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We have detected dark matter

Galaxy rotation curves

]
disk

gas

0 10 20 30
Radius (kpc)

| '--,‘The” Bul iyet Cluster’

Wt 2! A 5 LA =N
Cosmic Microwave Background
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Large scale structure
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Evidence from gravitational interactions...

...over many distance scales



Job done!?

o

Higgs boson

electron
neutrino

Y,

muon
neutrino

electron .
tau neutrino

DM

dark matter

Dark Matter Particle (X9)

X% mass: m =7

X0 spin: J =7

X0 parity: P =7

XU lifetime: 7 =7

X0 scattering cross-section on nucleons: ?

X0 production cross-section in hadron colliders: ?
X0 self-annihilation cross-section: ?



Why should DM interact with the SM?

Cosmology Particle Physics
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Suggests dark and visible 2 Informs and limits the

matter interactions are generic possible interactions



A wide landscape

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg
I I I I I I I 1 1 1 1 1 1 1 1 1 1 I b)) |
‘lllllll|"|"|"|""'lul>
€< - > >
QCD Axion WIMPs
Ultralight Dark Matter Hidden Sector Dark Matter
<€ > <€ =
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
= <€ =
Post-Inflationary Axion Asymmetric DM
< >
Freeze-In DM
=

SIMPs / ELDERS

US Cosmic Visions

Many candidates. ..
...all with SM interactions



Outline

Why do we need to model the local dark matter?

What is the ‘standard approach’?

Gaia!

Article  Talk Read Edit View history |Search Wikipedia Q‘

| Gaia Sausage
1 From Wikipedia, the free encyclopedia . o o Why is th is O n Wi I(i Ped ia?




Motivation
Why model dark matter near Earth?



Searching for dark and visible interactions

Direct detection Indirect detection Collider

Scattering




Generic direct detection experiment

bhysics

Have to model the DM flux to extract the particle physics



The Standard approach




Standard Halo Model

Simplest spherical model with (asymptotically) flat rotation curve

3/2 L 94 o
f(V) _ Nisc (27:)0?2)) e 3V /20, . |V| < Vesc

0 . otherwise

Assumptions: Dark matter halo
* Round halo

.
* Gaussian (Maxwellian) D N
- Isotropic -
* No substructure




Standard Halo Model

Simplest spherical model with (asymptotically) flat rotation curve

3/
1 3 _3v2/202
( 12)) e V20 |V| < Vesc

f(V) — Nesc 27’(‘0‘
0 : otherwise
Advantages- Dark matter halo
» Simple P

- Only 2 parameters I— |«

* Accurate(?)

N




SHM in nuclear recoil signals
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particle physics:
WIMP mass
& scattering cross section

1
10! 102
WIMP mass [GeV/c?]

WIMP-nucleon og; [cm?]
s 3
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SHM in axion searches

microwave
cavity

Event rate = DM flux x particle physic

e e e - === =B

Frequency (MHz)
640 650 660 670 680 690 700
e e L L =
ey ADMX, PRL, 2018  —
to I h o . §14:— _:
particle physics: 3 E
axion mdass § i D RNNPPP PP EEEETD _E
& axion-photon coupling ; E
_,§ Axion Lineshape _E
9"; — Maxwellian ';
0 Ze 27 T Y S 3

Axion Mass (ueV)



Is the Standard Halo Model correct?



Is the Standard Halo Model correct?

|. Compare with numerical simulations



Dark matter speed distribution from simulations

EAGLE HR
4-I | | | | | Bozorgnia et al )
| ; 1601.04707
P! A Y |
= f /{{LI" \}\
Sol frbT LT, ;
=1 L 5
= Xy B
Z 1 f5 - "L’{‘\% :
w4 o e
," . . . . . . . . . :
0 200 400 600 800
v |km/s]

Green and magenta data points: Milky Way-like simulated halos
Lines: Standard Halo Model - Agreement is reasonably good!



Speed distribution from simulations

Generalized Maxwellian distribution:

1

Spread of results for H

Milky Way-like halos: al

L1}
1.0}
S 0.9}
0.8}
0.7}
0.6

Alpha is close to |.
0.5

v|) oc [v[* exp[—(|v]/vo)

2a]

)

Standard Halo Model has alpha=| o .

