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Abstract: We arein anew eraof gravitational physics in which both gravitational-wave measurements and cosmological observations can be used to
test fundamental physics. Moreover, recent computational developments allow us to investigate (at present largely unexplored) regimes where the
gravitational force is strong - a very promising area to search for new physics. In this talk | will overview two cases in which we aim to use
strong-gravity to learn about the dark components of the universe: the interaction of binary black hole mergers with their dark matter environments
and the emission and propagation of scalar gravitational waves, a distinct signature of theories aiming to explain dark energy.

Zoom link: https://pitp.zoom.us/j/92308918921?pwd=UEk1aEt3bmRxdklqUUpSNIRocldV dz09
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Fundamental physics
- from the strong-field regim
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General Relativity + Standard Model
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(h*, h*) Amount of stretching = “strain waveform”

Inspiral Ringdown
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Data & Best-fit Waveform: LIGO Open Science Center (losc.ligo.org); Prediction & Animation: C.North/M.Hannam (Cardiff University)
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Image credit: NSF

Early universe

Let’s chat later!
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Near black holes

Having additional matter
around,BHs will change the
different parts of the
waveform in a distinctive way

Having additional
gravitational forces will
source new GW signatures

Add new matter \ Add new forces
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Ingredient 1:

Solving GR in a computer:




Solving GR in a computer:

Covariant form

Arnowitt, Deser, Misner

Initial value form Baumgarte, Shapiro, Shibata, Nakamura
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Solving GR in a computer:

Fill using Einstein equation

time g, (t +di) = f(0°g,,. 8,,)
A

boundary
conditions

(028, 8)

=
“Space”

initial data (0,g,,,» &,,)

non-triviall

irsa: 23050019 Page 11/64




Solving GR in a computer:

“.time!!
A\

boundary
4 conditions
(asymptotically flat)

“Space”
initial data (Schwarzschild metric)
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Ingredient 2:

Adaptive Mesh Refinement




Adaptive Mesh Refinement




Adaptive Mesh Refinement




Numerical relativity with
Adaptive Mesh Refinement
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Having additional matter
around,BHs will change the
different parts of the
waveform in a distinctive way

Add new 'rriatter
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Having additional
gravitational degrees of
freedom will source new

GW signatures

Add new forces
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A vast range of potential DM masses

Wave DM | | Particle DM
e.g. axions 4% L g ' e.g. WIMPS
1028 eV -1eV _ ' | . 1 eV -1013V

&

Wave-like DM s A e sk | Particle DM

Schive et al. 2014

Bad news: average DM density is very low
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What DM density enhancement is required to
have an observable impact on GW signals?

Do such enhancements arise naturally?




Superradiance
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Dark matter
overdensity
scenarios

Exotic compact objects
e.g. boson stars

Dark matter
minispikes
(accretion)
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Particle DM accretion

Gondolo & Silk found DM overdensity described by a power law

Compact
Object

- Dephasing of GW signal mainly due to dynamical friction

Dark Matter 'spike’

Kavanagh et al. 2020
Coogan et al. 2022
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Wave DM accretion - scalar accretion

Field profile

- For small mass u (sub eV), DM = classical field

DM overdensity described by power law plus oscillations on the
scale of the Compton wavelength of the light particle

- Dephasing of GW signal due to dynamical friction, accretion...

T T
12% 175

Clough et al. 2019
Hui et al, 2019
Bamber et al. 202 |
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Do such environments persist during the
binary inspiral?
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Binaries in the particle DM case

AIPBH =30 A[', g G = 0.01 pc; €; = 0. 995
T'=—1. 9% koyr

Bertone et al. 2020
Gravitational wave probes of dark matter: challenges and opportunities
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Binaries in the particle DM case

A‘fpuu — 0] ﬂj,d bl = 0.01 pPC; €; = 0. 995
T =10 73yt

Bertone et al. 2020
Gravitational wave probes of dark matter: challenges and opportunities
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Binaries in the wave DM case Cormpton wassongi of

particle is similar to the separation

Bamber, Aurrekoetxea, Clough, Ferreira (2022
Black hole merger simulations in wave dark matter environments
| LI 1

ia
Q.

_]0—1

45

Fixed background simulations
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Stationary profile with a
scaling symmetry
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What if starting with
different initial conditions?

