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Abstract: | will discuss the dynamical friction experienced by black holes moving through scalar or "wave-like" dark matter. This has been studied
analytically and numerically in the non relativistic case, which is applicable to its effect in "fuzzy dark matter" halos where the scalar wavelength is
on galactic scales. On smaller scales, dynamical friction from dark matter clouds formed from accretion or superradiance may cause a dephasing in
the gravitational wave signal in LISA EMRIs. | will discuss our recent numerical work (https://arxiv.org/abs/2106.08280) to extend the description
of dynamical friction to relativistic scalars, in order to treat this case.
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Plan for the talk

» A brief background on light dark matter candidates

 Dynamical friction in the non relativistic regime

* Dynamical friction in the relativistic regime

* Next steps
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Daniel Siegel

A brief background on light DM

See Wave Dark Matter review by Lam Hui
(Annual Review of Astronomy and Astrophysics, arXiv 2101.11735)
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Why light dark matter?

Direct detection Direct datecton
Supermedance
GW EMAI dephasing PBH mergers & SGWE
GW NS merngers
NS neatng
CaB sD CMB sD CMB S0
X & raye X rays 7. cosmic rays & I Radic, X &7 rays
Rado lines X-ray lines
Microlensing Microdensmng
Structure lormation Structure formation
10~ eV eV h1laV ks MeV GeV 10F TeV 1071 A 10 M, 107 M
Furzy DM QCOD axion/ALPs Sterils 4 WIMPs & WIMPzillas PBH
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Why light dark matter? i |

Katy Clodgh
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Light dark matter is wave-like

* |n the limit of small mass m (sub eV), the number density is high, and dark matter is well described
by a classical field, obeying (for a spin 0 particle) the Klein Gordon equation:

U eitngug
VAV, =
* |t has a wave like behaviour, and pressure support on length scales of order 1/mu

* The underlying properties of the particles (number density, velocity) at each point can be inferred
by considering properties of the field, for example:

k; ~ ¢ 0 i 662 2 H2472 s (5;".5’)2 J — ——==

Pirsa: 21100018 Page 7/50



Light dark matter is wave-like

* |n the limit of small mass m (sub eV), the number density is high, and dark matter is well described
by a classical field, obeying (for a spin 0 particle) the Klein Gordon equation:

U SRy D
VAV, = Wi
* |t has a wave like behaviour, and pressure support on length scales of order 1/mu

* The underlying properties of the particles (number density, velocity) at each point can be inferred
by considering properties of the field, for example:

k~dap  p~@+pie+@e?

25 a0 5 100 1258 150 115 200
= 4 00200
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TN
Light dark matter is wave-like ’

Katy Clough

V() A\

Cold!
k; ~ 05 op~0

= Energy density set by local amplitude

b A ¢ p~ @+t = (p) ~ u’¢?

Pressureless (on average)

S .

= p~¢*—p’p* = (p)~0

space
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v ¢
Light dark matter is wave-like ’

Katy Clough
V(g) A\

Cold!

ki~ ¢ 0gp~0
= Energy density set by local amplitude

b5 A\ ¢ p~+utdp* = (p) ~ u’¢?
L3

Pressureless (on average)
=5 ;
% p~¢*—p’p* = (p)~0

space
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Non relativistic description

Katy Clough

* Modulo out the oscillations:

d(x, ) =w(x,t) e* +c.c.

» Assuming that iy << uy one can show
that y obeys the Schroedinger-Poisson
equations

» Density is related to the amplitude of y as
p~ ypy*
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Dynamical friction
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Dynamical friction
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Dynamical friction - Newtonian calculation

Katy Clough

: Mass M
_ . velocity v
Drag force .
. 9 i
Overdensity GMp X'
e i M
; r2 r

Dynamical friction force
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K radius r \
X-momentum p’ ’ k
I
I ,_——__————__"____ \\
I! —-__________1|____________ X-momentum p
r | T
| . velocity v »
) Ir[
) Mass M b
\\ f;
. F(v,r) = JTi ds;
k
Boe el Dynamical friction force

(in the stationary limit)
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K radius r \
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Dynamical friction - Newtonian calculation for scalar DM

For scalar mass m the behaviour is parametrised by the ratio

GM /1

V2 my

And the force is

GM \*
F=4np (_) (In@2mvr) — 1.0 — Re(¥(1 + ip)))
1%

h
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Dynamical friction - Newtonian calculation for scalar DM

