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Astrophysical Evidence for Cold Dark Matter
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Strong evidence for cold dark matter (DM) on large scales 
(CMB, large scale structure, galaxy rotation curves)

DM on astrophysical sub-pc scales less constrained 
What is predicted on such scales, and how can these 
predictions be tested? 

Images: ESA



DM “Over-densities” around Black Holes (BHs) 
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Ultralight Dark Matter

R. Brito+ (2015)

[D. Blas, yesterday]

BH BH

DM DM

BH accretes mass adiabatically

Gondolo & Silk (1999)

Cold, Particle Dark Matter
[this talk]



Formation of a DM “Spike”
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BH BH

DM DM

BH slowly accretes matter

Initial density: Final density: 

⇢DM(r) = ⇢sp
⇣ rsp

r

⌘�sp
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⇢DM(r) = ⇢0
⇣ r0
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�sp 2 [9/4, 5/2]

Spike power law can be decreased by several processes:

Galactic mergers 
Off-center growth

Fast (non-adiabatic) growth 
Baryonic processes P. Ullio+ (2001)

Processes less likely to occur for intermediate-mass BHs (IMBHs) 
                           and primordial (PBHs) 
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Changing potential redistributes DM



Gravitational waves (GWs) from binaries
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Image Credit: M. Favata

Need precise waveform templates to find GW signals in 
noise; need to evolve binary with effects of DM on orbit

IMBH+DM alone does not generate GWs; need a time-
varying quadrupole moment from, e.g., a secondary.



Intermediate Mass-Ratio Inspirals (IMRIs)
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Compact 
Object

 Intermediate Mass
Black Hole

Dark Matter 'spike'

⇢DM(r)
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Consider an IMBH+DM that captured a secondary compact 
object (BH or NS), with mass m2 

Mass Ratio

GW frequencies and cycles 
(years from merger)

<latexit sha1_base64="w970b79yTo9tgHAH/bfNLFHI4qk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g6UgiCUpRd0IRRd2WcE+oIlhMp20QycPZiZCDfkIN/6KGxeKuHXhzr9xmmahrQcGDufM5d5z3IhRIQ3jWyssLa+srhXXSxubW9s7+u5eR4Qxx6SNQxbynosEYTQgbUklI72IE+S7jHTd8dXU794TLmgY3MpJRGwfDQPqUYykkhz92PKRHAkv8ZzkupvCC1iDiobcTaElqA9N4y45qaWw+ZA6etmoGhngIjFzUgY5Wo7+ZQ1CHPskkJghIfqmEUk7QVxSzEhasmJBIoTHaEj6igbIJ8JOslAprChlAL2QqxdImKm/JxLkCzHx1Z2VLMK8NxX/8/qx9M7thAZRLEmAZ4u8mEEZwmlDcEA5wZJNFEGYU3UrxCPEEZaqx5IqwZyPvEg6tap5Wq3f1MuNy7yOIjgAh+AImOAMNEATtEAbYPAInsEreNOetBftXfuYfS1o+cw++APt8weRD51A</latexit>

fGW = 2forb ⇠ 10
�2

Hz

Initial orbital separation 
(years from merger)
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The gravitational-wave (GW) universe

Detecting GWs 
since 2015

Operational in 
2030s - 40s



LISA Detector and Sources

3 satellite 
constellation 

Earth-trailing orbit 

106 km arms 

Operational: late 
2030s 

4 to 10 year mission 
lifetime 8

� *OUSPEVDUJPO

ćF HSPVOECSFBLJOH EJTDPWFSZ PG (SBWJUBUJPOBM 8BWFT
	(8T
 CZ HSPVOE�CBTFE MBTFS JOUFSGFSPNFUSJD EFUFD�
UPST JO ���� JT DIBOHJOH BTUSPOPNZ <�> CZ PQFOJOH
UIF IJHI�GSFRVFODZ HSBWJUBUJPOBM XBWF XJOEPX UP PC�
TFSWF MPX NBTT TPVSDFT BU MPX SFETIJę� ćF 4FOJPS
4VSWFZ $PNNJUUFF 	44$
 <�> TFMFDUFE UIF -� TDJFODF
UIFNF ćF (SBWJUBUJPOBM 6OJWFSTF <�> UP PQFO UIF ���
UP ���N)[ (SBWJUBUJPOBM 8BWF XJOEPX UP UIF 6OJ�
WFSTF� ćJT MPX�GSFRVFODZ XJOEPX JT SJDI JO B WBSJFUZ
PG TPVSDFT UIBU XJMM MFU VT TVSWFZ UIF 6OJWFSTF JO B OFX
BOE VOJRVF XBZ ZJFMEJOH OFX JOTJHIUT JO B CSPBE SBOHF
PG UIFNFT JO BTUSPQIZTJDT BOE DPTNPMPHZ BOE FOBCMJOH
VT JO QBSUJDVMBS UP TIFE MJHIU PO UXP LFZ RVFTUJPOT� 	�

)PX XIFO BOE XIFSF EP UIF ĕSTU NBTTJWF CMBDL IPMFT
GPSN HSPX BOE BTTFNCMF BOE XIBU JT UIF DPOOFDUJPO
XJUI HBMBYZ GPSNBUJPO 	�
 8IBU JT UIF OBUVSF PG HSBW�
JUZ OFBS UIF IPSJ[POT PG CMBDL IPMFT BOE PO DPTNPMPHJ�
DBM TDBMFT 
8F QSPQPTF UIF -*4" NJTTJPO JO PSEFS UP SFTQPOE UP
UIJT TDJFODF UIFNF JO UIF CSPBEFTU XBZ QPTTJCMF XJUIJO
UIF DPOTUSBJOFE CVEHFU BOE HJWFO TDIFEVMF� -*4" FO�
BCMFT UIF EFUFDUJPO PG (8T GSPN NBTTJWF CMBDL IPMF
DPBMFTDFODFT XJUIJO B WBTU DPTNJD WPMVNF FODPNQBTT�
JOH BMM BHFT GSPN DPTNJD EBXO UP UIF QSFTFOU BDSPTT
UIF FQPDIT PG UIF FBSMJFTU RVBTBST BOE PG UIF SJTF PG
HBMBYZ TUSVDUVSF� ćF NFSHFS�SJOHEPXO TJHOBM PG UIFTF
MPVE TPVSDFT FOBCMFT UFTUT PG &JOTUFJO�T (FOFSBM ćFPSZ
PG 3FMBUJWJUZ 	(3
 JO UIF EZOBNJDBM TFDUPS BOE TUSPOH�
ĕFME SFHJNF XJUI VOQSFDFEFOUFE QSFDJTJPO� -*4" XJMM
NBQ UIF TUSVDUVSF PG TQBDFUJNF BSPVOE UIF NBTTJWF
CMBDL IPMFT UIBU QPQVMBUF UIF DFOUSFT PG HBMBYJFT VTJOH
TUFMMBS DPNQBDU PCKFDUT BT UFTU QBSUJDMF�MJLF QSPCFT� ćF
TBNF TJHOBMT XJMM BMTP BMMPX VT UP QSPCF UIF QPQVMBUJPO
PG UIFTF NBTTJWF CMBDL IPMFT BT XFMM BT BOZ DPNQBDU PC�
KFDUT JO UIFJS WJDJOJUZ� " TUPDIBTUJD (8 CBDLHSPVOE PS
FYPUJD TPVSDFT NBZ QSPCF OFX QIZTJDT JO UIF FBSMZ 6OJ�
WFSTF� "EEFE UP UIJT MJTU PG TPVSDFT BSF UIF OFXMZ EJTDPW�
FSFE -*(0�7JSHP IFBWZ TUFMMBS�PSJHJO CMBDL IPMF NFSH�
FST XIJDIXJMM FNJU(8T JO UIF -*4"CBOE GSPN TFWFSBM
ZFBST VQ UP B XFFL QSJPS UP UIFJS NFSHFS FOBCMJOH DPPS�
EJOBUFE PCTFSWBUJPOT XJUI HSPVOE�CBTFE JOUFSGFSPNF�
UFST BOE FMFDUSPNBHOFUJD UFMFTDPQFT� ćF WBTU NBKPSJUZ
PG TJHOBMT XJMM DPNF GSPN DPNQBDU HBMBDUJD CJOBSZ TZT�
UFNT XIJDI BMMPX VT UP NBQ UIFJS EJTUSJCVUJPO JO UIF
.JMLZ 8BZ BOE JMMVNJOBUF TUFMMBS BOE CJOBSZ FWPMVUJPO�
-*4" CVJMET PO UIF TVDDFTT PG -*4" 1BUIĕOEFS
	-1'
 <�> UXFOUZ ZFBST PG UFDIOPMPHZ EFWFMPQNFOU
BOE UIF (SBWJUBUJPOBM 0CTFSWBUPSZ "EWJTPSZ 5FBN
	(0"5
 SFDPNNFOEBUJPOT� -*4" XJMM VTF UISFF BSNT

BOE UISFF JEFOUJDBM TQBDFDSBę 	4�$
 JO B USJBOHVMBS GPS�
NBUJPO JO B IFMJPDFOUSJD PSCJU USBJMJOH UIF &BSUI CZ
BCPVU ��○� ćF FYQFDUFE TFOTJUJWJUZ BOE TPNF QPUFO�
UJBM TJHOBMT BSF TIPXO JO 'JHVSF ��

'JHVSF �� &YBNQMFT PG (8 TPVSDFT JO UIF GSF�
RVFODZ SBOHF PG -*4" DPNQBSFE XJUI JUT TFOTJ�
UJWJUZ GPS B ��BSNDPOĕHVSBUJPO� ćFEBUB BSF QMPU�
UFE JO UFSNT PG EJNFOTJPOMFTT ADIBSBDUFSJTUJD TUSBJO
BNQMJUVEF� <�>� ćF USBDLT PG UISFF FRVBMNBTT CMBDL
IPMF CJOBSJFT MPDBUFE BU z = 3 XJUI UPUBM JOUSJO�
TJD NBTTFT 107 106 BOE 105M⊙ BSF TIPXO� ćF
TPVSDF GSFRVFODZ 	BOE 4/3
 JODSFBTFT XJUI UJNF
BOE UIF SFNBJOJOH UJNF CFGPSF UIF QMVOHF JT JOEJ�
DBUFE PO UIF USBDLT� ćF � TJNVMUBOFPVTMZ FWPMW�
JOH IBSNPOJDT PG BO &YUSFNF .BTT 3BUJP *OTQJSBM
TPVSDF BU z = 1.2 BSF BMTP TIPXO BT BSF UIF USBDLT PG
B OVNCFS PG TUFMMBS PSJHJO CMBDL IPMF CJOBSJFT PG UIF
UZQF EJTDPWFSFE CZ -*(0� 4FWFSBM UIPVTBOE HBMBD�
UJD CJOBSJFT XJMM CF SFTPMWFE BęFS B ZFBS PG PCTFS�
WBUJPO� 4PNF CJOBSZ TZTUFNT BSF BMSFBEZ LOPXO
BOE XJMM TFSWF BT WFSJĕDBUJPO TJHOBMT� .JMMJPOT PG
PUIFS CJOBSJFT SFTVMU JO B ADPOGVTJPO TJHOBM� XJUI B
EFUFDUFE BNQMJUVEF UIBU JT NPEVMBUFE CZ UIF NP�
UJPO PG UIF DPOTUFMMBUJPO PWFS UIF ZFBS� UIF BWFSBHF
MFWFM JT SFQSFTFOUFE BT UIF HSFZ TIBEFE BSFB�

"O PCTFSWBUPSZ UIBU DBO EFMJWFS UIJT TDJFODF JT EF�
TDSJCFE CZ B TFOTJUJWJUZ DVSWF XIJDI CFMPX �N)[ XJMM
CF MJNJUFE CZ BDDFMFSBUJPO OPJTF BU UIF MFWFM EFNPO�
TUSBUFE CZ -1'� *OUFSGFSPNFUSZ OPJTF EPNJOBUFT BCPWF
�N)[ XJUI SPVHIMZ FRVBM BMMPDBUJPOT GPS QIPUPO TIPU
OPJTF BOE UFDIOJDBM OPJTF TPVSDFT� 4VDI B TFOTJUJWJUZ
DBO CF BDIJFWFE XJUI B ���NJMMJPO LN BSN�MFOHUI DPO�
TUFMMBUJPO XJUI �� DN UFMFTDPQFT BOE �8 MBTFS TZTUFNT�
ćJT JT DPOTJTUFOU XJUI UIF (0"5 SFDPNNFOEBUJPOT
BOE CBTFE PO UFDIOJDBM SFBEJOFTT BMPOF B MBVODINJHIU
CF GFBTJCMF BSPVOE ����� 8F QSPQPTF BNJTTJPO MJGFUJNF
PG � ZFBST FYUFOEBCMF UP �� ZFBST GPS -*4"�

1BHF � -*4" o �� */530%6$5*0/

Images: LISA
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Effect of DM Distribution on IMRIs
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Without DM binary inspirals from GW emission only  
DM distribution speeds up inspiral from dynamical friction

x

y

v
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 
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Static DM Distributions

10Large dephasing; LISA is sensitive to 

⇢DM(r) = ⇢sp
⇣ rsp

r

⌘�sp
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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)
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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
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M =
(m1m2)3/5

(m1 +m2)1/5

Chirp mass

High-precision astrophysical DM measurement!