Yang et al. (2018)
Choudary et al. (2021)
Zhang et al. (2022)

1 =2420M

All converge to the same
quasi-stationary profile
within a few orbits

Transients are important!
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Binary BH GWs: DM vs no-DM




What about the Need to solve the constraints
comparison of GWs Aurrekoetxea, Clough, Lim (2022)
CTTK: A new method to solve the initial data constraints
vs DM-free BBH?

. 2
8D%y = — y/‘7AijA‘J + EI/ISKZ — 16ay°p
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What about the Need to solve the constraints
comparison of GWs Aurrekoetxea, Clough, Lim (2022)

bs ee ]

.. | 2
- 1//‘7AI-J-AU + EI/ISKZ — 167y°p
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e o

DM pushes BHs to highly eccentric orbits

No meaningful comparison yet
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DM pushes BHs to highly eccentric orbits

No meaningful comparison yet

Pirsa: 23050019 Page 33/64




What about the Need to solve the constraints
comparison of GWs Aurrekoetxea, Clough, Lim (2022)
CTTK: A new method to solve the initial data constraints
vs DM-free BBH?

_ .. 2
— 1//‘7AI-J-AU + 51/151{2 — 167y°p
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,What we have learnt so far

- Persistent and quasi-stationary
profile for accretion onto
binaries of wave-like DM

- Attractor profile (but transients
are important!) P

- Further'work needed to obtain
quasi-circular inspirals

Add new matter | Add new forces
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If scalar field non-minimally couples to gravity...

S = Jd“x\/fg [F(qb)R + Loy

r
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WoNM = @Re + Ly,

N\

Inspiral Ringdown
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Aurrekoetxea, Ferreira, Clough, Lim, Tattersall (2022)
Where is the ringdown? Reconstructing QNMs from dispersive waves
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GD
Aurrekoetxea, Ferreira, Clough, Lim, Tattersall (2022) —

Where is the ringdown? Reconstructing QNMs from dispersive waves “
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Aurrekoetxea, Ferreira, Clough, Lim, Tattersall (2022)
Where is the ringdown? Reconstructing QNMs from dispersive waves

I

r
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Aurrekoetxea, Ferreira, Clough, Lim, Tattersall (2022)
Where is the ringdown? Reconstructing QNMs from dispersive waves
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Properties:

- 1/r decay

-V=C

Page 42/64
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Properties:

-v<¢
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Where is the rlngdown?

mmr
“

extraction: rexy = 125M

300 100
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Wave equation in Schwarzschild [61‘2 = 0%* + Vs(r)] I"h; —

M
r

ryr — o0

(07 — 02+ p?| rh =




Wave solution

rhS = Ae—i(a)t+kl-xi) a)z — k2 -+ ﬂ2

k=i\/a)2—,u2

™~

2

w? > u?
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Different frequencies
propagate at different speeds!

N
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Thinking about BBH... « 10~
Chronology changes!

H ~ iy

— I ||
\“\ MAMMAAMMMM

500 300
(t—r)/M




Thinking about BBH... 10~
Chronology changes!

ol |

GWs at emission

=
GWs at detection




Massless waveforms
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Massless waveforms
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Lower to higher frequencies

Spectrograms = Time-frequency plots
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LIGO-Virgo (2016)
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Lower to higher frequencies

Spectrograms = Time-frequency plots
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Massive waveforms
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Massive waveforms
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Higher to lower frequencies

Spectrograms = Time-frequency plots
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Core collapse supernova:
Sperhake et al 201/
Rosca-Mead et al 2020

time
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Can we recover the
ringdown of /7°?

Evolve waveform backwards — rewind

(07 — 0 + ] rh* =

Pirsa: 23050019

Frew

125M

off M = Mmg
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cutoff Mo = Mmy,
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cutoff M@
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Here is the ringdown

Exponential decay
rewinding: riew = SM : . ]

I

& (J[lm{'m‘;”'} r]

scalar ringdown

’"Fllil() o e[lnﬂ'w,‘l",_b 1]
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Here Is the ringdown

rewinding Analytic QNM prediction \
Re(Mw},) = 0.896

scalar ringdown
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(ht, h) Detection

: \/\/\/\/\/\/\/\I\W

v

Rewind to dL

W\/\AN \VAVAVAVA




Summary

- Persistent and quasi-stationary
profile for accretion onto
binaries of wave-like DM .

- Attractor profile (but tranS|ents
are |mportant')

- Further work needed to obtain
quasi-circular inspirals ‘
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= Additional scalar GWs, which if.
massive, chronology is mixed.

- Standard waveforms might not
capture these signals in match- .
filtering searches

josu.aurrekoetxea@physics.ox.ac.uk
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