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1. Astrophysical Evidence for Cold Dark Matter

2

Strong evidence for cold dark matter (DM) on large scales 
(CMB, galaxy clusters, galaxy rotation curves)

Images: ESA, Wikipedia



1. Astrophysical Evidence for Cold Dark Matter

2

Strong evidence for cold dark matter (DM) on large scales 
(CMB, galaxy clusters, galaxy rotation curves)

DM on astrophysical sub-kpc scales less well measured

Microscopic models of DM have different astrophysical 
predictions; underlying particle/field still unknown

Images: ESA, Wikipedia



Dark Matter Properties & Models

3

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

DM Properties
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DM Properties

Thermal Freeze Out & WIMPs
Assume DM had “thermal history” similar to SM particles in 
the early Universe: in equilibrium when T > mDM

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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Dark Matter Candidates 10

FIG. 2 The comoving number density Y (left) and resulting thermal relic density (right) of a 100
GeV, P -wave annihilating dark matter particle as a function of temperature T (bottom) and time
t (top). The solid contour is for an annihilation cross section that yields the correct relic density,
and the shaded regions are for cross sections that di↵er by 10, 102, and 103 from this value. The
dashed contour is the number density of a particle that remains in thermal equilibrium.

Although mX does not enter ⌦X directly, in many theories it is the only mass scale that
determines the annihilation cross section. On dimensional grounds, then, the cross section
can be written

�Av = k
g
4

weak

16⇡2m
2

X

(1 or v2) , (8)

where the factor v2 is absent or present for S- or P -wave annihilation, respectively, and terms
higher-order in v have been neglected. The constant gweak ' 0.65 is the weak interaction
gauge coupling, and k parameterizes deviations from this estimate.

With this parametrization, given a choice of k, the relic density is determined as a function
of mX . The results are shown in Fig. 3. The width of the band comes from considering both
S- and P -wave annihilation, and from letting k vary from 1

2
to 2. We see that a particle that

makes up all of dark matter is predicted to have mass in the range mX ⇠ 100 GeV� 1 TeV;
a particle that makes up 10% of dark matter has mass mX ⇠ 30 GeV � 300 GeV. This is
the WIMP miracle: weak-scale particles make excellent dark matter candidates. We have
neglected many details here, and there are models for which k lies outside our illustrative
range, sometimes by as much as an order of magnitude or two. Nevertheless, the WIMP
miracle implies that many models of particle physics easily provide viable dark matter
candidates, and it is at present the strongest reason to expect that central problems in
particle physics and astrophysics may in fact be related. Note also that, for those who
find the aesthetic nature of the gauge hierarchy problem distasteful, the WIMP miracle

Averaged cross 
section needed is

J. Feng (2010)

<latexit sha1_base64="RDMHINr9AM5Ub4KklHuLpr8AAHQ="></latexit>

h�vi ⇠ 3⇥ 10�26cm3/s

In terms of mDM 
and coupling, g

<latexit sha1_base64="ZcfNET0uVqBRoj3ZX7QKcamOvUI="></latexit>

h�vi ⇠ g4

m2
DM

g ~ gweak and  
mDM ~ 100 GeV 
gives right cross 
section!  



WIMP Constrained Parameter Space

5WIMP not found and nearing neutrino floor
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Renaissance/Opportunity for Other Models
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Notes: not a comprehensive list of all DM models

50 orders of magnitude of fundamental particle masses

90 orders of magnitude of masses in total!

30

accurate statistical analysis (e.g. Bayesian model selection), especially in the case of a puta-
tive signature of new physics in the data. Clearly, this also requires to develop very accurate
GR waveforms.

IV. DARK MATTER AND PRIMORDIAL BHS

The fundamental nature of dark matter (DM) is one of the major unresolved questions in physics
and cosmology. Its presence is inferred from various observations, such as galaxy rotation curves,
gravitational lensing, galaxy cluster dynamics and CMB data (see Bertone and Hooper 2018;
Bertone et al. 2005a; Carr et al. 2016 for reviews). These observations constrain its behavior on
larger scales: DM must broadly behave as non relativistic, collisionless matter, with an average
density in galactic haloes of the order of ⇠ 0.1 M� pc

�3 (1 GeV cm
�3), low velocity dispersions

of order ⇠ 100 km s
�1, and it must be interacting weakly, if at all, with baryonic matter and with

itself. However, the physical properties of its constituents, in particular their individual masses
and spins, remain very poorly constrained.

