of  the MW’s DM halo likely changes as a function of  radius, as expected in cosmological 
simulations Vera-Ciro & Helmi 2013 [1304.4646]
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• Radii smaller than ~ 20 kpc: spherical 

• Radii larger than ~ 20 kpc: oblate w/ minor axis ~ aligned to the 
LMC orbital pole? 

Bovy + [1609.01298]q⇢ = c/a = 0.93± 0.16

<latexit sha1_base64="ASSIQZ1C+ZXbGMWMfwHTqwnpI8U=">AAACKnicbVC7TsMwFHXKq4RXgJHFoqrEFBIojw5IRTAwFok+pCaKHNdprToPbAepivo9LPwKSwdQxcqH4LYZoOVI9j0691zZ9/gJo0Ja1kQrrKyurW8UN/Wt7Z3dPWP/oCnilGPSwDGLedtHgjAakYakkpF2wgkKfUZa/uBu2m+9EC5oHD3JYULcEPUiGlCMpJI84/bZyxzej0fwBuJTpG7LrJ5DJwkVsS+h4+jlJYttWlZusaqeUVJlBrhM7JyUQI66Z4ydbozTkEQSMyREx7YS6WaIS4oZGelOKkiC8AD1SEfRCIVEuNls1REsK6ULg5irE0k4U39PZCgUYhj6yhki2ReLvan4X6+TyuDazWiUpJJEeP5QkDIoYzjNDXYpJ1iyoSIIc6r+CnEfcYSlSldXIdiLKy+T5plpV8yLx0qpdp/HUQRH4BicABtcgRp4AHXQABi8gnfwAT61N22sTbSvubWg5TOH4A+07x9AeaEB</latexit>

Wegg + [1806.09635]q⇢ = c/a = 1.00± 0.09

<latexit sha1_base64="HZu6ZXDmlA06vQ2pObBAxc7rYdE=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgapyRiroQCrpwWcE+oDMMmTTThiaZMckIZejOjb/ixoUibv0Fd/6N6WOhrQeSezjnXpJ7opRRpV332yosLC4trxRXS2vrG5tb9vZOQyWZxKSOE5bIVoQUYVSQuqaakVYqCeIRI82ofzXymw9EKpqIOz1IScBRV9CYYqSNFNr792Huy14yhJcQHyNze47rQj/l0HXci9AumzIGnCfelJTBFLXQ/vI7Cc44ERozpFTbc1Md5EhqihkZlvxMkRThPuqStqECcaKCfLzHEB4apQPjRJojNByrvydyxJUa8Mh0cqR7atYbif957UzH50FORZppIvDkoThjUCdwFArsUEmwZgNDEJbU/BXiHpIIaxNdyYTgza48TxonjldxTm8r5er1NI4i2AMH4Ah44AxUwQ2ogTrA4BE8g1fwZj1ZL9a79TFpLVjTmV3wB9bnDw+Uljo=</latexit>

Using Pal-5:

Using halo stars:

See also Koposov +  ’10, Bowden + ‘ 15, Küpper + ’15

Erkal + ‘ 19, Cunningham + ’20, Vasiliev +  ’21

But see e.g.  Vera-Ciro & Helmi ‘13

See Vargya + [2104.14069] for references

spherical

prolate

oblate

c/
a

q⇢ = c/a = 0.93± 0.16

q⇢ = c/a = 1.00± 0.09

<latexit sha1_base64="nAFpSAQY2I5IG3WIrMjjrhWdz9U=">AAACKXicbVC7TsMwFHXKq4RXgJHFokJiCgmURwekChbGItGH1ESR47qtVccJtoNURf0dFn6FBSQQsPIjuG0GaDmSfY/OPVf2PWHCqFSO82kUFhaXlleKq+ba+sbmlrW905BxKjCp45jFohUiSRjlpK6oYqSVCIKikJFmOLge95sPREga8zs1TIgfoR6nXYqR0lJgVe+DzBP9eAQvIT5C+nbsygn0kkgT9wx6njnncG3HyR1OJbBKukwA54mbkxLIUQusV68T4zQiXGGGpGy7TqL8DAlFMSMj00slSRAeoB5pa8pRRKSfTTYdwQOtdGA3FvpwBSfq74kMRVIOo1A7I6T6crY3Fv/rtVPVvfAzypNUEY6nD3VTBlUMx7HBDhUEKzbUBGFB9V8h7iOBsNLhmjoEd3bledI4tt2yfXpbLlWv8jiKYA/sg0PggnNQBTegBuoAg0fwDN7Au/FkvBgfxtfUWjDymV3wB8b3D9ShoNA=</latexit>



DM halo shape
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Information about DM self-interactions?

