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Ciaran O’Hare

New discoveries from the Gaia satellite, 
and direct searches for dark matter



~100 pc

Affects
 nearby 

stars

~kpc

Dominates 
dwarf 

galaxies

~100 kpc

Supports
 galaxy

 rotation

~Mpc

Fills
 galaxy 
clusters

>Gpc

Seeds
large scale 
structure

Evidence for dark matter
→ the universe is filled with a large quantity of some non-luminous matter



Local density of dark matter (i.e. in this room!)

~100 pc ~kpc ~100 kpc ~Mpc >Gpc

10 lig
htyears

⇢dm ⇡ 0.4GeV/cm3

⇡ 0.01M�/pc
3

⇡ 2 protons/teaspoon

⇡ 1 sand grain/Sydney harbour

⇡ 1 cockatoo/Earth

⇡ 1 asteroid/Solar System
<latexit sha1_base64="A/CDph6iVBTgArd05WWNv7iU6tw="></latexit>

Particle physicist’s unit

Astrophysicist’s unit

Dark matterHow much dark matter is around?

→ Should be able to detect it on 
Earth, depending on the DM mass



eVμ keV MeV GeV TeV 106 M⊙eVpeV M⊙M⊕kgneV meVfeVaeVzeV

Possible mass range only 
bounded by ~75 orders of 
magnitude, but it’s a start

 
Must fill dwarf galaxies

m ≲ 106M⊙

electron protonneutrinos Higgs

  
de Broglie wavelength must fit 
inside dwarf galaxies ~ 100 pc

m ≳ 10−21 eV



Wave-like
(Must be bosons due to 

Pauli exclusion principle)
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Particle-like
(Can be fermions, bosons or even 

composite particles like dark nuclei)

Discrete particles 
occasionally colliding with 

each other or other stuff

Continuously oscillating 
and undulating field that 
can couple to other fields 

(e.g. the electromagnetic one)
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Object-like
(e.g. black holes)

Very sparse population of 
heavy bodies exerting 
distant gravitational 

interactions

Types of dark matter
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Mass
10 eV Mpl



Wave-like
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Particle-like

Experiments

High definition time projection chamberCathode

Time-
projection

E-field

�
<latexit sha1_base64="2nJGzzoVtZOM+N/8kUwooO4SuzA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXQbde+q3nho1lq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gABCI42</latexit>

x
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z
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Segmented readout

Gases (e.g. CYGNUS) Crystals (e.g. SABRE)

These seem like particle physics 
experiments, but really they are also 

astronomical instruments

“Tunable microwaves” (e.g. ORGAN)



To calculate any experimental signal of dark matter we need to know
1. How much dark matter there is around the Earth, 
2. How fast it’s moving, v

ρ
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Particle-like

Number density n� = ⇢/m�
<latexit sha1_base64="pRLLOhM6EhiO+PrQGq3VSMg19f0=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzpTBd0IRTcuK9gHdIYhk2ba0CQzJBmhDsVfceNCEbf+hzv/xnQ6C209cOHknHvJvSdMGFXacb6t0tLyyupaeb2ysbm1vWPv7rVVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCUc3U7/zQKSisbjX44T4HA0EjShG2kiBfSACDw8pvIKeHManPH8FdtWpOTngInELUgUFmoH95fVjnHIiNGZIqZ7rJNrPkNQUMzKpeKkiCcIjNCA9QwXiRPlZvv0EHhulD6NYmhIa5urviQxxpcY8NJ0c6aGa96bif14v1dGln1GRpJoIPPsoShnUMZxGAftUEqzZ2BCEJTW7QjxEEmFtAquYENz5kxdJu15zz2r1u/Nq47qIowwOwRE4AS64AA1wC5qgBTB4BM/gFbxZT9aL9W59zFpLVjGzD/7A+vwBVeWUgQ==</latexit>