Figure 2 Overview of key DM candidates (Bertone and Tait, 2018; Bertone et al., 2019; Giudice, 2017).
Currently excluded ranges of particle masses and DM fractions fDM are indicated in white. Parameter
regions where LISA observations may provide constraints are gray coloured. We see that the masses of DM
particle candidates remain currently very much unconstrained and that DM particles of any allowed mass
can make up any fraction (fDM  1) of the DM. Macroscopic DM candidates such as PBHs and ECOs are
constrained by current observations but may still constitute 100% of the DM in the range 10�16�10�11

M�.
Approximate regions where LISA can contribute to constraints are bracketed above and below the plot
with a brief description - see the text for more details.

This Section is concerned with models where the DM consists of or is formed from (in the case
of PBHs) some type of matter and not where the observed effects arise due to some modification
to gravity, such as e.g., Modified Newtonian Dynamics (MOND) (Sanders and McGaugh, 2002),
which is the topic of Section II. There are two broad categories of dark matter:

1. Particle dark matter, e.g. WIMPs or axions, where the problem of identification lies in
determining the mass, spin and fundamental interactions of the particle (or particles).

2. Macroscopic objects, e.g. primordial BHs (PBHs) or exotic compact objects (ECOs), where
the distributions of masses and spins, as well as the matter from which they formed, are key
aspects to be understood.

Nothing prevents DM from being a combination of several different components drawn from either
or both of these categories. Moreover, some models (e.g. axions), are naturally hybrids, where the
DM may primarily consist of unbound particles, but also form macroscopic gravitationally bound
structures such as boson stars in overdense regions. A further aspect of DM on which observations

FP WP: Arun+,  (2022)

10-38



Outline/Plan for This Talk
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1. Introduction and background (✓)


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


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

Will cover



Outline/Plan for This Talk

7

1. Introduction and background (✓)


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


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

Will cover

Will not cover

A. (Ultra-)light dark matter (see next talk)


B. Modified gravity (later today/tomorrow)


C. Exotic compact objects (yesterday)



2. Extreme/Intermediate Mass-Ratio Inspirals
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E/IMRIs+DM:
2

Compact 
Object

 Intermediate Mass
Black Hole

Dark Matter 'spike'

FIG. 1. Intermediate mass-ratio inspiral (IMRI) sys-
tem with a dark matter “spike.” A central intermediate-
mass black hole (IMBH) of mass m1 is orbited by a lighter
compact object m2 < m1 at an orbital radius r2. The IMBH
is also surrounded by a “spike” of dark matter with density
profile ⇢DM(r).

both the vacuum inspiral, and to the unphysical case of
a static DM halo. We demonstrate that the dephasing
of the gravitational waveform induced by dark matter is
smaller than previously assumed, but is still potentially
detectable by the LISA mission, which will have a peak
sensitivity at frequencies between 10�3 and 10�2 Hz [43].
It could thus provide a powerful diagnostic of the particle
nature of dark matter.

The paper is organized as follows: in Sec. II, we demon-
strate that the standard approach to the dephasing signal
induced by DM minispikes is likely to violate energy con-
servation; in Sec. III, we present N -body simulations to
validate our model for dynamical friction; in Sec. IV, we
present our prescription for evolving the phase space dis-
tribution of DM; in Sec. V, we use this prescription to
follow the evolution of the binary and the DM spike self-
consistently; finally, in Sec. VI, we discuss some caveats
of this work and possible implications for the detection of
such a DM spike in intermediate mass-ratio inspirals in
the future. We conclude in Sec. VII, and we have several
supplementary results in four appendices.

II. ENERGY BALANCE CONSIDERATIONS
FOR STATIC DARK MATTER HALOS

In this section, we describe the evolution of a system
composed of a central IMBH with a surrounding DM
spike and a lighter compact object (e.g. a neutron star)
orbiting around the IMBH and through its DM cloud.
This is illustrated in Fig. 1. We model the evolution of
this system using Newtonian gravity, and we include dis-

sipative e↵ects arising from dynamical friction and grav-
itational radiation. Following Eda et al. [28, 29], we ne-
glect any feedback on the DM halo in this section, and
we consider only circular orbits.

A. Notation for IMBH system and DM
distribution

We first define several notions of masses for the binary
and the DM distribution. We will denote the mass of
the IMBH by m1 and the mass of the small compact
object by m2. Other definitions of masses we will need
are M = m1 + m2, the total mass; q = m2/m1  1,
the mass ratio; µ = m1m2/M , the reduced mass; and
Mc = µ3/5M2/5, the chirp mass.