Sameie +[1801.09682]

See also Yoshida + ’00, Peter + ’13, Bose + ’16, Vargya + ‘22



Dark Matter distribution (under steady-state and axial symmetry) 
accounting for uncertainties on: 

MB + [1901.02460] / MB + [2009.13523] / Põder, MB  + ’23 (accepted in A&A)

1. Rotation curve measurements 
2. Morphology (3D shape) baryons 
3. Normalisation (mass) baryons 
4. Galactic parameters: Sun’s velocity & Galactocentric distance

Likelihood accounts for astro uncertainties & its available @  
https://github.com/mariabenitocst/UncertaintiesDMinTheMW

�2
RC,prof(V0, Rs, ⇢0, �)

<latexit sha1_base64="UIqGpM1zI2dyGTp1qwWiWzpKQS0=">AAACGHicbVDLSgMxFM34rPU16tJNsAgVSp0pFV0Wu3FZi31Apw6ZNNOGJpMhyQhl6Ge48VfcuFDEbXf+jeljoa0HLpyccy+59wQxo0o7zre1tr6xubWd2cnu7u0fHNpHx00lEolJAwsmZDtAijAakYammpF2LAniASOtYFid+q0nIhUV0YMexaTLUT+iIcVIG8m3Lz08oI8lP/Ukh/VqAcZShON803cKsO6rAvTkQEwfXh9xji58O+cUnRngKnEXJAcWqPn2xOsJnHASacyQUh3XiXU3RVJTzMg46yWKxAgPUZ90DI0QJ6qbzg4bw3Oj9GAopKlIw5n6eyJFXKkRD0wnR3qglr2p+J/XSXR4001pFCeaRHj+UZgwqAWcpgR7VBKs2cgQhCU1u0I8QBJhbbLMmhDc5ZNXSbNUdMvFq/tyrnK7iCMDTsEZyAMXXIMKuAM10AAYPINX8A4+rBfrzfq0vuata9Zi5gT8gTX5AdW3ncQ=</latexit>
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Credit: Stefan Payne-Wardenaar 

Sofue + [0811.0859]
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https://github.com/mariabenitocst/UncertaintiesDMinTheMW


Taken from https://github.com/
mariabenitocst/UncertaintiesDMinTheMW

Example

GeV excess data

Angular distance from GC [o]
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x

Calore +  [1411.4647]

Credit: M. Hütten

Synthetic γ-ray intensity map from WIMP annihilation 
(created with CLUMPY)

Constraints are set by comparing observed and predicted number of  photon 
counts via

RC analysisGCE analysis

�2
total = �2

GCE(h�vi,mDM,J ) + �2
RC,prof(V0, Rs, ⇢0, �) + �2

V0,Rs,⇢0,�

<latexit sha1_base64="KK4MfYE3oqFuGrtl2LyHHTxwoak="></latexit>

101 102 103

mDM [GeV]

10°27

10°26

10°25

10°24

hæ
vi

[c
m

3
s°

1 ]

101 102 103

mDM [GeV]

10°27

10°26

10°25

10°24

hæ
vi

[c
m

3
s°

1 ]

Calore et al. 2015
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Ackermann et al. 2015

Albert et al. 2016

Calore et al. 2015

MB + [1901.02460] 

w/ astro uncertainties 
on DM density
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https://github.com/mariabenitocst/UncertaintiesDMinTheMW
https://github.com/mariabenitocst/UncertaintiesDMinTheMW


Dark satellites
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Vogelsberger + [1512.05349] 

Including:  
(1) dark matter - dark energy interaction, and  
(2) Velocity-dependent dark matter self-interactions



• γ-ray instruments (may detect DM(WIMP) signals emitted therein) 
• Stellar streams 
• Pulsar timing arrays 
• Stellar phase-space signatures: 

- Apparent perturbations due to (weak) lensing by subhalos 
- Real perturbations due to passing subhalos

Searching for dark subhalos in the Milky Way using …
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Bazarov + [2203.08161]
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vx = 200 km/s

<latexit sha1_base64="fhTHiSZUafAoNHhWTiAr9kU6rbQ=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSE1KRTdC0Y3LCvYBTQiT6bQdOjMJM5NiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77wljRpV2nG9rZXVtfWOzsFXc3tnd27cPDlsqSiQmTRyxSHZCpAijgjQ11Yx0YkkQDxlph6Pbqd8eE6loJB50GhOfo4GgfYqRNlJgl8bBI7yGVcfxzjzJ4Yifq8AuOxVnBrhM3JyUQY5GYH95vQgnnAiNGVKq6zqx9jMkNcWMTIpeokiM8AgNSNdQgThRfjY7fgJPjNKD/UiaEhrO1N8TGeJKpTw0nRzpoVr0puJ/XjfR/Ss/oyJONBF4vqifMKgjOE0C9qgkWLPUEIQlNbdCPEQSYW3yKpoQ3MWXl0mrWnFrlYv7Wrl+k8dRAEfgGJwCF1yCOrgDDdAEGKTgGbyCN+vJerHerY9564qVz5TAH1ifPyNkkyo=</latexit>

