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Motivation D M G W

» Can we detect dark matter on smaller scales through
Gravitational Wave observations?

» There might be dark matter spikes around Intermediate
Mass Black Holes

— Test inspiral of small objects inside dark matter

» This could be observable with the Laser Interferometer
Space Antenna (LISA) over several years!
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Intermediate Mass Black Holes
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https://www.nasa.gov/jpl/nustar/pia18842

Dark Matter
Modified Gravity
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IMBH Population D/M G Wi

» We know they are produced through binary mergers

» There are candidate objects from X-ray observations and
kinematic considerations
» Possible alternative origins

-> Pop lll stars,
- direct gas cloud collapse
- Primoridial Black Holes

» We need SMBH seeds
» James Webb Space Telescope might reveal population(s)
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Adiabatic Growth

» Slow Accretion — slow potential
change

» Adiabatic Approximation —
Conserved Quantities

» Concentrates Dark Matter

» Assumes "calm" neighborhood and
no mergers

- Not expected around SMBH in
AGN
- Maybe around IMBH
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Dark Matter Spike
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» Assume simple power law [1]
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» Different dark matter
models/history can give
different power laws

» NFW—Spike: agpike = 7/3 . . ,
> PBH—Spike: asSF)Fi’Lee: 9/4 Spike for an |n|'t|ally Hernquist
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[1] A. Coogan, G. Bertone, D. Gaggero, B. J. Kavanagh and D. A. Nichols, Measuring the dark matter environments of

black hole binaries with gravitational waves, 2108.04154
[2] L. Sadeghian, F. Ferrer and C. M. Will, Dark matter distributions around massive black holes: A general relativistic

analysis, Phys. Rev. D 88 (2013) 063522, [1305.2619]
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Intermediate Mass Ratio Inspirals
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Intermediate Mass Ratio
Inspiral
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Keplerian orbit

Parameters:
Semimajor axis a, Eccentricity e

my ~ My < my ~ 10% — 10° M,

— Energy & angular momentum:

mymy
2a
L5, =mp®a(l — €%

Eorb =



Da an

Inspiral D/ M| G |W/zs

» Quasiadiabatic Inspiral

» Two timescales:
orbital and secular

» Dissipative forces cause inspiral
» Allows simple modeling

_Eorb :ng + Edf + Eacc
_Lorb :ng + Ldf + Lacc

Darlk Matter Halo
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Dynamical Friction DIM|G (W i
» Energy loss through dynamical 10
friction[3]
Fa(r,v) =

» £(v) accounts for DM particles
moving slower than the
secondary object

47t m3 pgm(r)é(v)In A
v2 0

@

-10
» The halo is assumed to be static P T S
» Can be modified for different DM Density wake induced by
models moving object [4]

[3] B. J. Kavanagh, D. A. Nichols, G. Bertone and D. Gaggero, Detecting dark matter around black holes with gravitational
waves: Effects of dark-matter dynamics on the gravitational waveform, Phys. Rev. D 102 (2020) 083006, [2002.12811]

[4] J. Binney and S. Tremaine, Galactic dynamics. 1987
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Gravitational Wave Signal

DM GW

» Eccentric system emits at harmonics n of orbital

frequency f = /3

» Most prominent for e < 1is n = 2, changes for higher e
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[5] B. Moore, T. Robson, N. Loutrel and N. Yunes, Towards a Fourier domain waveform for non-spinning binaries with

arbitrary eccentricity, Class. Quant. Grav. 35 (2018) 235006, [1807.07163]
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Dark Matter

LISA Sensitivity DIM|G |W | e

Gravitational Wave Detectors and Sources

Robert Cole and Christopher Berry, Gravitational Wave Group Institute of Astronomy,
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Observable Effects
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» The inclusion of DM effects changes the inspiral
» Observed number of cycles is given by

tr
N (te, t)) = n/ f(t)dt.
t

i

» The difference with the DM is
AN(”)(t) = N\Sgc):uum(to t) - Ng;\z(tc, t)
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Dephasing
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Mass Ratio

Dark Matter
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Dark Ma
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Gravitat

Circularization

» Dynamical Friction
circularizes the orbit [6]

Vacuul

N T g = 1/3
> depends on the power law £ e = 974
indeX % T Qg = 7/4
de e :
da ~ 2a °P*¢