We assume that the IMBH is surrounded by a DM
spike, formed as the adiabatic growth of the black hole
enhances the central density of the host halo [19, 21, 44–
46]. The dark-matter distribution will be given by

⇢DM(r) =

⇢
⇢sp

� rsp
r

��sp rin  r  rsp
0. r < rin

, (2.1)

where r is the distance from the center of the IMBH. We
define the inner radius of the spike to be rin = 4Gm1/c2

following the results in [44]. We will not treat the DM
distribution at distances r > rsp. We also will not treat
rsp as a free parameter, but as determined by m1, ⇢sp
and �sp via

rsp ⇡


(3 � �sp)0.23��spm1

2⇡⇢sp

�1/3

. (2.2)

This assumes that rsp ⇡ 0.2rh, where rh is defined from

Z rh

rin

⇢DM(r)4⇡r2 dr = 2m1 , (2.3)

as in [29]. We can now compute the DM mass within a
distance r. The result is

menc(r) =

⇢
mDM(r) � mDM(rin) rin  r  rsp
0. r < rin

,

(2.4)
where

mDM(r) =
4⇡⇢spr

�sp
sp

3 � �sp
r3��sp . (2.5)

With this notation set, we can now more easily discuss
issues related to energy balance.

B. Gravitational potential energy of the DM
distribution

To compute the total potential energy in the distribu-
tion of DM, we determine the amount of work required

<latexit sha1_base64="oRFtra/FtVugye8xIwowF3o1+LQ=">AAAB/nicdVDLSsNAFJ34rPUVFVduBotQNyUpWttdURduhAr2AU0ok+mkHTrJhJmJUELAX3HjQhG3foc7/8ZJWkFFDwwczrmXe+Z4EaNSWdaHsbC4tLyyWlgrrm9sbm2bO7sdyWOBSRtzxkXPQ5IwGpK2ooqRXiQICjxGut7kIvO7d0RIysNbNY2IG6BRSH2KkdLSwNx3AqTG0k8cMeaD5PI6LYvjdGCWrIqlUavBjNh1y9ak0ahXqw1o55ZllcAcrYH57gw5jgMSKsyQlH3bipSbIKEoZiQtOrEkEcITNCJ9TUMUEOkmefwUHmllCH0u9AsVzNXvGwkKpJwGnp7Mw/72MvEvrx8rv+4mNIxiRUI8O+THDCoOsy7gkAqCFZtqgrCgOivEYyQQVrqxoi7h66fwf9KpVuxa5fTmpNQ8n9dRAAfgEJSBDc5AE1yBFmgDDBLwAJ7As3FvPBovxutsdMGY7+yBHzDePgGXlpXr</latexit>

⇢DM(r)

Supermassive or

1. S/IMBH w/ mass m1 

2. Secondary compact 

object (BH or NS), w/ 
mass m2


3. DM w/ density 𝜌DM(r) 
and enclosed mass w/
in r2: menc(r2)

Mass ratio
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q ⌘ m2/m1
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q 2 (10�2, 10�7)



E/IMRIs as a Spacetime Mapping Tool 
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“Ryan’s Theorem” (1994): SMBH metric can be mapped 
during an EMRI inspiral to test BH nature of primary

Possible b/c of ~104 - 106 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



E/IMRIs as a Spacetime Mapping Tool 
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“Ryan’s Theorem” (1994): SMBH metric can be mapped 
during an EMRI inspiral to test BH nature of primary

Possible b/c of ~104 - 106 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

1. Mass enclosed within orbit varies during inspiral

2. Mass accreted during inspiral makes mass time dependent

3. Dynamical friction transfers energy from orbit to dark 

matter distribution (more on this next)

With DM, 3 types of disruptions can occur:



Dynamical Friction (DF) in E/IMRIs
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DM speeds up inspiral from dynamical friction, b/c E/IMRI 
orbital energy transferred to DM binding energy

x

y

v2

Over-density

Dynamical friction (DF) 
S. Chandrasekhar (1943) 

effective gravitational 
drag from an over-
density in a wake 
formed as a body 
moves through DM

Coulomb logarithm 
depends on
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<latexit sha1_base64="Vu/2s0JRiv53XW4cOT00VgOQvg4="></latexit>

FDF ⇠
✓
Gm2

v2

◆2

⇢DM(r2; v < v2) log⇤
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DM GW Effects: Order of Magnitude
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Enclosed mass: frequency change via                           

See Barausse, Cardoso, Pani  (2014)
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Enclosed mass: frequency change via                           

See Barausse, Cardoso, Pani  (2014)

Mass accreted by secondary from r2: macc(r2)
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See Barausse, Cardoso, Pani  (2014)
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Largest effect from dynamical friction
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M ! M+menc(r2)
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Enclosed mass: frequency change via                           

See Barausse, Cardoso, Pani  (2014)

Mass accreted by secondary from r2: macc(r2)
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Largest effect from dynamical friction
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Conclusion: We can’t measure DM with I/EMRIs.                          
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BH BH

DM DM

BH slowly accretes matter

Changing potential redistributes DM

Initial density: Final density: 
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Spike growth can be inhibited by several processes:
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Off-center growth