Simulations consistent 200 150

with Standard Halo Model

200

vo |km/s

250 300
]

Value for Milky Way

[ ]
]
.
—_
e}

| | |
— [\ w e~ ot (e -~ oo Ne}

Bozorgnia et al
1601.04707

>~<2



Is the Standard Halo Model correct?

2. Compare with data from the Milky Way



Gaia: a new era in mapping the Milky Way

Launched 2013
Operates until ~2022

> HOW MANY STARS WILL THERE BE IN THE SECOND GAIA DATA RELEASE? g-esa

1
position & brightness on the sky ‘*

1692 919 135
7 millions stars with full

6D phase space (X,V)

radws & lumsosity
76 956 778
14 099 amosnt of dust along
Solar System the Ine of gt
O 87 733 672
550 737

20



Ciaran O’Hare

200 PC Pre_Gala
; »hOriZOn

gy

: 20 kpc POSt Gala.




Standard Halo Model assumes isotropic distribution

22



Anisotropic component: Gaia Sausage

Motions of 7,000,000 Gaia stars

Major accretion event: e A S NN
Galaotic disc
¢ ’ (7)) 5 :
Sausage galaxy E g -
and Milky Way 2 |°
. -
collided head on e Q
8-10 billion years ago .g
O o . i
. S
Stars move on highly =
radial orbits g S
not isotropic! O '|¢ ,
O |: The Sausage
Belokurov, Erkal, Evans, x—io the centre of the Galaxy from the centre of the Galaxy:
Koposov, Myeong... - |
arXiv:1802.03414, 200 0 200
1805.10288, 1805.00453 radial motion, km/s ,



t=1.42 Gyr
100

A

y (kpc)
o

—25 -

—50 -

-,

—100 ! | ! ! ! | !
-100 -75 =50 -25 0 25 50 75 100
x (kpc)

Denis Erkal: https://www.youtube.com/watch?v=8T2EdRZ_iE4



Metal-poor halo
| Fe/H]<-1.5

Metal-rich halo
|Fe/H]|>-1.5

400 . . 400 ,
7)) A~
< 300 | e ———— = v 300 -
e | | E
l& — 'M 200_ —
? . b 100
o pu{
@) Q
—t O
Q) N —l 0
> Q
¢ >
cd — < —100
pr— CG
5 =
Of —200f . "WV - a - —200
. \\\ _____________ ,// O
7 S~o - : //,, osy:
30 0 T~ T -7 4 QO -3
—400 | | | | | | | —400 | | | | | | |
2400 —300  —200 —100 0 100 200 300 400 —400  —300 —200 —100 0 100 200 300

Radial velocity (km/s)
“ Stellar Halo”

Spherical, isotropic

Ciaran O’Hare

Radial velocity (km/s)

“Gaia Sausage”

Flattened, radially anisotropic



Gaia Sausage or Gaia Enceladus?

Article Talk Read Edit View history Siearch Wik[pediz{

Gaia Sausage

From Wikipedia, the free encyclopedia

The Gaia Sausage is the remains of a dwarf galaxy, the "Sausage Galaxy" or Gaia-Enceladus-Sausage or just Gaia-Enceladus, that merged with the
Milky Way about 8 - 11 billion years ago. At least eight globular clusters were added to the Milky Way along with 50 billion solar masses of stars, gas and
dark matter.['! The "Gaia Sausage" is so-called because of the characteristic sausage shape of the population in velocity space, the appearance on a plot
of radial versus azimuthal and vertical velocities of stars measured in the Gaia Mission.!'] The stars that have merged with the Milky Way have orbits that
are highly radial. The outermost points of their orbits are around 20 kiloparsecs from the galactic centre at what is called the halo break.[?!

e ———— e
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Including the Gaia Sausage

O’Hare, Evans, CM,
arXiv:1810.11468, PRD

100 fiap (vr, vg) [km =2 s?]

7 is fraction of
local DM in Sausage

-600 -400 -200 0 200 400 600




SHM++: 2 component model

O’Hare, Evans, CM,
arXiv:1810.11468, PRD

Local DM density 00 0.3GeVem™°
Circular rotation speed vg 220 km s~ !

