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— Strong evidence for cold dark matter (DM) on large scales

(CMB, galaxy clusters, galaxy rotation curves)
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— DM on astrophysical sub-kpc scales less well measured
— Microscopic models of DM have different astrophysical

predictions; underlying particle/field still unknown



- DM should be: stable (seen today and in CMB), cold (not

re

ativistic), & weakly interacting (e.g., no/minimal charge)

~ Planck+BAO: DM is 26.8% of the “mass-energy budget”
~ No standard model (SM) particle can explain DM

~ Without further assumptions/models can't say much else



> DM should be: stable (seen today and in CMB), cold (not
relativistic), & weakly interacting (e.g., no/minimal charge)
~ Planck+BAO: DM is 26.8% of the “mass-energy budget”

~ No standard model (SM) particle can explain DM

~ Without further assumptions/models can't say much else

~ Assume DM had “thermal history” similar to SM particles in

the early Universe: in equilibrium when T > mpwm

> Universe expands & cools, DM not produced, annihilates
until too dilute to interact, and then “freezes out”

~ What cross section needed to get 26.8% of energy budget?



WIMP “Miracle” (or Coincidence)
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J. Feng (2010)



WIMP Constrained Parameter Space
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Renaissance/Opportunity for Other Models

EMRI dephasing
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PBHs evaporate on cosmological timescales
PBHs or ECOs

10712 1072 108 1018 1028
particle masses eV/c? FP WP: Arun+, (2022)




1. Introduction and background (v')

2. “Heavy" particle dark matter (main focus)

3. Primordial black holes (PBHs) (briefly; see cosmo talks)



Introduction and background (¥')
“Heavy" particle dark matter (main focus)

Primordial black holes (PBHSs) (briefly; see cosmo talks)

. (Ultra-)light dark matter (see next talk)
. Modified gravity (later today/tomorrow)

. Exotic compact objects (yesterday)



2. Extreme/Intermediate Mass-Ratio Inspirals

Dark Matter 'spike'

pom ()




~ "Ryan's Theorem” (1994): SMBH metric can be mapped
during an EMRI inspiral to test BH nature of primary

- Possible b/c of ~104 - 10° orbits in inspiral in LISA band
allows for precise GW measurement of BH geometry

~ Conversely, even “environmental” effects could disrupt this

mapping and reveal info about environs + metric



~ "Ryan's Theorem” (1994): SMBH metric can be mapped
during an EMRI inspiral to test BH nature of primary

- Possible b/c of ~104 - 10° orbits in inspiral in LISA band
allows for precise GW measurement of BH geometry

~ Conversely, even “environmental” effects could disrupt this

mapping and reveal info about environs + metric

- With DM, 3 types of disruptions can occur:

Mass enclosed within orbit varies during inspiral

Mass accreted during inspiral makes mass time dependent
Dynamical friction transfers energy from orbit to dark

matter distribution (more on this next)



— DM speeds up inspiral from dynamical friction, b/c E/IMRI

y

orbital energy transferred to DM binding energy

— Dynamical friction (DF)

Normalized

Density S. Chandrasekhar (1943)

Increase

effective gravitational
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~ Enclosed mass: frequency change via M — M + Menc(r2)

menc(r2> - 10—18 mi ° o ’ PDM
m+y ].OGI\/I@ 100m1 1O3|\/|@/pc3

See Barausse, Cardoso, Pani (2014)
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~ Enclosed mass: frequency change via M — M + Menc(r2)

menc(r2> - 10—18 mi ° o ’ PDM
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~ Mass accreted by secondary from ra: macc(r2)
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m3 oMo, ) \ 100m, 103M, /pc3

See Barausse, Cardoso, Pani (2014)
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~ Enclosed mass: frequency change via M — M + Menc(r2)

menc(r2> - 10—18 mi ° o ’ PDM
m+y ].OGI\/I@ 100m1 1O3|\/|@/pc3

~ Mass accreted by secondary from ra: macc(r2)

1/2
macc(r2) _ 10_20 moy o PDM
m3 oMo, ) \ 100m, 103M, /pc3

~ Largest effect from dynamical friction

EDF m; 2 - 11/2 DM
EGW 10 M@ 100m1 10 M@/pC

~ Conclusion: We can’t measure DM with | /EMRIs.
See Barausse, Cardoso, Pani (2014) 11




BH slowly accretes matter

Changing potential redistributes DM
Gondalo & Silk (1999)
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BH slowly accretes matter

Initial density: a € |0, 2]
ro

Changing potential redistributes DM ‘

Gondalo & Silk (1999)

Final density: vsp € [9/4,5/2]

pou() =0 () ———— poua(r) = pp () "
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BH slowly accretes matter ‘
@
Changing potential redistributes DM
Gondalo & Silk (1999)
Initial density: Q © [0,2] Final density: Vsp - [9/475/2]

ro @ r Ysp
S —_— # _
pom(r) = po ( r ) oom(r) = pes (_jp)

Spike growth can be inhibited by several processes:

~ Galactic mergers ~ Fast (non-adiabatic) growth

~ Off-center growth ~ & other processes... P. Ullio+ (2001)
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BH slowly accretes matter
. o
Changing potential redistributes DM
Gondalo & Silk (1999)
Initial density: Q © [0,2] Final density: Vsp - [9/475/2]

ro @ r Ysp
S —_— # _
pom(r) = po ( r ) oom(r) = pes (_ip)

Spike growth can be inhibited by several processes:

~ Galactic mergers ~ Fast (non-adiabatic) growth

~ Off-center growth ~ & other processes... P. Ullio+ (2001)

More likely to form for more isolated IMBHs (no major mergers)
Mgh € [10°,10°]My and primordial (PBHs), if not all of DM
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Static DM Distributions around EMRIs