Fast (non-adiabatic) growth

& other processes… P. Ullio+ (2001)

Changing potential redistributes DM

Initial density: Final density: 
<latexit sha1_base64="+sv6a48Ku3eqnj/y8PWxKqEOd80=">AAACAHicbVDLSsNAFJ34rPUVdeHCTbAILqQkxdey6MZlBfuAJJSb6aQdOpmEmYlQQjb+ihsXirj1M9z5N07TLLT1wIXDOfdy7z1BwqhUtv1tLC2vrK6tVzaqm1vbO7vm3n5HxqnApI1jFoteAJIwyklbUcVILxEEooCRbjC+nfrdRyIkjfmDmiTEj2DIaUgxKC31zUMvAjWSYeYBS0bgUe7aZw0/75s1u24XsBaJU5IaKtHqm1/eIMZpRLjCDKR0HTtRfgZCUcxIXvVSSRLAYxgSV1MOEZF+VjyQWydaGVhhLHRxZRXq74kMIiknUaA7i3Pnvan4n+emKrz2M8qTVBGOZ4vClFkqtqZpWAMqCFZsoglgQfWtFh6BAKx0ZlUdgjP/8iLpNOrOZf3i/rzWvCnjqKAjdIxOkYOuUBPdoRZqI4xy9Ixe0ZvxZLwY78bHrHXJKGcO0B8Ynz9tcZZN</latexit>

↵ 2 [0, 2]
<latexit sha1_base64="GLZSy7IBpAz1eVAxsoKpW7h0QcQ=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSBYSLIbEh9d0MYygnnA7hJmJ7PJkJnZZWZWCEtaG3/FxkIRW//Azr9xskmhiQcuHM65l3vvCWJGlbbtbyu3srq2vpHfLGxt7+zuFfcP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkEo5up33kgUtFI3OtxTHyOBoKGFCNtpF4RehzpoQpTb4A4R71UxROPCveqUjurV6r+pFcs2WU7A1wmzpyUwBzNXvHL60c44URozJBSrmPH2k+R1BQzMil4iSIxwiM0IK6hAnGi/DT7ZAJPjNKHYSRNCQ0z9fdEirhSYx6YzuzuRW8q/ue5iQ4v/ZSKONFE4NmiMGFQR3AaC+xTSbBmY0MQltTcCvEQSYS1Ca9gQnAWX14m7WrZOS/X72qlxvU8jjw4AsfgFDjgAjTALWiCFsDgETyDV/BmPVkv1rv1MWvNWfOZQ/AH1ucPs2GZrg==</latexit>

�sp 2 [9/4, 5/2]
<latexit sha1_base64="cx5DA6Pto2o/NBvHYSKhLtshIQI="></latexit>

⇢DM(r) = ⇢0
⇣ r0
r

⌘↵ <latexit sha1_base64="ldV6RXnUkfQhGZSV/hZc+0NhzB8="></latexit>

⇢DM(r) = ⇢sp
⇣ rsp

r

⌘�sp

Gondalo & Silk (1999)

Disk



Formation of a DM “Spike”

12

BH BH

DM DM

BH slowly accretes matter

Spike growth can be inhibited by several processes:

Galactic mergers

Off-center growth

Fast (non-adiabatic) growth

& other processes… P. Ullio+ (2001)

More likely to form for more isolated IMBHs (no major mergers)

                           and primordial (PBHs), if not all of DM 
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Contributions of menc (red) and DF (blue) to Ncycles 
6

FIG. 2. Variation in the GW cycles due to including relativis-
tic and Newtonian prescriptions for the DM and DF, compared
to the fully Newtonian description, as a function of the GW
frequency (bottom axis) and time to merger (top axis). The
relativistic correction to the DM spike induces larger dephas-
ings than the relativistic correction to the DF, however both
e�ects are important for MBH . 107M§. For MBH = 107M§
the relativistic contribution to the DF is negligible, and barely
visible in the plot.

TABLE II. The value of fl0 needed to produce 1 cycle of de-
phasing for multiple observation times and BH masses. As
the observation time increases, smaller values of fl0 are su�-
cient to have observable e�ects. Likewise, smaller BH masses
correspond to a larger number of observable GW cycles (cf.
Table III below): secular e�ects due to the DM are enhanced,
and again smaller values of fl0 can lead to observable e�ects.
fl0 [GeV/cm3] (107 + 50)M§ (106 + 50)M§ (105 + 50)M§

1 wk 7249 179 0.091
1 mo 103 1.8 0.00014
3 mo 4.9 0.037 9.4 ◊ 10≠7

6 mo 0.75 0.0025 3.9 ◊ 10≠8

1 yr 0.11 0.00015 4.6 ◊ 10≠9

IV. RESULTS

The number of GW cycles Ncycles is important for the
detectability of GW signals. The change in the gravi-
tational potential from DM, as well as the DF drag it
induces, will change the number of gravitational wave
cycles during the inspiral process. This allows us to gain
useful information about the DM through GW measure-
ments. As a rule of thumb, any modification leading to a
change in cycles �Ncycles > 1 is potentially detectable.