SHM  Escape speed Vese 544 km s~ !
Velocity distribution  fr(v) Eq. (1)
Local DM density 00 0.55+0.17 GeV cm™*®
Circular rotation speed wvg 2334+ 3 km s~ *
Escape speed Vesc 528f3§ km s™*

SHM ™™
Sausage anisotropy I5; 0.9 £0.05

Sausage fraction n 0.2 +0.1
Velocity distribution  f(v) Eq. (3)

. . . L . Necib et al 1810.12301
1 here is consistent with values in simulations Faﬁf;*;ie;:a| |83|00.0737079

(3 takes same values as stars in Sausage sample

28



SHM++: 2 component model

300

400 500
v [km s

600

800
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SHM++: 2 component model

I I I
>  Higher 7
A |(rotation speed]

0.3

0.2

I -
0 100 200 300 400 500 600 700 800

v [km s}




Modest changes for nuclear recoils

Local escape speed

Sausage component

Higher
rotation speed '\

Nucleon cross section

New local density

Dark matter mass

31



Modest changes for nuclear recoils

-40
1 | | | | | I | | | | | | | | L L L | LD | | | | | L L LL!
0) | | — SHM
. __SHM*+
i 1\ |
10 42 \ \ I 0\4% Ay
\ \ \) © - =
\ \ |\ Ge X’—Qa -
L 107 ~ N\~ — SF6 O
QE) -=9 \\ - \\\ ﬂé)-ﬁec’ﬂ;log a\) =
— 7 N N __-=- -
mb&10-46 \

1078

100

4

SHM
SHM++ 3

Biggest effect
near threshold
i.e. low mass
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Ciaran O’Hare
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Measuring the axion distribution

Sampling axion field over many, N, coherence times:

— Power spectrum ~ f(V)

Frequency

Ciaran O’Hare



Modest changes for axion haloscopes

flab (Cd)




Gaia Sausage is clearly beyond the
Standard Halo Model

e P

. Iy

T

! ‘..-. ..‘ "o I -
S S T
. | <
Sl
iy
i

- ."
0*.
. \
o
‘ -
-

-
'y :
.
- el

...but generally leads to modest
changes in experimental signals
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Standard Halo Model

Simplest spherical model with (asymptotically) flat rotation curve

Assumptions:

. e | Sausage component
Gaussian-tMaxwellian) breaks assumptions

© 1sotropic

* No substructure Is there also substructure?

37



Substructure: more extreme variations

38



We know there is substructure: streams

Field of streams

V. Belokurov et al, SDSS, 0605025
Cotour shows distance

géﬁerc%lleguﬁxqulla
Famous example:
Sagittarius stream

(doesn’t pass through solar system)

SN s Virgo 8
: ~ Overdensity

Leading tidal
debris :

Streams produced by the
accretion of smaller galaxies

Milky Way disk

Direction of motion
+ ~ Trailing .tidal { t{»,.";,:‘_} o
Are there streams passing o ? - <

through the solar system? : ' so.core

Sagittarius stream: artist’s impression
D. Law UCLA




Finding structure in action space

substructure

| | | |
- —k—FSR1758  —)—NGC 6535
—O—NGC 3201 —5p~NGC 6388

1w Centauri —O—NGC 6401
| —A—NGC 6101

Y

.(>.

T, it

logyo (Jg/[kms ™ kpc]) Jy [km s7! kpc] logy, (J-/[kms™ " kpc])

S| is the most interesting for terrestrial experiments



Galactic Z (kpc)

S| stellar stream

S|:ldentified with SDSS-Gaia (DR1) Catalogue
94 member stars

G.Myeong etal. 1712.04071

Galactic Y (kpc)

5 2 0 =2 “2 4 6 8 10 12
Galactic Y (kpc) Galactic X (kpc)

Passes very close to solar position (orange arrow)






The dark matter wind

June
WIMP Wind V| <—
>

SHM halo~220 km/s ¥

December
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Dark matter hurricane?

O’Hare, CM et al.1807.09004
A dark matter hurricane...