Ayt lyr 6mo 3mo 2mo Imo

Tchirf)’ | — Py = O.3G6V/ cm® — PO = O-SGGV/ cm”

----- - pp = 0.5GeV/em®  --e py = 0.5GeV /em?® |

--- pp= O.lGe\//cm3 -=-= pp = O.lGe\//cm3 |

- Mgy = 10° Mg, m = 100Mo, a = 20kpc]
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Static DM Distributions around IMRIs

0.1

Frequency f[HZz]
adapted from K. Eda+, (2014)




Static DM Distributions
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— Total binding energy of spike: AUpm(rsp)
— Energy dissipated through DF as the

my inspirals from rs, to nisco: AEpr(rsp)
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Energy Balance: Static DM Spike

m=1.4%x103My, my=1.4My m;=1.4%x10*My, my=1.4Mg5 m;=1.4%x10°My, my, =1.4M ¢
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- Evolve density via phase-space distribution of DM, f(&)

pour) = [ (e
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- Evolve density via phase-space distribution of DM, f(&)
,0D|\/|(r) — /d3Vf(5)

~ Assume spherical symmetry, and f evolves on timescales longer
than orbital time T via the prescription

of (&)
ot

= /de{—[Rate—density of particles w/& scattering to &£ + €]

+[Rate-density of particles w/& + € scattering to £|}
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- Evolve density via phase-space distribution of DM, f(&)
,0D|\/|(r) — /d3Vf(5)

~ Assume spherical symmetry, and f evolves on timescales longer
than orbital time T via the prescription

of (&)
ot

= /de{—[Rate—density of particles w/& scattering to &£ + €]

+[Rate-density of particles w/& + € scattering to £|}

~ Evolve simultaneously with the binary's orbital separation

of

I.’Q :Fr rz,/d3Vf(5) a :Ff rz,f(E),/de(S)

B.J. Kavanagh, D.A.N.+ (2020) 17




DM and binary co-evolution

my = 103 M,
my = 1 Mg,

Yp =T7/3

t = —462.95 years [

all particles [

5 years to merger ,
|
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http://tinyurl.com/GW4DM
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http://tinyurl.com/GW4DM

DM Initial and Final Density

Unperturbed
Unperturbed, v < vy
—— After inspiral
—— After inspiral, v < vy
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Dynamic DM Distributions: Dephasing
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Dephasing with DM feedback

10 1073 10°2 10°!
P6 [1016 Mg pC_3] A. Coogan + (2022)




ps [10'6 M, pe ]

vy = 2.3475%

M [M ] = 19.389+0.007

logipq = _2’79J:8:§2

— Perform
parameter

estimation with

p6, ysp, |Og10q ’

and chirp mass

— Measure power
law to a few
percent and
density to a few

10s of percent

A. Coogan + (2022)
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DM Accretion: Formalism & Static Dephasing
-

i 5 yrs
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. Yue & W.-B. Han (2017) {f[HZz]
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— Mass captured by
m> during inspiral:

n1acc(r2j)

— DM mass within ry;:

nqenc(r2j)
— If similar, should

evolve DM density
due to accretion

24
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Excess Accreted Mass

Static
Dynamic




Accreted Mass and Accretion Feedback

D.A.N., B. Wade—+ (in prep)

- == Static
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Impact of DM Accretion in E/IMRIs

Initial

DF only
SA only
DF and SA

1079 108 1077

. .——DFTDFST
D.AN., B. Wade+ (in prep) 7 [DC] ~Mass ratio () AN_ e

10—2 5 x 107
3 x 1072 8 x 102
10—3 5 x 102
3x 1073 2 x 102
10~4 2 x 102




~ Form in the early universe if curvature perturbations are

O(1); form rapidly after modes re-enter the horizon

> N.b.: S

inferrec

ow-roll inflation produces perturbations of O(10-4), as

from the CMB, on much larger scales

~ PBH mass when forms: mpgy ~ 1015 g (tform/10-23 s)
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Primordial BHs (PHBSs): Introduction

Evaporation

Microlensing

CMB accretion

1017 10%2 10%

Byrnes & Cole (2021) MpgH |g]




— If large curvature perts to generate PBHs, then will also
generate a nonlinear, “scalar-induced” GW background

~ GW frequency is set by scale at horizon re-entry as w/ PBHs
- Astroid mass PBHs correspond to mHz GWs, where LISA
most sensitive: fpeak ~ 3mHz (mpgH/1012 Mgyn)1/2

~ Many predictions for SGWB spectra see G. Domenech (2021)
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— If large curvature perts to generate PBHs, then will also
generate a nonlinear, “scalar-induced” GW background

~ GW frequency is set by scale at horizon re-entry as w/ PBHs
- Astroid mass PBHs correspond to mHz GWs, where LISA
most sensitive: fpeak ~ 3mHz (mpgH/1012 Mgyn)1/2

~ Many predictions for SGWB spectra see G. Domenech (2021)

— If LISA measures a merger at high z, also could be PBHs
(hard to explain such a large BH early in cosmic history)
- BBH merger with mass(es) Mpgy < Mgun compelling for

PBH, but too low mass for LISA to measure
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~ LISA can be used to study the dark-matter environment of S/
IMBHs if sufficiently high densities of dark matter are present

- E/IMRIs require careful relativistic modeling of binary and

DM environment; IMRIs require evolving binary and DM as a

coupled system

~ Many open areas to be investigated: rates of E/IMRI mergers
with dark matter spikes, improved and more rapid waveform
modeling, developing search and parameter estimation

pipelines, DM microphysics (and other points for discussion...)

~ Thank you / mange tak!
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Extras



DM evolution on short times

0 orbits
10000 orbits -
20000 orbits |
30000 orbits
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Signal-to-noise (S/N) and detection range
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