0 23 a0 7h 100
semimajor axis / Tiseo

[6] N. Becker, L. Sagunski, L. Prinz and S. Rastgoo [2112.09586]
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Conclusions DIM/G W/

» If these spikes exist, we should see their effect with LISA
» Dephasing & circularization can tease out DM distribution

- Reveal the particle nature of DM
- Reveal history of DM & IMBH population
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Thank you for your attention!
Questions?

nbecker@itp.uni-frankfurt.de
See also [6]

[6] N. Becker, L. Sagunski, L. Prinz and S. Rastgoo, Circularization versus eccentrification
in intermediate mass ratio inspirals inside dark matter spikes, Phys. Rev. D 105 (2022)
063029, [2112.09586]
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Gravitational Waves DMGW

» Energy & angular momentum
loss on Keplerian orbit [7]

(dEﬂ> _ £M2m31+ B2 | 378
dt 5 a5  (1—e?)7/2
(lowy __ 32uPm?/? 1+ get

Credit: NASA

[7] M. Maggiore, Gravitational Waves. Vol. 1: Theory and Experiments. Oxford Master Series in Physics. Oxford
University Press, 2007
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Event Rate D M| G |W e

» IMBH population and origin not well understood
— IMRI rate very difficult to estimate!
» For IMBH in Globular Clusters the event rate is estimated
tobe > 1 - 10Gpc—3yrtatz=0]8]
» For IMBH from PBH we can expect 10° of mass 103M,, [9]
—— Merger formation unknown

» JWST will shed light on SMBH formation and IMBH
history

[8] G. Fragione, |. Ginsburg and B. Kocsis, Gravitational Waves and Intermediate-mass Black Hole Retention in Globular
Clusters, Astrophys. J. 856 (2018) 92, [1711.00483]

[9] P. D. Serpico, V. Poulin, D. Inman and K. Kohri, Cosmic microwave background bounds on primordial black holes
including dark matter halo accretion, Phys. Rev. Res. 2 (2020) 023204, [2002.10771]
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Inclusion of ¢(v)

p(r)é(v) = 4r /OV V2F(W(r) — %V'Z)dv' with W(r) = -

Dynamical friction force and energy loss over one eccentric orbit

X101

dynamical friction force
/
K

— dEjte/dt
ajy

energy loss

0 1 2 3 I 3 [
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Inclusion of ¢(v) D/ M|G W/

Equations

» [10] predicted
eccentrification
through dynamical
friction o

» The inclusion of " S =
¢(v) completely remiatus fecum p
eliminates that The evolution of the eccentricity e as a

~, Eccentricity not a function of sgmilatus rectum p. The .red,
good marker for DM blue, green lines correspond to a spike
spikes power law index of agpike = {1.5,2,7/3}.

eccentricity

[10] X.-J. Yue and Z. Cao, Dark matter minispike: A significant enhancement of eccentricity for intermediate-mass-ratio
inspirals, Phys. Rev. D 100 (2019) 043013, [1908.10241]
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Eccentrification Conditions DIMIG Wi

» Why does the inclusion of ¢(v) result in circularization?
» Consider the equation for e

de 1—¢€? dEorb
. = Eor
dt e /Eors +

dLorb

/Lorb

N

» Look at X for a single force F(r, v)

X = 2(1—_62)/027r d¢(1+ecos¢) 2F(r,v) <a_v _ l)

U 2T m v
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Eccentrification Conditions DM/ G Wi

» Assume simple form for F(r, v) oc r*vF
e

sgn(X) ~ 5

(-1+B-0q)

» Fora < B —1, X > 0 and the force circularizes the orbit
» For a > B — 1 the force eccentrifies the orbit
— Thus we have for our forces

Fgw o< r~*v1(11r72 + v?) — circularization
2 — eccentrification if agpixe < 3
Ferle(v)ocvs O 1~ %spikey — circularization

Face 0c reike(1 4+ v?)  — circularization.
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Farle(vy=1 oc r=epikey ™
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Questions?
Thank you for your attention!

Niklas Becker, Laura Sagunski, Saeed Rastgoo, Lukas
Prinz
nbecker@itp.uni-frankfurt.de
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