June

WIMP Wind Vi
—_—

SHM halo~220 km/s

R

December

S| stream~550 y. S

Lab frame f(v) [km™! s]

w
o

w

n
o

N

—_
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Astronomy

PHOTOS | VIDEOS | BLO

MAGAZINE | NEWS | OBSERVING

Home / News / A ‘dark matter hurricane’ is storming past Earth

A ‘dark matter hurricane’ is storming

And |
#» EXPRESS

NEWS SHOWBIZ FOOTBALL COMMENT FINANCE TRAVEL ENTERTAINMENT

mathnlme

.\ &
Home | News | u.s. | Sport | TV&Showbiz | Australia | Femail | Health ’ ’ Money

Latest Headiines | Science | Pictures | Dis

'Dark matter hurricane' blowing at 310
miles per SECOND is on a collision
course with Earth and may finally offer
proof the mysterious material exists

News Science

Dark matter hurricane to hit Earth with speeds of up to 310 miles

per SECOND

 SPACE / NOV 15,2018 / NIKOS DIMITRIS FAKOTAKIS / 0 COMMENT

PHYSICS

A Dark Matter “Hurricane” Is Blowing Past The Earth Right Now

View Track

SHARE ON: _J

m

So What's Going on With That 'Hurricane of Dark
Matter?'

Ryan F. Mandelbaum
% 4
1114/18 12:10pm - Filed to: DARK MATTER v 670K 17 4 f ¥ & ¢




> »l o) 3:29/538

Urgent: “Scientist “Claim Dark Matter Hurricane” Is Coming

28,497 views iy 701 &l 62 & SHARE =3 SAVI

Paul Begley @
6 Published on Nov 14, 2018 SUBSCRIBE 293K




How much dark matter in S1?

We remain agnostic and ask:
What fraction of DM in S| is needed to detect it in a DM experiment?

Model halo distribution
as sum of 2 components:

feaMastr(V) = (1 — pStr) feum(v,t) + Pt fstr (v, 1)

o Po
-3
3.5 I I I I I I I -
s 100% SHM 1 | Pstr |

0 / . a free parameter 1‘
Tl _ PO |
E | 90% SHM+10% S1 - *
- 1 /)
S—
O 15 _
=
<
& L
)
<
— 05

0 | | | | | |

0 100 200 300 400 500 600 700 800
v [km s




Xenon: what it measures

! ! ! !
—SHM
—90% SHM+10% S1
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Xenon NR: dR/dE, [ton~! yr~! keV 1]
o
o
'qu‘)
N\
- —
-]
5
H @)
& Bl\D
qg‘z XS
I
= =
)
| O
i
o &
5, <

—_
o
[\

—
S
[\

/ Atm.

—

S
N

B

0 10 20 30 40 50

Nuclear Recoil F, [keV]

Spectrum is relatively featureless...
...except in a sweet spot around 20 GeV
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Xenon: what it measures

'> —SHM
© 0tyg T =6 GeV —90% SHM+10% S1
. O'SI =10~ cm?
|
N vl
7107 How big does the
- m, =20 GeV
S o1 — 10716 exn? bump need to be?
i /
T m, = 100 GeV
~~—
S USI = 10~%" cm?
B I O /
% 1024y |37 DN Expt.

N i Atm.
5 ¥ Terere) /
- E e e,
D) : : avea, ]
< 107 ' n | | |

0 10 20 30 40 50

Nuclear Recoil F, [keV]

Spectrum is relatively featureless...
...except in a sweet spot around 20 GeV
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Xenon: distinguishing SHM and SHM+S|

pstr/pO —
0.01
0.05
0.1
0.2
0.5

—

<
N
o

Contours: point at whi
30 difference betw
SHM and SHM+

—h
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SI WIMP-proton cross section, USI ‘cm?]
S
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LZ \ - foor X
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How big is the effect!?

