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Yacuum or non-vacuum

» So far, all LIGO/Virgo/KAGRA binary
black hole mergers have been detected
and measured assuming that they
occurred in vacuum

e OK for short duration signals, (possible
caveat, see Katy Clough’s talk) but
looking towards future interferometers,
long duration signals may be affected
by their environment




 Environmental effects can cause inspiral to either speed up or slow down with
respect to vacuum case

* A dephasing to accumulate, which alters the gravitational waveform from the
binary’s inspiral
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Hunting for the phase difference which
accumulates over the course of the inspiral
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Need to observe many cycles

* dephasing accumulates
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Why should we care about environmental
effects?

* [f we can measure the parameters of the environment via the
dephasing in the waveform, chance to learn about the
environment

* |[f we search the data with the wrong ‘template’ we might miss
the signal

* [f we do parameter estimation with the ‘wrong’ parameters, we
might come up with biased results

See also Barausse, Cardoso, Pani 2011



Dark dress

Cold, collisionless dark matter

Dark Matter 'spike'
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What kind of densities?
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Dynamical friction
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Gas torques
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Assume gas In the disc is corotating with the companion object, which Is

orbiting in the plane of the disc.

Assume Mach number is locally constant, independent of r, i.e. locally

Isothermal.
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lonization

L

| | |

200 -
=
@ —
R
~~
§ 100 i
R
Perturber excites resonances in the cloud and it J/
transitions from bound states to unbound states 0 - | | |
300 200 100 0
R./M

Baumann, Bertone, Stout, Tomaselli 2021



Energy losses

Gravitational atom (ionization)
Dark matter spike
—  Accretion disk
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Dephasing
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Assuming we’ve detected a signal, can we measure the parameters?
Parameter estimation with correct model

Accretion disk
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Parameter estimation with vacuum waveform

Accretion disk signal

Dark dress signal

Grav atom signal

Vacuum
template
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See also Hannuksela et al. arXiv:1804.09659
Maselli et al. arXiv:2106.11325



SNR loss: biased PE or miss signal entirely
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Bayesian model comparison shows confident
preference for correct model over any other
environment

10 g B Dark dress signal Accretion disk signal Grawta’flonal atom
1 O signal
Vacuum template 34 6 39
Dark dress template 3 39
Accretion disk template 17 33
Gravitational atom 54 5
template




List of additions: (signal)

Full parameter space to check for degeneracies with extrinsic parameters
Include spins, eccentricity (EMRI waveforms)

Include relativistic corrections

Improve modelling of environments

Check for degeneracies with other environments e.g. modifications to GR
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List of additions:

Deal with accretion disk more carefully, compare with GR deviation

Migration template (4 yrs)
Bl \Vacuum template (2 yI'S)
B GR deviation template (2 yrs)
------ 95%

a— 0.9

Speri et al. Phys.Rev.X 13 (2023) 2, 021035




List of additions:

Include relativistic effects (both vacuum + dark matter spike)
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List of additions:

Use full EMRI waveforms

e.g. Fast EMRI Waveforms (FEW)

Katz et al. Phys.Rev.D 104 (2021) 6, 064047

le—23

- Slow Model

-~ Template

L
-
=
' L L

le—-23

le—23

L
-
=
L L L
.
-~

L
=
4
' L '

le—23

5.
un
w +
ts 0
-5 -
5.
N
w +
ts 0
-5 -
5.
N
N +
s 0
_5.
5.
A4
<+
< 0
wn

-5 -

0.0000

21

0.0001
t (yrs)

0.0002

0.0006

t(yrs)

0.0007

+1.999




List of additions: (noise)
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Towards a realistic data analysis strategy

With James Alvey and Uddipta Bhardwaj

 Want to be able to flexibly add complexity to the signal and the noise models and
keep computational cost of parameter estimation under control

* Likelihood-based methods expensive for long duration signals (even when
analytical) - see Max Dax’s talk yesterday

p»PEREGRINE

23 Bhardwaj et al, Phys.Rev.D 108 (2023) 4, 042004




Towards a realistic data analysis strategy

With James Alvey and Uddipta Bhardwaj

PEREGRINE
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e Simulation-based inference package for GWs
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Characteristic strain

What about future ground-based detectors?
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?

What about future ground-based detectors

1 week should be enough!

% SNR loss

Einstein Telescope
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Conclusions

 We hope to measure the properties of environments around binaries with future GW
detectors

 We have an opportunity to learn about the nature of dark matter from IMRI gravitational
waveforms

* We can distinguish between environments and avoid confusion with, for example,
accretion disks

* Biased parameter reconstruction is possible if the wrong model is used

Current and future work
 More accurate waveforms required
e Account for more realistic noise

* Use simulation-based inference to show that this will be possible with real data
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degenerate

Beyond GR effects could also be

— PM4+GC

— PM-only
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Fit dark dress and GA with accretion disk
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o]\ LISA
Benchmark system ;
-§ 10 5 years
m; =10°My, m,=10M,  M.~400M, o
« Small mass ratio so that environment survives 6 10 /
 Masses are in the LISA band for 5 years + until ISCO 77 T e e 1o

f[Hz]

e Plausible formation mechanisms for all three environments
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Assuming we’ve detected a signal, can we measure the parameters?
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Vacuum signal
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Gravitational atom
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Accretion disc