Statistical errors 
<latexit sha1_base64="EC660lcjre2160FW0p/+cGrM0jw=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuKqJFHVZ1IUboYK9QBPKZHrSDp1cmJkIJXTlxldx40IRtz6DO9/GSZtFbf1h4OM/5zDn/F7MmVSW9WMUlpZXVteK66WNza3tHXN3rymjRFBo0IhHou0RCZyF0FBMcWjHAkjgcWh5w+us3noEIVkUPqhRDG5A+iHzGSVKW13z0LkBrgh2AqIGlHB8dzrDXbNsVayJ8CLYOZRRrnrX/HZ6EU0CCBXlRMqObcXKTYlQjHIYl5xEQkzokPShozEkAUg3nZwxxsfa6WE/EvqFCk/c2YmUBFKOAk93ZhvK+Vpm/lfrJMq/dFMWxomCkE4/8hOOVYSzTHCPCaCKjzQQKpjeFdMBEYQqnVxJh2DPn7wIzbOKfV6p3lfLtas8jiI6QEfoBNnoAtXQLaqjBqLoCb2gN/RuPBuvxofxOW0tGPnMPvoj4+sXaNiX0Q==</latexit>

�M/M
<latexit sha1_base64="8e2FWeD6VZEm42bt6MPJbTZdjEI=">AAACEXicbVC7TsMwFHXKq5RXgZHFokLqVBJUAWMFDIxFog+piaIb12mt2klkO0hV1F9g4VdYGECIlY2Nv8FNO0DLkSwdn3Ov7r0nSDhT2ra/rcLK6tr6RnGztLW9s7tX3j9oqziVhLZIzGPZDUBRziLa0kxz2k0kBRFw2glG11O/80ClYnF0r8cJ9QQMIhYyAtpIfrnqCtBDFWbuDeUasDsAIcDPVDI5/f2Z+OWKXbNz4GXizEkFzdH0y19uPyapoJEmHJTqOXaivQykZoTTSclNFU2AjGBAe4ZGIKjysvyiCT4xSh+HsTQv0jhXf3dkIJQai8BU5vsvelPxP6+X6vDSy1iUpJpGZDYoTDnWMZ7Gg/tMUqL52BAgkpldMRmCBKJNiCUTgrN48jJpn9Wc81r9rl5pXM3jKKIjdIyqyEEXqIFuURO1EEGP6Bm9ojfryXqx3q2PWWnBmvccoj+wPn8AXyqeAg==</latexit>

��sp/�sp



Energy Balance: Static DM Spike
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 B.J. Kavanagh, D.A.N.+ (2020)

rsp

rISCO

Total binding energy of spike: 

Energy dissipated through DF as the 
m2 inspirals from rsp to rISCO: �EDF(rsp)

<latexit sha1_base64="CLgcL6QxQ/UEHTFUxvmp5dQibnY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1UxIpqLuiVVxWsA9oQphMJ+3QySTMTIQSsnXjr7hxoYhb/8Cdf+M0zUJbD1w4nHMv997jx4xKZVnfxtLyyuraemmjvLm1vbNr7u13ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPr6Z+94EISSN+ryYxcUM05DSgGCkteSZ0QqRGMkih0yRMIXjtpc2brCq8VMbZCcw8s2LVrBxwkdgFqYACLc/8cgYRTkLCFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+phyFRLpp/kkGj7UygEEkdHEFc/X3RIpCKSehrzvzu+e9qfif109UcO6mlMeJIhzPFgUJgyqC01jggAqCFZtogrCg+laIR0ggrHR4ZR2CPf/yIumc1ux67eKuXmlcFnGUwCE4AlVggzPQALegBdoAg0fwDF7Bm/FkvBjvxsesdckoZg7AHxifP4CXmZc=</latexit>

For a wide range of binaries and DM 
spikes, �EDF(rsp) � �UDM(rsp) !

<latexit sha1_base64="2g5vRlidN7yVNCpmZ2fkJHNTZxI=">AAACJ3icbVDLSsNAFJ3UV62vqks3o0WoICWRgrqRolXcCBVMW2hKmEwn6dDJg5mJUEL+xo2/4kZQEV36J07bCLV6YOBwzr3cOceJGBVS1z+13Nz8wuJSfrmwsrq2vlHc3GqKMOaYmDhkIW87SBBGA2JKKhlpR5wg32Gk5QwuRn7rnnBBw+BODiPS9ZEXUJdiJJVkF88sH8m+cBNo1QmTCF7aSf0qLXM7EVF6AC3P+3FM5dxMOYdwN7WLJb2ijwH/EiMjJZChYRdfrF6IY58EEjMkRMfQI9lNEJcUM5IWrFiQCOEB8khH0QD5RHSTcc4U7iulB92QqxdIOFanNxLkCzH0HTU5TjXrjcT/vE4s3ZNuQoMoliTAk0NuzKAM4ag02KOcYMmGiiDMqforxH3EEZaq2oIqwZiN/Jc0jypGtXJ6Wy3VzrM68mAH7IEyMMAxqIFr0AAmwOABPIFX8KY9as/au/YxGc1p2c42+AXt6xu1TaSW</latexit>

�UDM(rsp)