3500

For scalar mass m the behaviour is parametrised by the ratio — smallm
large m

3000 4

GM 1 500

o V2 my 2000

- 1500

And the force is
1000

500

GM\* [~
F=4mp (—) (In@2mvr) — 1.0 — Re(¥(1 + ip))) ) I —

T T
v 00 0z 04 06 08 10

Force versus velocity
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Dynamical friction - Newtonian calculation for scalar DM

3500

For scalar mass m the behaviour is parametrised by the ratio 1 — smam
— GM 1 2500
B v2 my 2000
- 1500
And the force is
1000
2 500
GM , ¥
F=4np (—) (In@2mvr) — 1.0 — Re(¥(1 + if))) /\“‘*‘h . .
v 00 0z 04 06 08 10

Force versus velocity
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Dynamical friction - Newtonian calculation for scalar DM
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Dynamical friction - Newtonian calculation for scalar DM

For scalar mass m the behaviour is parametrised by the ratio ~ **] — smallm
large m
3000 4
ﬁ . GM 1 2500
V2 my 2000 1
- 1500

And the force is
1000

2 500
F=A4np (G—M) (ln(2mvr) — 1.0 — Re(W(1 + iﬁ))) 0 F\R_——
1

T T
00 0.2 04 0.6 08 10

Force versus velocity
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Relativistic dynamical friction




Superradiance '

Katy Cloﬁgh

& .. 0.1Mpy

~ 107
[R7?] Z(10R)?
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154§ gy “ | .
: radial

Accretion field profile

oD/ 9o
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energy
density

2 %
P ~ 10-12 Mpy Po Yo
[R;2] 109M GeV cm™3 10-3¢
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Katy Clongh
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Dynamical friction - impact on EMRI orbits

- Can wo_rk out presence of a i g g T i g g .
superradiant cloud by studying the Tt 10073
dephasing of the inspiral of a smaller 10* o ey 80 4
object into a supermassive BH e log BN 7 . 3

; log B{re! . = 14 T g
- Impact of dynamical friction not %fl” 0 3
included, only backreaction of cloud , 2 &
on the metric o s, s
- For inner orbits, relativistic TS 0T 10 10-0 105 o-BT s g b =
corrections potentially matter Ultralight boson mass p;[eV]
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Katy Clough

Dynamical friction from scalar dark matter in the relativistic regime
arXiv:2106.08280 (To appear PRD)
Dina Traykova, KC, Thomas Helfer, E Berti, P Ferreira, L Hui

Pirsa: 21100018 Page 29/50



Dynamical friction - expected relativistic corrections

¢ Qverall relativistic correction 0.06
Y N2 0.05+
Fnrmrefxy (l + ¥ )

{1047

* Alsoreplacedensityp — p+p 0031 3

pP -E-p 102 -
P 10T A

{1 (W)

F nonrel X

Force versus velocity
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Dynamical friction - expected relativistic corrections

* First relativistic correction

Fnonrel X YE X (1 -+ V2)2 // \\\
Deflection angle a -Tl ---------------- ‘\
. y2 relates to the increase in the S . ———/t'i'_':'_'_‘:;-_g-;_._.-
momentum of the fluid as seen in the : . Impact paralllneter_l;__ s -
rest frame of the perturber lﬁ /
* ;
* The second part comes from the
increase in the deflection angle at s .

relativistic velocities

2M><(1+ %
a=— v
bv?
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Dynamical friction - expected relativistic corrections

Katy Clough

* Pressure is not isotropic, and is zero in the rest frame of the
dark matter, so we use the pressure in the direction of motion
as in the BH rest frame:

p+p,
p

» Scalar field does not have a well defined equation of state,
consider:

_1'2 l 2_122
P= gt SWprE—s g .)

Eas §
=—¢? + —(9. 2+_ 212
Px 2¢' 2(rqﬁ) 2#4)

F

nonrel

* Assuming a plane wave in the x direction, we get a velocity
dependent correction factor of:

};mmref X1+
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Dynamical friction simulations
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Dynamical friction simulations
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Dynamical friction simulations
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Dynamical friction simulations

Katy Clough
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Dynamical friction simulations "

Katy Clough

time = 350080 M
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Dynamical friction simulations "

Katy Clough

a;=0.05 t=96M a;=0.05 t=319M a;=0.05 t=4159M

Smaller scalar mass

o ——

a.=05 t=255M a.=0.5 t=1919M

P/Pasymptotic

Larger scalar mass

100 M A—\\h” \.m.
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Dynamical friction simulations "

Katy Clough
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Dynamical friction - results

-y Fy+ Fpongi- A< (0 l_ — L (s
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00244 8 H i i
1 Hl 0457 i
L] I \. ¥
00224 % lr i ’
i i
¥ 1].4{) 1 ]
0004\ i x /
I‘\ 4 “ !
. a f
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\ F, \ i
11016 - \ ‘ 5 ¢
N 10.30 \ 4
\ Vv l,
0.014 S " /
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— 0 7
x ‘ 12
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Dynamical friction - expected relativistic corrections