» pstr/pO —
810 BLEEAL LA B L) B 0.01
5 Contours: point at whi 0.05
- 30 difference betw 0.1
b 10° -42 ' and SHM+ 0.2
= 0.5

Sensitive only in sweet|
spot where spectrum ||
has some features |

—SHM

=10 _ . .
= Only a noticeable effect if
—
o, t
) s Pstr > 10%
= \ Lo
= LZ L
. 9.6 tonsx1000 days-- L :
N 10—50 L 11l L1 1l “Pe v anl AR
10° 10’ 10° 10°

m, |GeV]
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Axion haloscope: example signal

Combined SNR

Single Spectrum SNR (offset)

80

60

40 r

20

-20

| AN A AN b A '
WI\MWMWWMMWWBackg round-Subtracted
A T e, g e Spectra

!
Synthetic DFSZ Synthetic KSVZ
Signal 1 Signal

v
| |

647.99 648 648.01
Frequency (MHz)

If signal detected, can
tune to that frequency

Optimally Filtered ] |
Combined Spectra



ADMX: precision astronomy

Post discovery mode

,Ostr
Po

Height depends on

Sensitive even to
sub-percent level

ostr = (115,50,60) km s~}

pstr/po = 0.1
me = 3.3 ueV
%1072
Dec
Nov 4.5
Oct 4 /%
Sep » 3.5 |
Aug | 3 e
Jul - 25 <
Jun | T
2
May .g.
1.5 ~
Apr gy
Mar | | A L
Feb N TNy 0.5
Jan wwm:{ —— :" - ol 0
0 1 2 3
1
5 (w —mg) kHz|

SHM only (dashed) SHM+SI (solid)



ADMX: precision astronomy

Could measure properties of S| dark matter component
eg. velocity dispersion

ostr = (115,50,60) km s~} Ostr = 20 km s71
pstr/pO =0.1 pstr/pO =0.1
me = 3.3 ueV me = 3.3 ueV
%102 %1025
Dec Dec
Nov 4.5 Nov 4.5
Oct 4 > Oct 4 —~~
Sep 3.5 ? 3.5 ?
Aug U Ay 3 ~ 3 N3
Jul o5l < 25 <
Jun Y Ty » — . —_—
May 15 é 1.5 é
Apr
Mar 1 1
Feb 0.5 0.5
Jan W . R 0 0

Height of feature depends on S| density and velocity dispersion



More general substructure: ‘Dark Shards’

3.5 | | | | | I I
- - SHM**
m— S
3.0F — S i
== Retrograde
" 25k = Prograde 1
— m—— LOW energy
|E —  JOtal ftot = 10%
~ 20F -
VR
=
= Lo -
=
—
ap)
O 1.0 —
™
0.5F _
0.0 —= —
0 100 200 300 400 500 600 700 800
—1
(% [km > ] O’Hare, Evans, CM et al

arXiv:1909.04684
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More general substructure

T, Xenon 20 % Shards
&QV*$ m, = 20 GeV

ftot

0% Shards

Y
/152

1 Retrograde
1 Prograde
I Low-F

0 D 10 15 20 25 30
E, [keV]

O’Hare, Evans, CM et al
arXiv:1909.04684

Impact on the nuclear recoil spectrum is always small
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Axion haloscopes

S1
52
Retrograde

Prograde
Low-E

HAEEE

flab (W)

10 % Shards

gtot

0% Shards

—0.5 00 05 10 15 20 25 3.0 3.5

(2= 1) x 10°



Directional signals: hotspots away from Cygnus

SHM ™ SHMt+10% Shards

Galactic Galactic

! I
o 1 — o
—I—I—
0 ' d plane 0 plane

Dark matter flux

0.000 0.829 1.658 2.486
710" GeV ecm ™2 7]

dQlos

58



Summary

* Robust particle physics constraints/measurements requires
robust halo model

* Gaia has opened a new era in understanding the Milky Way

*  We have investigated the impact on nuclear recoils and axion

haloscopes of
% the Gaia Sausage (modest)
% the S| stream and additional substructure (more dramatic)

Next:
- work with simulations to refine properties
* investigate properties on wider range of experiments



Thanks
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Backup: effects of
substructure can be
important as the following
slides show

6l



peak day changes

Modulation signals

~0Q S
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Modulation signals: amplitude changes

%@ —100 / E—— 10 % Shards ~
~— I =_— 50

| _ === Retrograde -

3 150 === Prograde

E — Low.E ot
ey —200 —— with GF _
golsg - == without GF.