<latexit sha1_base64="Qmoh7sAxSLSYdzBpN6kK+3+l498=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBahXkoiBfVWtAcvQgXTFpoQNttNu3SzCbsboYRcvfhXvHhQxKv/wJv/xm2bg7Y+GHi8N8PMvCBhVCrL+jZKK6tr6xvlzcrW9s7unrl/0JFxKjBxcMxi0QuQJIxy4iiqGOklgqAoYKQbjK+nfveBCEljfq8mCfEiNOQ0pBgpLfkmdCOkRjLMoNsiTCHo+FnrNq8JP5NJfgpz36xadWsGuEzsglRBgbZvfrmDGKcR4QozJGXfthLlZUgoihnJK24qSYLwGA1JX1OOIiK9bPZJDk+0MoBhLHRxBWfq74kMRVJOokB3zu5e9Kbif14/VeGFl1GepIpwPF8UpgyqGE5jgQMqCFZsognCgupbIR4hgbDS4VV0CPbiy8ukc1a3G/XLu0a1eVXEUQZH4BjUgA3OQRPcgDZwAAaP4Bm8gjfjyXgx3o2PeWvJKGYOwR8Ynz+ksJmu</latexit>



Must evolve the DM around the IMRI
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Evolve density via phase-space distribution of DM, f(E)

<latexit sha1_base64="0LJpmhUIBSwhOsJMDhZgrhK5ktE=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KIgV1VxTBZQV7gTaUyXTSDp1MwsxEKKFufBU3LhRx61u4822cpllo6w8DH/85hznn92POlHacb2tpeWV1bb2wUdzc2t7Ztff2mypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR9fTeuuBSsUica/HMfVCPBAsYARrY/Xsw26I9VAFKQrKGRLM0c0pmvTsklNxMqFFcHMoQa56z/7q9iOShFRowrFSHdeJtZdiqRnhdFLsJorGmIzwgHYMChxS5aXZBRN0Ypw+CiJpntAoc39PpDhUahz6pjPbd742Nf+rdRIdXHgpE3GiqSCzj4KEIx2haRyozyQlmo8NYCKZ2RWRIZaYaBNa0YTgzp+8CM2zilutXN5VS7WrPI4CHMExlMGFc6jBLdShAQQe4Rle4c16sl6sd+tj1rpk5TMH8EfW5w8m+pYQ</latexit>

⇢DM(r) =

Z
d3v f(E)

<latexit sha1_base64="sFlZDAEXtPc71hLNdBdECaOcXHU="></latexit>

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

@f(E)
@t

=

<latexit sha1_base64="igBJPcVyhmkR0ilO+WrMHEJGr44=">AAACIHicbVDNS8MwHE39nPOr6tFLcAjzMloZTA/CUASPE9wHrGWkWbqFpWlJUmGU/ile/Fe8eFBEb/rXmHYFdfNB4PHe75fkPS9iVCrL+jSWlldW19ZLG+XNre2dXXNvvyPDWGDSxiELRc9DkjDKSVtRxUgvEgQFHiNdb3KV+d17IiQN+Z2aRsQN0IhTn2KktDQwG06A1Fj6CXR8gXDiREgoihj0q7mDNb0+SX90lcILCNOBWbFqVg64SOyCVECB1sD8cIYhjgPCFWZIyr5tRcpNslsxI2nZiSWJEJ6gEelrylFApJvkAVN4rJUh9EOhD1cwV39vJCiQchp4ejKPM+9l4n9eP1b+mZtQHsWKcDx7yI91yhBmbcEhFQQrNtUEYUH1XyEeI12U0p2WdQn2fORF0jmt2fXa+W290rws6iiBQ3AEqsAGDdAEN6AF2gCDB/AEXsCr8Wg8G2/G+2x0ySh2DsAfGF/fKmGi8Q==</latexit>

  {-[Density of particles w/   scattering to          ]E

<latexit sha1_base64="y1viM1cwvUtD7EehA/UDwDPyFi4=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJFKq7ogguK9gHtKFMppN26GQSZiZCiV34K25cKOLW33Dn3zhNs9DWAwOHc+7lnjl+zJnSjvNtFVZW19Y3ipulre2d3T17/6ClokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX98PfPbD1QqFol7PYmpF+KhYAEjWBupbx/1QqxHKkhRRgjm6Aahad8uOxUnA1ombk7KkKPRt796g4gkIRWacKxU13Vi7aVYakY4nZZ6iaIxJmM8pF1DBQ6p8tIs/xSdGmWAgkiaJzTK1N8bKQ6VmoS+mczSLnoz8T+vm+jgwkuZiBNNBZkfChKOdIRmZaABk5RoPjEEE8lMVkRGWGKiTWUlU4K7+OVl0jqvuNXK5V21XL/K6yjCMZzAGbhQgzrcQgOaQOARnuEV3qwn68V6tz7mowUr3zmEP7A+fwDpApVl</latexit>