We start by asking some relevant questions. Are rela-
tivistic corrections to DF and the gravitational potential
important? How do they compare to each other? Do
they lead to �Ncycles > 1? We answer these questions
by estimating the number of cycles for three relativistic
prescriptions for the DM spike and DF. One model, de-

FIG. 3. Various contributions to Ncycles for a (105 + 100)M§
binary system, using both a relativistic DM spike and rela-
tivistic DF. The lower x-axis denotes the frequency at which
we start observing the system, and assumes that we track that
system all the way to the ISCO. The upper x-axis is the time
to merger. The e�ect of DM purely on the gravitational poten-
tial (the curves labelled RDM) is far less important than the
DF contribution (the curves labelled RDF). All DM-induced
e�ects are below the 2PN contribution, unless we are able
to observe the system for & 1yr, at which point the DF be-
comes dominant over 2PN contributions. As we increase the
observing time (moving to the left on the plot), the DF e�ect
becomes more and more important.

FIG. 4. Necessary observation time such that the DM+DF
e�ects become dominant over the 2PN contributions to the
dephasing cycles. The nominal (4-year) observation time
for the LISA mission, as well as a more optimistic 8-year
observation time, are reported as dashed horizontal lines. The
2PN crossings can occur for (105+ > 10)M§ systems for
realistic LISA observing timescales.

noted by “RDM + RDF”, includes relativistic corrections
in both the DM spike and the DF [i.e., we set ’ = 1
in ›(v) from Eq. (15)]. In a second model, denoted by
“RDM + NDF”, we turn o� the relativistic corrections to
the DF (i.e., we set ’ = 0). In the third and final model,
“NDM + RDF”, we turn o� relativistic corrections in the
spike (by employing the NFW Newtonian model from
Table I), but not in the DF. In all cases, we fix masses

N. Speeney+ (2022)
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accuracies of the DM parameters as we will discuss later would not be affected seriously by higher order terms
in the PN expansion.
Until the previous sections, we have included both the dynamical friction and the gravitational pull of the DM

mini-spike. It is easily shown that the dynamical effect has much more impact on the measurement accuracy of
the DM parameters than the DM mini-spike does [25], and the above expression indeed includes the dynamical
friction but not the gravitational pull of the DM mini-spike. In fact, within the approximation in this subsection
and the following, the gravitational potential of the DM mini-spike shows its signature only in the IMBH mass
redefinition (MBH → Meff in Mc in the above equations). We however note that even such a tiny effect as the
gravitational pull of the DM mini-spike do affect the detectability of GW thanks to the large number of the
GW cycles in the eLISA detection band [23].
It is important to note that the DM parameters appear only in α and cε and that they are contained in

the GW phase Φ̃ (f). We make use of the above equations to calculate measurement errors of the waveform
parameters in the next section. We also define the phase difference ∆Φ̃ (f) by

∆Φ̃ (f) ≡ Φ̃ (f)− Φ̃0 (f) , (29)

where Φ̃ (f) defined by Eq. (28c) is the phase including the DM effect and Φ̃0 (f) defined by Eq. (A15d) is
the phase without the DM effect. ∆Φ̃ (f) is shown in Fig. 1 which indicates that the phase difference becomes
significant for large α and for the large GW frequency f . This is because in this case, the DM density near the
central BH increases and the effect of the DM on the motion of the stellar mass object is significant. As we
discussed in our previous paper [23], the phase difference causes the mismatch between the waveform including
the DM effect and the waveform without the DM effect. The phase difference ∆Φ̃ (f) typically above 1 indicates
the necessity to use the waveform including the DM effect as a template. As can be seen in Fig. 1, if the template
without the DM effect is applied to the GW signal including the effect induced by the DM with α > 1.5, the
resulting S/N would degrade significantly.
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FIG. 1: The accumulated phase difference ∆Φ̃ against the power-law index α, defined by Eq. (29). In essence, this is
the difference between the accumulated phase from GW frequency f and the binary coalescence with and without the
DM mini-spike. Three different curves show ∆Φ̃ for three different values of α. For instance, if detecting a binary GW
from f = 0.01Hz to its coalescence, we would observe by a factor of 107 more GW cycles in the case with a α = 7/3 DM
mini-spike than without any. For this plot, we take µ = 1M! and ρsp, rsp, and MBH are as listed in the table I.