| I I I I |O% Sha,rds

0 1 2 3 4 5 §) 7 8
lonisation energy Fe, [keV]
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Directional signals: hotspots away from Cygnus

20 — 50 keV

Retrograde

Low-Energy Prograde

0.00 025 050 075 100

1 dein —1 —1 —1
max(d Ry, /dS2,) d©, [ton year - sr ]
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Directional signals: hotspots away from Cygnus

0.0000 0.1913 0.3825 0.5737

dein
ds2,

ton~! vear—! sr—!
[ y
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Axion power spectrum: S| and S2 leave distinctive features

|
4= S2 dominated = 51 N
N e
12k D L1 Retrograde
,l' ‘|‘ 1 Prograde
ok 2\ BN LowE |
\\

10 % Shards

gtot —

0% Shards

D 20 25 3.0 35



Sun’s speed

fEarth(V7 t) — fGal(V + Vo + Vpec + VE (t))

N s/

USun

Ry

— 30.24 +=0.12 km S_1 kpC_l Well known Reid & Brunthalter

arXiv:0408107 [astro-ph]

Earth distance from Gal. Centre now well known!

_ 1 Gravity Collaboration
0 + Vpee = 247.4 £ 1.4 km /s arXiv:1904.05721

_ Schoenrich et al
Voee = 12 £ 2 km/s arXiv:0912.3693

V0 far from 220 km/s !

Also consistent
. with McMillan
Time to update v0 to 235 kml/s? arXiv:1608.00971
and Eilers et al
arXiv:1810.09466
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Escape speed

Standard value from RAVE (2006): ves. = 54475: km/s  axivos1i67-

Better(?) RAVE result (2013):  vesc = 5337,7 km/s arXiv:1309.4293

Best current value (with Gaia data): vese = 528755 km/s

Deason et al arXiv:1901.02016

Maintain the status-quo?
some preference for a lower value but 544 kmls still consistent
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Local DM density

de Salas TAUP2019 talk

Two broad approaches to getting a value:

| . Global measurements

2.Local measurements

e.g. fit rotation curves e.g. Z Jeans equation

11th September - TAUP 2019 P. F. de Salas
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http://www-kam2.icrr.u-tokyo.ac.jp/indico/event/3/contribution/16/material/slides/0.pdf

|. Global measurements

Model the whole of the Milky Way halo (baryons + dark matter)

Pom, wear [GEV/EM?]

Pom, wcar [GEV/CM?)

0.36

0.32

0.28

0.24

0.48

042

0.36

0.30

"

0.8 2
M200 [Me]

4
lel?2

0.24 0.28 0.32 036
pDM.iocal [GeV/cm3]

'\

=
=

= “
| )
| /)
| )
| j)
) | A
] | '-
[ / .' | .I

08
M:zo0 [Ma]

24
lel2

030 036 042 048
Pom, wear [GEV/EM?]

BN Bl + gNFW
B Bl + Enasto
B Bl + NFW

Bl, B2 different
barvon models

BN B2 + gNFW
B B2 + Einasto
B B2 + NFW

de Salas et al,
arXiv:1906.06133

Give values with smaller errors but with more model dependence
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2. Local measurements

Model kinematics of stars near the Solar System

Sivertsson et al
arXiv:1708.07836

Hagen et al
arXiv:1802.09291

Buch et al
arXiv:1808.05603

PDM — 0.46 £ 0.1 GeV/cm3

ppuM = 0.68 & 0.084¢a¢. £ 0.234,5:. GeV/cm?

PDM — 0.01 -

- 0.38 GeV/cm?

Give values with larger errors but with less™ model dependence



Local DM density over time

Excellent resource is the review by Justin Read (arXiv:1404.1938)
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A (Still) difficult to argue that any
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Local DM density in recent years

0 Method:
3 " o - 10.15 « Rotation curve
5 o gg e ' « Distribution Function
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11th September - TAUP 2019 P. F. de Salas (Sti”) difﬁcult to argue that any

value in the range 0.2 - 0.6
GeV/cm3 is better than any
other
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http://www-kam2.icrr.u-tokyo.ac.jp/indico/event/3/contribution/16/material/slides/0.pdf