� = vn�
<latexit sha1_base64="7FCXsb9w2Obqop4usjecHgtmXcY=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mqoBeh6MVjBfsBTQib7aZZutmE3U2hlv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL8w4U9pxvq219Y3Nre3STnl3b/+gYh8etVWaS0JbJOWp7IZYUc4EbWmmOe1mkuIk5LQTDu9mfmdEpWKpeNTjjPoJHggWMYK1kQK74jVjhm7QCInAIzEL7KpTc+ZAq8QtSBUKNAP7y+unJE+o0IRjpXquk2l/gqVmhNNp2csVzTAZ4gHtGSpwQpU/mR8+RWdG6aMolaaERnP198QEJ0qNk9B0JljHatmbif95vVxH1/6EiSzXVJDFoijnSKdolgLqM0mJ5mNDMJHM3IpIjCUm2mRVNiG4yy+vkna95l7U6g+X1cZtEUcJTuAUzsGFK2jAPTShBQRyeIZXeLOerBfr3fpYtK5Zxcwx/IH1+QNHEpIy</latexit>

Flux

Wave-like
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Amplitude

! = m� +
1

2
m�v

2
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A =

p
2⇢

m�
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Frequency 



Can we infer  from astronomy? ρ(r = 8 kpc) ≡ ρ0

Local measure 
(kinematics of nearby stars) 

Global measure 
(build mass model for MW) 

@f

@t
+rxf · v �rvf ·rx� = 0

<latexit sha1_base64="+fBPB0jh01/xp6ZW3P9hqL1bAGM="></latexit>

r2
x� = 4⇡G⇢
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(collisionless) Boltzmann eq.
Distribution function → Grav. potential 

Poission eq.
Grav. potential → matter density 

Pro: density that we are interested in
Con: sensitive to baryonic density model  

Pro: Average over a lot of halo/disk
Con: less direct measure of local density



Read [1404.1938] Recent estimates
Hagen+[1802.09291]
Buch+ [1808.05603]

Widmark [1811.07911]
de Salas+ [1906.06133]

Eilers+ [1810.09466]
Benito+ [1901.02460]

Global
Local

Usually a value  GeV cm  is assumed, 
and very reasonable based on measurements

ρ0 = 0.3 −3



Local density, 
→ Can be inferred from stars
→ Only ever sets the overall scale of 
signal so is almost always 
completely degenerate with the DM 
coupling strength

ρ0
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Velocity distribution, 
→ Cannot be measured directly

→ Enters non-trivially into direct 
dark matter detection signals, e.g. 

inside integrals over energy

f(v)



The usual assumption for : the Standard Halo Model (SHM)f(x, v)

•Infinite isothermal sphere → Simplest 
halo model that gives a flat asymptotic 
rotation curve 

[Most implementations also correct for the finite extent of the real MW halo, by 
truncating at  . Important for experiments sensitive to high speed tail (e.g. light 
DM), but trivial otherwise]

vesc

σv = vcirc./ 2

Width of velocity 
distributionf(v)

v

⇢dm = 0.3GeV cm�3

vesc = 544 km s�1

⇢ ⇠ 1/r2
<latexit sha1_base64="WKEXxaoPoVo31iK2U33yxBTw91k=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7pbBT0WvXisYD+gu5Zsmm1Ds8mSZIVa+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KOVMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q1DJThDaI5FK1I6wpZ4I2DDOctlNFcRJx2oqGN1O/9UiVZlLcm1FKwwT3BYsZwcZKXbcUqIFEgWYJ8s/UQ7Xrlr2KNwNaJn5OypCj3nW/gp4kWUKFIRxr3fG91IRjrAwjnE6KQaZpiskQ92nHUoETqsPx7PAJOrFKD8VS2RIGzdTfE2OcaD1KItuZYDPQi95U/M/rZCa+CsdMpJmhgswXxRlHRqJpCqjHFCWGjyzBRDF7KyIDrDAxNquiDcFffHmZNKsV/7xSvbso167zOApwBMdwCj5cQg1uoQ4NIJDBM7zCm/PkvDjvzse8dcXJZw7hD5zPH0n7kjE=</latexit>