+ Pressure is not isotropic, and is zero in the rest frame of the
dark matter, so we use the pressure in the direction of motion
as in the BH rest frame:

g p+p

nonrel

» Scalar field does not have a well defined equation of state,
consider:

N\I/

1., 1 (=T
—_ u+_a 2__ i il
p zfﬁ 2( P) 2#46

= f 1
2 2 22
=+ =0 +—
Pr=s0"+5 04y + 1

= Assuming a plane wave in the x direction, we get a velocity
dependent correction factor of:

2
Ve

1+v2

‘Fnum‘ef X1+
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. -
Reminder - Newtonian calculation for scalar DM ’ -

Katy Clough

For scalar mass m the behaviour is parametrised by the ratio

i — smallm
GM 1 3000 large m
T2 my = Force versus velocity
2000
And the force is " 1500
9 1000
GM . 500
F=4mp(—) (In@2mvr)— 1.0 —Re(¥(l o if))) - @
v y I I '6 "-IS 10

v
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Dynamical friction - expected relativistic corrections

* Qverall relativistic correction 0.06

Fnrmre{ X }’2(1 + v2)2 015

* Alsoreplacedensityp — p+p 0031 3
pP -+ N 0.02 4
P 0.01 4

Fnonrel X

Force versus velocity
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Dynamical friction - results
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Katy Clough
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Dynamical friction - results

Katy Clough
kappa
» Conclusion: Expected relativistic expression 2.0)
fits pretty well — 111
=== lin. fit
2 5 52 1.5
FreI:Fnonrelx l+k1+v2 XY (1+V)

deflection/boost 2 L0

. aeflecuoniboost = LA T e
pressure I B *
T
S

* “Fudge factor” kappa encodes dependence of
pressure correction on scalar mass - in 0.0 _ . : , .
masses M > 1 we should recover the 0.0 0.2 0.4 0.6 0.8 1.0
pressureless limit, for small masses it is of Cky,

order 1. Scalar mass
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Relativistic gravitational “forces”

* We can define a “force” as the change in the ADM
momentum of the spacetime, sourced by a net flux T
of momentum™: . .

// .
A ADM __ ] S Jﬁ_h_—————— b
Fi = arP;' ™ I C'MT? ds ] ___7
oz : . ! e
* However this is only really the dynamical friction in H\\ /,’
the stationary limit, otherwise one is just “growing # )
the cloud” e 2

* |t takes quite a while for our simulations to become
stationary

*Accurate to first order assuming a small asymptotic
energy density - we neglect backreaction on metric
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Relativistic gravitational “forces”

* |n a dynamical situation, the growth in the ADM momentum will include the momentum of the growing
DM cloud as well as the BH

PE"&DM:J' SJ' dV +.!)£_curvarure
¥

* In an asymptotically flat spacetime (in appropriate coordinates), one can show that at any instant in time

g pARY. — ar[ S dV —J aTlV ,(8)) dV
X >B

cloud growth dynamical friction

* Then we can use instead the volume integral to find directly the quantity of interest

Fj = arpicurvamre —_—— J an l—‘;: dV T _6‘—-—\—-__________
P

dynamical friction
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Relativistic gravitational “forces”

Katy Cl.;)ugh

» Also need to take account of singularity | DF only

aIPfcurvamre e J aTi_‘ Vﬂ(ﬁ;’) dv - J aﬁ*}T{ ds s
Z_ZBH dE‘BH i

dynamical friction accretion 014

* In the relativistic case the split between
accretion and dynamical friction is slicing .| DF + accretion
dependent

* |t is less coordinate dependent to measure

the sum of the two i

7ol 1000 1250 1500 1750 2004)
t/M

{] 250 S
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Relativistic gravitational “forces” ‘ﬁ: })’

H)

Flux in (change in ADM

momentum)

BRI |
' Scalar cloud momentum

204)

104} . ———
Dynamical friction

. . . . : : Accretion ~ small
il 100 2004} 3NN} 1) SELE M) THH)
t/M

Checking the (non) conservation of momentum over time
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What next?

s =3 Katy Clough

* Feed result into EMRI calculations :’ 3 |

» Treat more realistic scenarios \\_/ ./

* Impact of cloud having a finite size

* Impact of circular orbit | radlus r\

» Can be easily extended to other cases

- e.g. self interactions/vector field - “ﬂ‘{ \
that are analytically more challenging

Mass M
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