IV. PARAMETER RESOLUTION FOR ELISA

A. Brief review of the Fisher analysis

In this subsection, we give a brief review of parameter estimation (see [42, 43] for more details). Let us
consider detecting GWs with a single detector. The detector output s (t) can be written by the sum of the GW
signal h (t) and detector noise n (t):

s (t) = h (t) + n (t) . (30)

Assuming that the detector noise is stationary, the correlation between different Fourier components of the noise
is expressed as

〈ñ (f) ñ∗ (f ′)〉 = 1

2
δ (f − f ′)Sn (f) , (31)

~ 5 years to merger

DM distribution

adapted from K. Eda+, (2014)

Binary properties

“Dephasing” of binaries in vacuum vs. with DM 

Circular orbit
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FIG. 3: Confidence level contours of 68.3%, 95.4% and 99.7% for S/N = 10 in the case where the initial DM halo has
an NFW profile and the final profile has the radial power-law index of α = 7/3 through an adiabatic growth. We assume
ρsp, rsp, and MBH from the table I and µ = 1M!.
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FIG. 4: The relative errors of the parameters in the phase Φ̃ (f) versus (a) the central BH mass MBH and (b) the
stellar mass object mass µ for S/N = 10 and α = 7/3. For this plot, ρsp and rsp are taken from the table I. The other
parameter is fixed to be µ = 1M! in the left and MBH = 103M! in the right, respectively. Note that the both axes are
in the logarithmic scales. The solid line, the dashed line, the dashed-dotted line correspond to ∆α/α,∆cε/cε,∆Mc/Mc

respectively.
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Total binding energy of spike: 

Energy dissipated through DF as the 
m2 inspirals from rsp to rISCO: 
For a wide range of binaries and DM 
spikes, 
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Evolve density via phase-space distribution of DM,
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Assume spherical symmetry, and f evolves on timescales longer 
than orbital time Torb via the prescription
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Evolve simultaneously with the binary’s orbital separation

 B.J. Kavanagh, D.A.N.+ (2020)
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FIG. 11. Evolution of the DM mini-spike profile. The
solid lines refer to the system at the end of the inspiral, while
the dashed lines correspond to the initial, unperturbed config-
uration. Blue lines: total density profile. Red lines: density
profiles associated to the particles slower than the circular
speed vorb(r) for each r. The ‘bump’ at r & 3 ⇥ 10�8 pc is an
artifact of starting the compact object at this radius.

�sp = 7/3 = 2.333 . . . ⌘ 2.3. We notice that, after
the inspiral, the DM density at each radius is altered
at most by a factor of 2 with respect to the initial config-
uration (for a compact object that begins its inspiral at
r2 ⇡ 3 ⇥ 10�8 pc). This is because particles which scat-
ter with the orbiting compact object are typically not
completely unbound from the system but rather increase
their average radius slightly. Thus, as the compact ob-
ject inspirals, it depletes particles at its current radius,
partially replenishing particles which were previously de-
pleted further out. At small radii, the density profile is
largerly unperturbed, as GW emission (and not dynam-
ical friction) becomes the dominant energy loss mecha-
nism here. While we have seen that feedback of the DM
spike can have a dramatic impact on the dephasing sig-
nal, this does not mean that the spike is destroyed in
the process. These results suggest that the DM overden-
sity may survive the inspiral with only a small amount
of depletion overall. We expect also that the imprint of
the inspiral on the DM spike will be too small an e↵ect
(and occur on too small an angular scale) to measure by
other means (e.g. dynamically or with multiwavelength
electromagnetic observations).

VI. DISCUSSION

In this section, we discuss a number of caveats to the
calculations we have performed. We suggest a number
of avenues for improvements in the future as well as the
prospects for detecting the e↵ects of dark matter on the
gravitational waveform.

A. Halo relaxation

Thus far, we have assumed that the DM halo is dis-
rupted by the orbiting compact object and does not
evolve further. We now consider processes which may
replenish the depleted halo. One possibility is that DM
particles may di↵use in energy through small-angle scat-
tering with each other, ultimately refilling the depleted
regions. Following Refs. [59, 60], the relaxation time as-
sociated with this process scales as

trelax ⇠
�v

3

G2m2

DM
nDM

⇡
m3/2

1

G1/2⇢DMmDMr3/2
,

(6.1)

where the DM velocity dispersion is approximately �2
v ⇡

Gm1/r. For a 100 GeV DM particle, we find trelax & 1070

years for the systems we consider here.
We may also worry about DM scattering with the com-

pact object and losing energy, thereby replenishing the
depleted regions of phase space. This process is only pos-
sible for DM particle moving more quickly than the or-
biting object and would lead to a net “cooling” for these
particles [47, p. 582]. However, this process is suppressed
with respect to the “heating” process we have considered
here by a factor mDM/m2 and can therefore be neglected.
Without external perturbations, then, the disruption of
the halo caused by the compact object should persist on
timescales much longer than the inspiral time.