f(v) ⇠ exp(�|v2|/v2circ)
<latexit sha1_base64="7XKy0sVeizw3qvXxNDzUCDBgMb8=">AAACIHicbVDLTsJAFJ3iC/GFunQzkZjAQmzRBJdENy4xkUdCgUyHKUyYaZuZKZEUPsWNv+LGhcboTr/GKTRRwZPc5OSce3PvPU7AqFSm+WmkVlbX1jfSm5mt7Z3dvez+QV36ocCkhn3mi6aDJGHUIzVFFSPNQBDEHUYazvA69hsjIiT1vTs1Dkibo75HXYqR0lI3W3bzNkdq4LjRaFqAtqQc2uQ+yJ9OfvROaXI26pS6kS04xFTgaaGbzZlFcwa4TKyE5ECCajf7Yfd8HHLiKcyQlC3LDFQ7QkJRzMg0Y4eSBAgPUZ+0NPUQJ7IdzR6cwhOt9KDrC12egjP190SEuJRj7ujO+Gi56MXif14rVO5lO6JeECri4fkiN2RQ+TBOC/aoIFixsSYIC6pvhXiABMJKZ5rRIViLLy+TeqlonRdLtxe5ylUSRxocgWOQBxYogwq4AVVQAxg8gCfwAl6NR+PZeDPe560pI5k5BH9gfH0DaRCjIA==</latexit>

vx

vy



What do we expect a more accurate halo model to look like?
Numerous studies comparing SHM’s Maxwellian f(v) with simulated MW analogues

Mao+ [1210.2721] Kuhlen+ [0912.2358]

Lentz+ [1703.06937] Poole-Mackenzie+ [2006.15159]

Lacroix+ [2005.03955]

Bozorgnia+ [1601.04707]



Luminous tracers of the DM halo?

universetoday.com



Gaia

• 1.7 billion stars (1% of MW)
• 1.3 billion in 5D (α,δ,ϖ,μα*,μδ)
• 7 million in 6D (x,y,z,vx,vy,vz)



What should the velocity distribution 
of the stellar halo look like?

vR

vϕ

vz

Stel
lar

halo

/DM



Expectation: stellar halo should have a 
roughly isotropic velocity distribution

 (km/s)vR

 (k
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[Fe/H]<-1.5

•Round velocity ellipsoid
•~30% of main sequence halo sample
•More metal-poor on average

•Highly eccentric, radially anisotropic orbits
•Dominant contribution ~50%
•Characteristic metallicity [Fe/H] = -1.4

Radial velocity (km/s)
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“Metal-poor” halo “Metal-rich” halo

What does the stellar halo really look like?
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Metallicity

Height above 
disk

Sample of Gaia main 
sequence stars from stellar 

halo within 10 kpc with 
distances provided by SDSS 

“Sausage”-shaped 
velocity distribution?



1806.06038
“Gaia Enceladus”

1802.03414
“Gaia Sausage”



Gaia-Enceladus?

Gaia radially anisotropic substructure?

Gaia-Enceladus/Sausage?

Gaia-Sausage?



Distinct chemodynamical signature implies that the highly radial stars 
were brought in by a 4:1 merger with a 109-10  stellar mass galaxy, 
8-10 billion years ago

M⊙

Helmi et al. [1806.06038]

 Further evidence: 
Stellar density break at 20 kpc from pileup of 
stars at apocentre Deason+[1805.10288]
 Dynamical heating of thick disk stars into 
halo-like orbits (the “Splash”) Belokurov+ 
[1909.04679, 2008.02280] 
 Connected to at least 16 known GCs Myeong+ 
[1805.00453], Callingham+[2202.00591]
 Explains previously observed over densities in the 
halo (Hercules-Aquila cloud/Virgo over density) 
Naidu+[2103.03251]

 → Highly radial orbits suggest low-inclination head-on collision



More on the sausage…

Koppelman+ [1804.11347]
(Main sequence)

Lancaster +[1807.04290] 
(Blue horizontal branch)

Iorio & Belokurov 
[1804.11347](RR Lyraes)

Callingham+[2202.00591]
(Globular clusters)

Matsuno+
Brightest stars

GALAH
2104.08684



Streams
→ Generic result of hierarchical structure formation

→ Formed of stars/DM from tidally stripped GCs, dwarfs, subhalos …

K. Malhan [2202.07660]

https://t.co/hcqKfMYF0F


•Far away streams can be seen 
projected on the sky:

•Nearby streams (including ones we are 
inside of) must be searched for in phase 
space:

Finding streams



A galaxy is built from orbits
Phase space

Each star sits at a location in 6D (x,y,z,vx,vy,vz) 

(integrate orbit assuming grav. potential)  

Action space
Stars are locations in 3D space of orbits 

Radial action ( )JR Azimuthal action ( )Jϕ Vertical action ( ) Jz



Radial action ( )JR Azimuthal action ( )Jϕ Vertical action ( ) Jz
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energy