109 Msun 

Stellar wakes driven by dark subhalos

150 km/s

See also Buschmann + [1711.03554]



Garrison-Kimmel + [1701.03792]

m12i galaxy AHF subhalos

From Latte suite of  FIRE-2 simulations
MW-like galaxies

#
 D

M
 p

ar
tic
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Distance to GC [kpc]
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Distribution of  subhalos



Stellar wakes driven by dark subhalos
In MW-like (simulated) galaxies

Lb(X) = kX�D(E(X))k

<latexit sha1_base64="mE47QYf9xZf6VkXR+xJddFurmiU=">AAACLXicbVDJSgNBFOyJW4xb1KOXxiDEg2FGInoRAkbx4EHBLJAJoafzJmnSs9D9RghDfsiLvyKCB0W8+ht2FnAtaCiq6tHvlRdLodG2X6zM3PzC4lJ2Obeyura+kd/cqusoURxqPJKRanpMgxQh1FCghGasgAWehIY3OBv7jTtQWkThLQ5jaAesFwpfcIZG6uSrVx2v6AYM+56fNkf79JS6Enx066DwS6cHtFo8/x7cd5Xo9ae5Tr5gl+wJ6F/izEiBzHDdyT+53YgnAYTIJdO65dgxtlOmUHAJo5ybaIgZH7AetAwNWQC6nU6uHdE9o3SpHynzQqQT9ftEygKth4FnkuN19W9vLP7ntRL0T9qpCOMEIeTTj/xEUozouDraFQo4yqEhjCthdqW8zxTjaArOmRKc3yf/JfXDklMuHd2UC5WLWR1ZskN2SZE45JhUyCW5JjXCyT15JC/k1Xqwnq03630azVizmW3yA9bHJ15pp6c=</latexit>

80% of  signal stars are correctly identified 
while we misclassify ~15% of  the 

background stars as signalTrue 3D 
position & 3D 

velocity

Reconstructed 3D 
position & 3D 

velocity

True positive rate
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María Benito - COST Action COSMIC WISPers

Detectable!



In Gaia-like mock catalogs

Binary classification distinguishes be- 
tween the halo-associated and 
background stars at a non- 
negligible level: FPR of  ~35% at a 
TPR of  ~50%

Anomaly detection does not differ 
significantly from purely random 
selection

María Benito - COST Action COSMIC WISPers
True PTrue positive rate
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Stellar wakes driven by dark subhalos

Work in progress … Stay tuned!



QCD axion 
10�6 � 10�4 eV

<latexit sha1_base64="iH0GGxAZZ46JhXy9YpLUU2Lm6RE=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRIDLRKUHmMlVgYi0QfUhMqx3Vaq7YT2Q5SFWXhV1gYQIiVz2Djb3DTDNBypKt7dM69su8JYkaVdpxva2l5ZXVtvbRR3tza3tm19/bbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QTjm6nfeSRS0Ujc60lMfI6GgoYUI22kvn3oOg9p9TKr5r2eeWee5JC0+3bFqTk54CJxC1IBBZp9+8sbRDjhRGjMkFI914m1nyKpKWYkK3uJIjHCYzQkPUMF4kT5aX5ABk+MMoBhJE0JDXP190aKuFITHphJjvRIzXtT8T+vl+jw2k+piBNNBJ49FCYM6ghO04ADKgnWbGIIwpKav0I8QhJhbTIrmxDc+ZMXSfu85tZrF3f1SqNRxFECR+AYnAIXXIEGuAVN0AIYZOAZvII368l6sd6tj9noklXsHIA/sD5/ALnblJQ=</latexit>

zeV eV keVmeVμeV 1071 eV

105 M�

<latexit sha1_base64="y0MFurHf0P5/ovJ2FR26zUeVyQo=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih4rXrwIFewHdJeSzaZtaLJZk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXphwpo3rfjuFtfWNza3idmlnd2//oHx41NIyVYQ2ieRSdUKsKWcxbRpmOO0kimIRctoOR7czvz2mSjMZP5pJQgOBBzHrM4KNlQJfCXTfy3wZSTPtlStu1Z0DrRIvJxXI0eiVv/xIklTQ2BCOte56bmKCDCvDCKfTkp9qmmAywgPatTTGguogmx89RWdWiVBfKluxQXP190SGhdYTEdpOgc1QL3sz8T+vm5r+dZCxOEkNjcliUT/lyEg0SwBFTFFi+MQSTBSztyIyxAoTY3Mq2RC85ZdXSeui6tWqlw+1Sv0mj6MIJ3AK5+DBFdThDhrQBAJP8Ayv8OaMnRfn3flYtBacfOYY/sD5/AG4pJIU</latexit>