+ [Density of particles w/   scattering to          ]}/TorbE

<latexit sha1_base64="y1viM1cwvUtD7EehA/UDwDPyFi4=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJFKq7ogguK9gHtKFMppN26GQSZiZCiV34K25cKOLW33Dn3zhNs9DWAwOHc+7lnjl+zJnSjvNtFVZW19Y3ipulre2d3T17/6ClokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX98PfPbD1QqFol7PYmpF+KhYAEjWBupbx/1QqxHKkhRRgjm6Aahad8uOxUnA1ombk7KkKPRt796g4gkIRWacKxU13Vi7aVYakY4nZZ6iaIxJmM8pF1DBQ6p8tIs/xSdGmWAgkiaJzTK1N8bKQ6VmoS+mczSLnoz8T+vm+jgwkuZiBNNBZkfChKOdIRmZaABk5RoPjEEE8lMVkRGWGKiTWUlU4K7+OVl0jqvuNXK5V21XL/K6yjCMZzAGbhQgzrcQgOaQOARnuEV3qwn68V6tz7mowUr3zmEP7A+fwDpApVl</latexit>

E + �E

<latexit sha1_base64="Xv6eKPEr8YdRcxd7JrhjWQSm4hY=">AAACEnicbVDLSsNAFL3xWesr6tLNYBEUoSRSUHdFEVxWsA9oQplMJu3QyYOZiVBCv8GNv+LGhSJuXbnzb5ymWdTWAwOHc+7lzjlewplUlvVjLC2vrK6tlzbKm1vbO7vm3n5LxqkgtEliHouOhyXlLKJNxRSnnURQHHqctr3hzcRvP1IhWRw9qFFC3RD3IxYwgpWWeuapE2I1kEGGckIwR7foDDk+5QrPauOeWbGqVg60SOyCVKBAo2d+O35M0pBGinAsZde2EuVmWChGOB2XnVTSBJMh7tOuphEOqXSzPNIYHWvFR0Es9IsUytXZjQyHUo5CT0/mAea9ifif101VcOlmLEpSRSMyPRSkHKkYTfpBPhOUKD7SBBPB9F8RGWCBidItlnUJ9nzkRdI6r9q16tV9rVK/LuoowSEcwQnYcAF1uIMGNIHAE7zAG7wbz8ar8WF8TkeXjGLnAP7A+PoFN0mcjw==</latexit>

E + �E

<latexit sha1_base64="Xv6eKPEr8YdRcxd7JrhjWQSm4hY=">AAACEnicbVDLSsNAFL3xWesr6tLNYBEUoSRSUHdFEVxWsA9oQplMJu3QyYOZiVBCv8GNv+LGhSJuXbnzb5ymWdTWAwOHc+7lzjlewplUlvVjLC2vrK6tlzbKm1vbO7vm3n5LxqkgtEliHouOhyXlLKJNxRSnnURQHHqctr3hzcRvP1IhWRw9qFFC3RD3IxYwgpWWeuapE2I1kEGGckIwR7foDDk+5QrPauOeWbGqVg60SOyCVKBAo2d+O35M0pBGinAsZde2EuVmWChGOB2XnVTSBJMh7tOuphEOqXSzPNIYHWvFR0Es9IsUytXZjQyHUo5CT0/mAea9ifif101VcOlmLEpSRSMyPRSkHKkYTfpBPhOUKD7SBBPB9F8RGWCBidItlnUJ9nzkRdI6r9q16tV9rVK/LuoowSEcwQnYcAF1uIMGNIHAE7zAG7wbz8ar8WF8TkeXjGLnAP7A+PoFN0mcjw==</latexit>

Z

<latexit sha1_base64="3h9xJA0b77Bp41RCa9d6pw1m5Ls=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyWRQnVXdOOygn1AE8pkOmmHTiZhZiLU0C9x40IRt36KO//GaZqFth4YOJxzL/fMCRLOlHacb6u0sbm1vVPereztHxxW7aPjropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6e3C7z1SqVgsHvQsoX6Ex4KFjGBtpKFd9SKsJyrMkMeERvOhXXPqTg60TtyC1KBAe2h/eaOYpBEVmnCs1MB1Eu1nWGpGOJ1XvFTRBJMpHtOBoQJHVPlZHnyOzo0yQmEszTPXc/X3RoYjpWZRYCbzmKveQvzPG6Q6vPIzJpJUU0GWh8KUIx2jRQtoxCQlms8MwUQykxWRCZaYaNNVxZTgrn55nXQv626jfn3fqLVuijrKcApncAEuNKEFd9CGDhBI4Rle4c16sl6sd+tjOVqyip0T+APr8weO/JML</latexit>