B. Spherical Symmetry

In Sec. IV, we relied on a description of the DM halo as
spherically symmetric and isotropic. However, the binary
is not spherically symmetric so we eventually expect this
description to break down.

One possible issue is that the compact object scatters
with particles in the DM spike only within a torus along
its orbit (see Fig. 7). Thus, energy is not injected into the
halo in a spherically symmetric way. Of course, particles
in the DM halo are not static; particles are on orbits
which are (in general) inclined with respect to the orbital
plane of the binary. Thus, energy injected in the plane of
the orbit will be redistributed throughout the DM halo
naturally through the dynamics of the system.

More concerning is the fact that the binary will inject
angular momentum into the halo, just as it injects en-
ergy. On average, the scattered particles gain angular
momentum and the halo begins to co-rotate with the bi-
nary. We can estimate how rapidly the halo is spun-up
by calculating the typical change in the specific angular
momentum of a DM particle h�Li each time it scatters.
Comparing the torque on the compact object with the
number of DM particles which scatter in a single orbit,
we obtain:

h�Li = 4 log ⇤m2

r
Gr2
m1

. (6.2)

 B. J. Kavanagh, D.A.N.+ (2020)
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FIG. 3. The phase di↵erence by accretion with di↵erent
central IMBH. We take µ0 = 10M�, ⇢sp = 226M�/pc

3,
rsp = 0.54pc.In figure(a) MBH = 103M� and fc = 0.1Hz,
in figure(b) MBH = 104M� and fc = 0.1Hz, in figure(c)
MBH = 105M� and fc = fISCO.

IV. SUMMARY AND CONCLUSIONS

In this paper we study the GW of an intermediate-
mass-ratio inspirals with a central IMBH in a DM min-
ispike analytically and numerically. As the accretion in

FIG. 4. The proportion of phase di↵erence caused by ac-
cretion to total dephasing. Curves for di↵erent ↵ overlap
in panels (b, c). We take µ0 = 10M�, ⇢sp = 226M�/pc

3,
rsp = 0.54pc. In figure(a) MBH = 103M� and fc = 0.1Hz,
in figure(b) MBH = 104M� and fc = 0.1Hz, in figure(c)
MBH = 105M� and fc = fISCO

the DM minispike is inevitable, we calculated the GW
waveform of this system with a consideration of the com-
bined e↵ect of gravitational pull, dynamical friction and
accretion. Employing the power law model of the min-
ispike in[22], we derived the GW waveform equations.
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DM Accretion: Formalism & Static Dephasing

23 X.J. Yue & W.-B. Han (2017)

If m2 a BH, captures DM with cross section


Speeds up inspiral (m2 increases); 1PN order weaker than DF

5 yrs to merger

DM distribution
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SA: “secondary” accretion w/ feedback

DF & SA: Both kids of feedback
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impact on final density
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Form in the early universe if curvature perturbations are 
O(1); form rapidly after modes re-enter the horizon

N.b.: Slow-roll inflation produces perturbations of O(10-4), as 
inferred from the CMB, on much larger scales

PBH mass when forms: mPBH ~ 1015 g (tform/10-23 s)
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FIG. 4. Some of the key constraints on fPBH showing which types of constraints are most

important over a wide range of mass scales. Figure from [2], made with data from [9].

A. Constraints on the primordial power spectrum

In this section we will briefly summarise the primary alternative methods to

constraining the power spectrum amplitude. On scales larger than about a Mpc,

k . Mpc�1, observations of the CMB and LSS have provided an accurate measurement

of the amplitude. Over a huge range of smaller scales, PBHs provide a weaker

constraint as discussed in section VB.

1. Spectral distortions

The early universe before recombination was in thermal equilibrium, and therefore

the CMB photons follow a black body distribution. Confirmation of this fact by the

COBE FIRAS instrument was a very important piece of evidence in favour of the Big

Bang theory. However, the damping of large amplitude density perturbations during

certain redshifts/temperatures would act as an energy injection into the baryon-photon

fPBH: fraction 
of DM that 
could be PBHs

“Asteroid-mass 
window” no 
direct PBH 
constraints 

Byrnes & Cole (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 (mPBH/1012 Msun)1/2

Many predictions for SGWB spectra see G. Domènech (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 (mPBH/1012 Msun)1/2

Many predictions for SGWB spectra see G. Domènech (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) MPBH < Msun 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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FDF ⇠ ⇢DM/v
2