Local halo stars 
(GSE removed)



→ High-energy, retrograde-moving material
→ Linked to several globular clusters, and possibly Cen Myeong+ [1904.03185, 1804.07050]ω

O’Hare+ [1909.04684]
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→ One of the first inner halo substructures discovered (Helmi et al. 1999)
→ Two components with 
→ Interpreted as multiple wraps of a larger stream
→ Spectroscopic study confirms primordial dwarf galaxy origin Aguado+ [2007.11003]

±vz
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S2/Helmi streams
Koppelmann+ 1812.00846



Fiorentin+  [2012.10957]Borsato+  [1907.02527]

Naidu+  [2006.08625]

A lot of substructures discovered and re-discovered with different datasets, stellar samples, search methods,
→  a few prominent cases are emerging 

Ruiz-Lara+ [2201.02405]



2003.01119



Several important substructures now detected at very high 
significance

→ Gaia-Sausage-Enceladus: a large population of halo stars on 
highly radically. Cautious estimate 10-20% of local DM
→ S1/Sequoia: stream of stars on high-energy, highly retrograde 
orbit. Cautious estimate <10% of local DM
→ S2/Helmi streams: stars on prograde/polar orbits, with multiple 
wraps of the stream intersecting the solar position. Cautious 
estimate <10% of local DM

+ potentially more…



Particle-like (WIMP-like) DM
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→ What we need is  fDM(v)



Simple model for the DM halo 
velocity distribution composed 

of a round part ( ), and the 
radially anisotropic sausage (  )

With Sausage making up ~ 
10-20% of DM

fR
fS





Impact of SHM++ on DM limits

Rotation speed
= higher average speed

+Sausage 
= more low speed DM

DM Mass

C
ro

ss
 S

ec
tio

n

𝜌0 = 0.55 GeV/cm3

New local density

= more DM

Escape velocity
= shorter tail

v0 = 233 km/s

vesc = 528 km/s



How do high-speed streams in the velocity distribution impact direct searches for WIMP-like DM?
→ Not very much, but this is a good thing, our simple model is okay

0 100 200 300 400 500 600 700 800
0

0.5

1

1.5

2

2.5

3

3.5
10

-3

Standard WIMP signals are 
only dependent on 

g(vmin) =

Z 1

vmin

flab(v)

v
dv

<latexit sha1_base64="HPvjNWb5acV3Y4aSejVpzCjx6yY="></latexit>

→ So kinematic 
information has been lost



Wave-like DM (e.g. axions)
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Dark matter waves

B-field

Oscillating at the DM mass

behave like a classical field :

Haloscope:



Most haloscopes observe over many coherence times, but well inside the 
coherence length → Fourier transform of signal timeseries approaches f(v)
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Substructure in the axion line + annual modulation

Unlike particle-DM these variations are things that could actually be observed
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Summing up

Clear evidence for substructure in the inner halo (Gaia Sausage-Enceladus, Sequoia, Helmi streams)
Substructure likely comes from accreted halos, and therefore should be associated with DM
Substructure can be safely neglected in WIMP-like DM searches prior to detection, with the 
possible exception of direction-sensitive searches (e.g. CYGNUS)
Substructure presents much more readily observable signals in axion experiments, with 
some like the Helmi streams, actually enhancing sensitivities.

Take home message: So far there are no nasty surprises in 
the Gaia data as far as DM searches go, and potentially a 

lot of interesting things to see once DM is detected…



The story is not over for Gaia and dark matter…

Dark matter-stellar halo connection → how to precisely predict DM densities 
for each substructure from stellar data alone?
Fine-grained substructure
DM substructure specific to particle models (e.g. axion miniclusters, 
microhalos, boson stars, solitons)
Impact on indirect DM searches (galactic centre, sub-halo mass function, 
microlensing, stellar stream perturbations)
Gaia DR3 coming soon, with a much larger sample of radial velocities…



Extra



Naidu+[2103.03251]



Han+ [2202.07662]

Dark matter halo should have a noticeable tilt due to GSE (seen also in stellar halo via RR Lyraes)



°60±

°30±

0±

+30±

+60±

Galactic
plane

SHM++

°60±

°30±

0±

+30±

+60±

Galactic
plane

SHM+++10% Shards

0 max ©(x̂los)