d�E

<latexit sha1_base64="3C3Ku9k0jE2WrZKDPnUy4iX6HcA=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIpqLeiCB4r2A9oStlsJu3SzSbsboQSevPiX/HiQRGv/gVv/hu3aQ7a+mDg8d4MM/P8hDOlHefbWlpeWV1bL22UN7e2d3btvf2WilNJoUljHsuOTxRwJqCpmebQSSSQyOfQ9kfXU7/9AFKxWNzrcQK9iAwECxkl2kh9+8iLiB6qMMMB9gLgmuBcoYTjGzzp2xWn6uTAi8QtSAUVaPTtLy+IaRqB0JQTpbquk+heRqRmlMOk7KUKEkJHZABdQwWJQPWy/I8JPjFKgMNYmhIa5+rviYxESo0j33TmV897U/E/r5vq8KKXMZGkGgSdLQpTjnWMp6HggEmgmo8NIVQycyumQyIJ1Sa6sgnBnX95kbTOqm6tenlXq9SvijhK6BAdo1PkonNUR7eogZqIokf0jF7Rm/VkvVjv1sesdckqZg7QH1ifP8ZOmJ8=</latexit>

Evolve simultaneously with the binary’s orbital separation

ṙ2 = Fr


r2,

Z
d3v f(E)

�

<latexit sha1_base64="W7ig56wJo/vJj8Ej9M+ON24DdsA="></latexit>

@f

@t
= Ff


r2, f(E),

Z
dE f(E)

�

<latexit sha1_base64="LB0oEmV0ja4suM8gvQfRrUXN5z8="></latexit>

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



DM evolution on short times
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 B.J. Kavanagh, D.A.N.+, (2020)

<latexit sha1_base64="/2IX0Yfn6HkJTYEj0DuGZj3USAY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqialqMuiUtwIFewDmhgm00k7dPJgZlIoIXs3/oobF4q49Qfc+TdO0yy09cDAmXPu5d573IhRIQ3jWyusrK6tbxQ3S1vbO7t7+v5BR4Qxx6SNQxbynosEYTQgbUklI72IE+S7jHTd8dXM704IFzQM7uU0IraPhgH1KEZSSY5etnwkR8JLmk5y3UyhJagPLT4K1fc2PZ081FJHrxhVIwNcJmZOKiBHy9G/rEGIY58EEjMkRN80ImkniEuKGUlLVixIhPAYDUlf0QD5RNhJdksKj5UygF7I1QskzNTfHQnyhZj6rqrMNl/0ZuJ/Xj+W3oWd0CCKJQnwfJAXMyhDOAsGDignWLKpIghzqnaFeIQ4wlLFV1IhmIsnL5NOrWqeVet39UrjMo+jCI5AGZwAE5yDBrgBLdAGGDyCZ/AK3rQn7UV71z7mpQUt7zkEf6B9/gBzQpqt</latexit>

FDF ⇠ ⇢DM/v
2

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



DM and binary co-evolution

15 B. J. Kavanagh, D.A.N.+ (2020) Movie at http://tinyurl.com/GW4DM

http://tinyurl.com/GW4DM


Dynamic DM Distributions: Dephasing
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 B.J. Kavanagh, D.A.N.+ (2020)

m1 = 1400M� , m2 = 1.4M�

<latexit sha1_base64="un0uocIjoV6P5T5Ldk54B84Zmkc=">AAACI3icbVDLSgMxFM3UV62vqks3wSK4KGWmDPgAoejGjVDBPqBThkyaaUOTyZBkhDL0X9z4K25cKMWNC//FTFtEWy/J5XDOvSTnBDGjStv2p5VbWV1b38hvFra2d3b3ivsHTSUSiUkDCyZkO0CKMBqRhqaakXYsCeIBI61geJPprUciFRXRgx7FpMtRP6IhxUgbyi9eehzpgQpTyH0HXkHHtW1453uiJzT0yrCcNXO4X83Uiv sjjv1iya7Y04LLwJmDEphX3S9OvJ7ACSeRxgwp1XHsWHdTJDXFjIwLXqJIjPAQ9UnHwAhxorrp1OMYnhimB0MhzY00nLK/N1LElRrxwExOHS1qGfmf1kl0eN5NaRQnmkR49lCYMKgFzAKDPSoJ1mxkAMKSmr9CPEASYW1iLZgQnEXLy6BZrThu5eLeLdWu53HkwRE4BqfAAWegBm5BHTQABk/gBbyBd+vZerUm1sdsNGfNdw7Bn7K+vgHjbZ9/</latexit>