More precisely 
𝜌DM in FDF is 
density of 
particles moving 
more slowly than 
m2, not the 
density of all 
particles 
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Parameter Astrophysical Primordial

m1 [M�] 103 103

m2 [M�] 1.4 1.4

⇢6 [1015 M�/pc3] 5.448 5.345

⇢sp [M�/pc3] 226 1.798 ⇥ 104

�sp 7/3 = 2.3 9/4 = 2.25

DL [Mpc] 76 76

mDM(< 10�6 pc) [M�] 0.102 0.090

TABLE I. The dark dress benchmarks whose discover-
ability and measurability we study. The rows indicate
the black hole masses (defined in the detector frame), initial
dark matter halo parameters, luminosity distance and amount
of dark matter contained within 10�6 pc. Assuming a Planck
cosmology, the redshift of the systems is 0.017.

VI. RESULTS

Our analysis of the detectability, discoverability and
measurability of dark dresses focuses on the astrophysi-
cal and primordial black hole benchmarks introduced in
Section II, whose parameters are given in Table I. Their
masses are defined in the detector frame, and thus re-
lated to the source-frame ones through the redshift via
mdet = msrc(1+z). We assume LISA measures their sig-
nals for five years before the coalescence. This is slightly
longer than the nominal mission lifetime of four years but
well within the total potential lifetime of ten years [15].

The prior impacts the Bayes factor calculation by
changing the parameter space volume and a↵ects the pos-
teriors when they impinge on the prior boundary. For the
prior on �sp we use a uniform distribution U(2.25, 2.5).
This is the parameter range expected for an astrophysi-
cal dark dress that formed in a DM halo with an initial
slope 0  ↵  2, roughly the values consistent with
simulations (see Section II). We also used this range
to calibrate our waveform model. We use a uniform
prior U(0, 2.88 ⇥ 1018 M�/pc3) on ⇢6, which amply cov-
ers the benchmark values and the possibility that the
system formed in a substantially denser dark matter en-
vironment than expected. The prior on log10 q is set to
U(�3.5, �2.5), corresponding to the range of mass ratios
for which we can reliably model the DM halo’s evolution
and extract the frequency scale fb. Lastly, for the dark
dress and vacuum systems we use the same uniform prior
on the chirp mass. We take the prior broad enough to
encompass the posterior in the M direction; the precise
range does not matter, because it cancels in the dark-
dress to GR-in-vacuum evidence ratio in the Bayes fac-
tor.12

We start by assessing detectability. The signal-to-noise
ratio (SNR) of a vacuum binary is plotted in Fig. 5 as

101 102 103

 [M ]

100

101
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104
 [M
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]

15

FIG. 5. Detectability: signal-to-noise ratios for a vac-
uum binary as a function of chirp mass and luminosity
distance. The solid red contour highlights a reasonable de-
tection threshold for IMRIs [75]. The chirp mass and distance
of the benchmarks we analyze are indicated by the dashed red
lines. As explained in the text, including the e↵ects of the
dark dress does not significantly impact this plot.

a function of chirp mass and distance. Since the de-
phasing of a dark dress is quite small relative to its to-
tal phase, we found its SNR is very well approximated
by the corresponding system without dark matter. In
contrast, when the evolution of the dark matter halo
is neglected, the SNR falls o↵ steeply for large ⇢6 and
�sp. This is because the amplitude of the strain scales
as A / �̈�1/2

/ [df/dt ]�1/2 [cf. Eqs. (B6) to (B8)].
Since the dynamical friction e↵ect is significantly larger
for a static dress than a dynamical one, the frequency
increases more rapidly with time, leading to a smaller
amplitude and consequentially a smaller SNR.

Dark dresses out to ⇠ 75 Mpc with chirp masses above
⇠ 16 M� would be detectable by LISA. While we as-
sume a five-year observing window immediately preced-
ing merger, heavier systems are detectable at this dis-
tance even earlier in their inspirals. For example, a sys-
tem with component masses 105 M� and 100 M� would
have SNR higher than 15 if observed during any five year
window within 100 yr of coalescence. Additionally this
detection horizon easily encompasses the Virgo Super-
cluster and the larger Laniakea Supercluster [88], which
contains ⇠ 1017 M� of matter. This suggests ample op-

12
Nested sampling is slow to converge when the prior is much wider

than the posterior [86]. Since we use uniform priors, when nec-

essary we adopt narrow priors to carry out nested sampling that

enclose the posterior’s support and subsequently rescale the evi-

dence. A rough estimate of the posterior’s support was obtained

using the Markov Chain Monte Carlo sampler emcee [87].

Signal-to-noise (S/N) and detection range

32

Require S/N of 15 for detection to avoid look elsewhere effects

A. Coogan + (2022)