Dark matter flux

Flux of DM from the Sausage versus the rest of the halo

Cygnus constellation

Halo

Sausage



v R
[k

m
s°

1 ]

-50
0

-25
0 0

25
0

50
0

vz [km s°1]

°500

°250

0

250

500

v ¡
[k

m
s°

1 ]

Stars

Outliers

2 wraps

1 wrap

-50
0

-25
0 0

25
0

50
0

vR [km s°1]

°500

°250

0

250

500

v z
[k

m
s°

1 ]

-50
0

-25
0 0

25
0

50
0

v¡ [km s°1]

S1
34 stars
Wraps = 1

v̄R = -29.6±82.6 km s°1

v̄¡ = -297.4±26.9 km s°1

v̄z = -72.8±58.5 km s°1

[Fe/H] = -1.9±0.3

P (xØ) = 1.0æ

v R
[k

m
s°

1 ]

-50
0

-25
0 0

25
0

50
0

vz [km s°1]

°500

°250

0

250

500

v ¡
[k

m
s°

1 ]

Stars

Outliers

1 wrap

2 wraps

-50
0

-25
0 0

25
0

50
0

vR [km s°1]

°500

°250

0

250

500

v z
[k

m
s°

1 ]
-50

0
-25

0 0
25

0
50

0

v¡ [km s°1]

S2
73 stars
Wraps = 2

v̄R,a = -70.9±83.9 km s°1

v̄¡,a = 153.3±29.6 km s°1

v̄z,a = 161.5±71.5 km s°1

[Fe/H]a = -2.0±0.3
P (xØ)a = 1.5æ

v̄R,b = 6.0±48.6 km s°1

v̄¡,b = 166.7±13.5 km s°1

v̄z,b = -242.8±26.0 km s°1

[Fe/H]b = -1.9±0.2
P (xØ)b = 0.4æ



Ostdiek, Necib+ 
[1907.07681, 
1907.07190]

High purity sample

Semi-pure sample

Deep-learning based method of extracting accreted stars in stellar halo 
samples
→ identified large prograde stream “Nyx”. Seems to be unrelated to any 
previously known streams, though some have suggested a potential connection 
to thick disk, or “splash”



Disk“Hot disk”

Halo

From Helmi’s review of 
substructure in the MW 

[2002.04340]
“Splash”

“Sausage”

Belokurov et al.
[1909.04679] Nyx stream



Zucker+ [2104.08684]
No chemical evidence 

that Nyx stars are from an 
accreted dwarf, likely 

part of the hot-thick disk



1909.04684

Annual modulation (NaI target)

→ Most substructures do not 
substantially modify annual 

modulation signature, with the 
exception of S2 (Helmi streams)
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→ S2 also leads to a significant departure 
from a sinusoidal modulation signal when 

accounting for gravitational focusing



1909.04684

Most substantial departure 
→Direction-dependent signals
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Halo + 
Gaia Sausage

Halo + 
Gaia Sausage +

Sequoia + 
Helmi Streams



1810.11468



Dark shards 
→ Take all the velocity substructures observed in the halo and build a 

potential DM velocity distribution out of them 

0 100 200 300 400 500 600 700 800

v [km s°1]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

10
3 f

la
b(

v)
[k

m
°

1
s]

SHM++

S1

S2

Retrograde

Prograde

Low energy
Total ªtot = 10%

(Used slightly different naming system in this paper)
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Helmi streams

Possibly related to 
Sausage/Enceladus

Sequoia 

Low speed 
excess

→ likely sub-threshold 
for DM searches

High speed 
excess…

1909.04684



amplitude distribution ~ related to f(v)

a(x, t) =

p
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Coherence time: time scale for 
oscillation to dephase

Coherence length: length scale for 
oscillation to dephase

Accounting for distribution of velocities in the description of the oscillating axion field



Streams in the axion line
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Local speed of S2/Helmi 
stream is ~280 km/s which 

means it would show up 
almost precisely at the peak 

of the axion line
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[2005.14667]



2005.14667



2007.13750

Rate of electron 
 recoils in 

semiconductor:



Gravitational focusing
Additional ~2% modulation in DM 

density (+shift of f(v) at small v)
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