TeVMeV GeV
10-21 eV

mDM & 10�22 eV

<latexit sha1_base64="/7VckYfJrfZ9GjmzJE9E6JnZzI4=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwoSUpFV0WdeFGqGAf0MQwmU7boTNJmJkIJeQH3Pgrblwo4ta9O//GSZuFth4YOJxzLnfu8SNGpbKsb6OwsLi0vFJcLa2tb2xumds7LRnGApMmDlkoOj6ShNGANBVVjHQiQRD3GWn7o8vMbz8QIWkY3KlxRFyOBgHtU4yUljzzgHuJIzi8ukmhM1A6yKFt3Scn1WrqHGcOaZU8s2xVrAngPLFzUgY5Gp755fRCHHMSKMyQlF3bipSbIKEoZiQtObEkEcIjNCBdTQPEiXSTyTUpPNRKD/ZDoV+g4ET9PZEgLuWY+zrJkRrKWS8T//O6seqfuwkNoliRAE8X9WMGVQizamCPCoIVG2uCsKD6rxAPkUBY6QKzEuzZk+dJq1qxa5XT21q5fpHXUQR7YB8cARucgTq4Bg3QBBg8gmfwCt6MJ+PFeDc+ptGCkc/sgj8wPn8AhHSZ7Q==</latexit>

Macroscopic 
quantum effects

Must fit inside 
dwarf  galaxies
mDM . 1071 eV

<latexit sha1_base64="WJzez3gptbfqNgWPVrpGBKTxeM8=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQsJNxJJJZBLWyECOYDcvHY28wlS3b3jt09IRz5Azb+FRsLRWzt7fw33iUpNPHBwOO9GWbm+RFn2tj2t7WwuLS8sppby69vbG5tF3Z2GzqMFYU6DXmoWj7RwJmEumGGQytSQITPoekPLjO/+QBKs1DemWEEHUF6kgWMEpNKXuFQeImrBL66GWGXg9aaCezY90nFGbknmQONvFco2iV7DDxPnCkpoilqXuHL7YY0FiAN5UTrtmNHppMQZRjlMMq7sYaI0AHpQTulkgjQnWT8zQgfpUoXB6FKSxo8Vn9PJERoPRR+2imI6etZLxP/89qxCc47CZNRbEDSyaIg5tiEOIsGd5kCavgwJYQqlt6KaZ8oQk0aYBaCM/vyPGmclpxy6ey2XKxeTOPIoX10gI6Rgyqoiq5RDdURRY/oGb2iN+vJerHerY9J64I1ndlDf2B9/gDqoJou</latexit>

PBH
10�17 � 50M�
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Find the needle

Exoplanets & Brown Dwarfs are 
new, excited and powerful 
detectors of  WISPs
Leane & Smirnov [2010.00015]

WIMPs
10 GeV-10 TeV

DM particle landscape

sub-GeV DM
1 MeV-10 GeV
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Brown Dwarf  temperature
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Increase of Brown Dwarf temperature with 
decreasing Galactocentric distance

Intrinsic temperature 
(No DM)
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Sensitivity to overheated BDs Performance in DM reconstruction

Preliminary
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‣  Essential for interpreting results from particle DM searches: 
✦ Are classical modelling assumptions (steady-state & axial  

symmetry) still valid for reconstructing of  the distribution of  
DM in the Milky Way? We need to understand to what extent 
the presence of  the stellar bar and the assembly history of  our 
Galaxy affect the DM distribution 

✦ What is the 3D shape of  the DM halo? What is the impact of  
the LMC? 

‣ Dark subhalos can be key to understand properties of  dark matter 
@ microscopic scales, there are more than just stellar streams to find 
(constrain) invisible subhalos orbiting the Milky Way 

‣ WISPs are more than axions! Exoplanets/brown dwarfs are 
promising detectors.

‣
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“If  you look historically, almost all of  the models at any given time that people 
have are wrong. So there's no particular reason why they shouldn't be at this 
time, and why should scientists be so stupid as to not realise this?”

Ostriker (Oral History Interviews)
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