⇢sp = 225M�/pc
3 , �sp = 7/3

<latexit sha1_base64="gN5Uaipo1myRnN4Xd+6PLvTX69w="></latexit>

5 yrs to merger



Dephasing with DM feedback
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Write density:  
<latexit sha1_base64="RqvjF9Cz2Igcqdo6frizG2PqZdY=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WomzaRUt0IRV24ESrYBzQ1TKaTduhMEmYmQgn5DDf+ihsXirjtzr9xmnahrQcGDufcy51zvIhRqSzr28itrK6tb+Q3C1vbO7t75v5BS4axwKSJQxaKjockYTQgTUUVI51IEMQ9Rtre6Hrqt5+IkDQMHtQ4Ij2OBgH1KUZKS65ZcThSQ+knjhiGbnJzl15mrAZLwq1VxOlj4gwQ58hNZJSmqWsWrbKVAS4Te06KYI6Ga06cfohjTgKFGZKya1uR6iVIKIoZSQtOLEmE8AgNSFfTAHEie0kWLIUnWulDPxT6BQpm6u+NBHEpx9zTk1mMRW8q/ud1Y+Vf9BIaRLEiAZ4d8mMGVQinLcE+FQQrNtYEYUH1XyEeIoGw0l0WdAn2YuRl0jor27Vy9b5arF/N68iDI3AMSsAG56AObkEDNAEGz+AVvIMP48V4Mz6Nr9lozpjvHII/MCY/Do2gbQ==</latexit>

⇢DM = ⇢6(r6/r)
�sp w/  

<latexit sha1_base64="3tGb5k/kTkppJtayneBU4Od08D8=">AAACHHicbVBLSwMxGMz6rPVV9eglWARPdVdL9Vj04rGCfUC3Ltk024Ymm5BkhbLsD/HiX/HiQREvHgT/jem2B20dCExmvo9kJpSMauO6387S8srq2npho7i5tb2zW9rbb2mRKEyaWDChOiHShNGYNA01jHSkIoiHjLTD0fXEbz8QpamI78xYkh5Hg5hGFCNjpaB07nNkhjpKfTUUQQ36UglpBMyvqZbZqQpq96k/QJyjXMiyoFR2K24OuEi8GSmDGRpB6dPvC5xwEhvMkNZdz5WmlyJlKGYkK/qJJhLhERqQrqUx4kT30jxcBo+t0oeRUPbEBubq740Uca3HPLSTeZR5byL+53UTE132UhrLxJAYTx+KEgZt+klTsE8VwYaNLUFYUftXiIdIIWxsn0VbgjcfeZG0ziperVK9rZbrV7M6CuAQHIET4IELUAc3oAGaAINH8AxewZvz5Lw4787HdHTJme0cgD9wvn4As5ijBw==</latexit>

⇢6 / ⇢sp/r
�sp

6

<latexit sha1_base64="TV7MgNtLp1Vt4EDen4WIyTfj394=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAoLqQkUqoboejGZQX7gCaWyXTSDp08mJkIJRQ3/oobF4q49Svc+TdO0yy0euDC4Zx7ufceL+ZMKsv6MgoLi0vLK8XV0tr6xuaWub3TklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vdDX12/dUSBaFt2ocUzfAg5D5jGClpZ655wRYDaWfOkfIOUGiV7uwrbtaTCY9s2xVrAzoL7FzUoYcjZ756fQjkgQ0VIRjKbu2FSs3xUIxwumk5CSSxpiM8IB2NQ1xQKWbZi9M0KFW+siPhK5QoUz9OZHiQMpx4OnO7OB5byr+53UT5Z+7KQvjRNGQzBb5CUcqQtM8UJ8JShQfa4KJYPpWRIZYYKJ0aiUdgj3/8l/SOq3YtUr1plquX+ZxFGEfDuAYbDiDOlxDA5pA4AGe4AVejUfj2Xgz3metBSOf2YVfMD6+Ae+Slds=</latexit>

& r6 = 106pc

Coogan, …, D.A.N. (2022)
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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
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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

18Coogan, …, D.A.N. (2022)

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



Parameter Estimation with DM
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Perform 
parameter 
estimation with 
𝜌6, 𝛾sp, log10q, 
and chirp mass

Measure power 
law to a few 
percent and 
density to a few 
10s of percent

Coogan, …, D.A.N. (2022)
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LISA is a high-precision gravitational-wave observatory 
It can be used to study the dark-matter environment of 
massive black holes 
Studying these systems requires precise modeling of the 
binary’s orbital dynamics coupled to the surrounding dark-
matter distribution’s dynamics 

Many open areas to be investigated: rates of IMRI mergers 
with dark matter spikes, improved waveform modeling, 
developing search and parameter estimation pipelines 
Translate density to microphysics of DM model?


