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15-year pulsar-timing data:
A stochastic gravitational wave signal
correlated among 67 pulsars

Source:

Exotic sources:

Inflation 
Scalar induced gravitational waves
Domain walls
Cosmic strings
First-order phase transitions

or,
A population of 
supermassive black hole (SMBH) binaries

Image credit: David J. Champion
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Different phases of SMBH binary merger: 

Dynamical friction:
kpc to pc

3-body
pc to 0.01pc

SMBH Binary

Gravitational Wave emission 2



binary forms:
<latexit sha1_base64="GGw1zl2BMJT16VgvHPoGf2zEObY=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZlStMuiC90IFewDOmPJpJk2NMkMSUYow6zc+CtuXCji1m9w59+YtrPQ1gMXTs65l9x7gphRpR3n21paXlldWy9sFDe3tnd27b39looSiUkTRyySnQApwqggTU01I51YEsQDRtrB6HLitx+IVDQSd3ocE5+jgaAhxUgbqWcfQdQbeopy6IUS4fTqJktr5j3g6L6S9eySU3amgIvEzUkJ5Gj07C+vH+GEE6ExQ0p1XSfWfoqkppiRrOglisQIj9CAdA0ViBPlp9MzMnhilD4MI2lKaDhVf0+kiCs15oHp5EgP1bw3Ef/zuokOa35KRZxoIvDsozBhUEdwkgnsU0mwZmNDEJbU7ArxEJk4tEmuaEJw509eJK1K2T0rV2+rpfpFHkcBHIJjcApccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi1Lln5zAH4A+vzB5SCmJQ=</latexit>

ah ⇠ GM

8�2

form kpc down to pc

<latexit sha1_base64="g8B2c6f4UUv/nyLdI4L0eBjdH6s="></latexit>

FDF ⇠ �4⇡G2M2⇢ ln⇤
vM

v3M
<latexit sha1_base64="mLBSgSrAoT8C3ROzDjJgCC7u3dM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdVlU1GUF+4AmhMl00g6dPJi5EUvI1o2/4saFIm79A3f+jdM2C209cOHMOfcy9x4/EVyBZX0bpYXFpeWV8mplbX1jc8vc3mmpOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Q8vxn77nknF4+gORglzQ9KPeMApAS15JsYOkNTLHGAPkF1e5bmjeIinz+uRzD2zatWsCfA8sQtSRQUanvnl9GKahiwCKohSXdtKwM2IBE4FyytOqlhC6JD0WVfTiIRMudnkkhwfaKWHg1jqigBP1N8TGQmVGoW+7gwJDNSsNxb/87opBGduxqMkBRbR6UdBKjDEeBwL7nHJKIiRJoRKrnfFdEAkoaDDq+gQ7NmT50nrqGaf1I5vj6v18yKOMtpD++gQ2egU1dENaqAmougRPaNX9GY8GS/Gu/ExbS0Zxcwu+gPj8wdWTprE</latexit>

⌧DF ⇠ Gyr

Dynamical Friction:

an encounter lasts longer than one orbital period
3-body interactions 
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Emission of Gravitational Waves:
<latexit sha1_base64="EjC90zZvQyBdx6Z2U/pdk4VQEGo=">AAAB+3icbVDLTsMwEHTKq5RXKEcuFhUSl5YEKuBYwYVjkehDakPlOE5r1XYi20FUUX6FCwcQ4sqPcONvcNscoGWklUYzu9rd8WNGlXacb6uwsrq2vlHcLG1t7+zu2fvltooSiUkLRyySXR8pwqggLU01I91YEsR9Rjr++Gbqdx6JVDQS93oSE4+joaAhxUgbaWCXA4hOA91XlMMqekir59nArjg1Zwa4TNycVECO5sD+6gcRTjgRGjOkVM91Yu2lSGqKGclK/USRGOExGpKeoQJxorx0dnsGj40SwDCSpoSGM/X3RIq4UhPum06O9EgtelPxP6+X6PDKS6mIE00Eni8KEwZ1BKdBwIBKgjWbGIKwpOZWiEdIIqxNXCUTgrv48jJpn9Xci1r9rl5pXOdxFMEhOAInwAWXoAFuQRO0AAZP4Bm8gjcrs16sd+tj3lqw8pkD8AfW5w9Z0pNd</latexit>

da/dt ⇠ �a�3
<latexit sha1_base64="RL8VdEeNvcLLEzHD996KITzgI8E="></latexit>

tgr =
5

256F (e)

c5

G3

a4

2M3
<latexit sha1_base64="L3at6DGu9/jvTaHa5jrlYjXkjfA="></latexit>
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image credit: Zhang, 2001.09385

but hardening depletes the center of galaxy from stars
(the loss cone)

<latexit sha1_base64="6Gxth7Y8VKwcmcLZ8ryQfZjKMvg=">AAACHHicbZDLSsNAFIYn9V5vVZduBovgqiRa1KXoQpcVbCs0JZxMJ+3QmSTMnAgl5EHc+CpuXCjixoXg2zi9LLz9MPDxn3M4c/4wlcKg6346pbn5hcWl5ZXy6tr6xmZla7tlkkwz3mSJTPRtCIZLEfMmCpT8NtUcVCh5OxxejOvtO66NSOIbHKW8q6Afi0gwQGsFlSNKfYQsyH2t6AB0r6C+EYr6kQaWW+wrKPJLXw+SwDcImkIRVKpuzZ2I/gVvBlUyUyOovPu9hGWKx8gkGNPx3BS7OWgUTPKi7GeGp8CG0OcdizEobrr55LiC7lunR6NE2xcjnbjfJ3JQxoxUaDsV4MD8ro3N/2qdDKPTbi7iNEMes+miKJMUEzpOivaE5gzlyAIwLexfKbMJAUObZ9mG4P0++S+0Dmveca1+Xa+enc/iWCa7ZI8cEI+ckDNyRRqkSRi5J4/kmbw4D86T8+q8TVtLzmxmh/yQ8/EFDYmiBQ==</latexit>

⌧hard ⇠ �

G⇢?a

<latexit sha1_base64="NXeoJWj0BzmAFJHgwQqHYDbypPg=">AAACHnicbZDLSsNAFIYn3q23qks3g0VwY0nE21J0oUsFq4WmlpPJpB06k4SZE6GEPIkbX8WNC0UEV/o2Ti8Lbf1h4Oc753Dm/EEqhUHX/Xampmdm5+YXFktLyyura+X1jVuTZJrxGktkousBGC5FzGsoUPJ6qjmoQPK7oHver989cG1EEt9gL+VNBe1YRIIBWtQqH1IrP9LA8hCKPMTCN0LtDcmFrztJyzcIusgtbyso4D7fL1rlilt1B6KTxhuZChnpqlX+9MOEZYrHyCQY0/DcFJs5aBRM8qLkZ4anwLrQ5g1rY1DcNPPBeQXdsSSkUaLti5EO6O+JHJQxPRXYTgXYMeO1Pvyv1sgwOmnmIk4z5DEbLooySTGh/axoKDRnKHvWANPC/pWyDthk0CZasiF44ydPmtv9qndUPbg+qJyejeJYIFtkm+wSjxyTU3JJrkiNMPJInskreXOenBfn3fkYtk45o5lN8kfO1w82FqM8</latexit>

da

dt
⇠ �G⇢?

�
a2

for a fixed background can happen

 on a reasonable time scale 

successful merger: ejected stellar mass ~ mass of binary

Hardening phase
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Begelman, Blandford, Rees 1980

In the light of NANOGrav 15-year data:
any new (universal) mechanism is interesting!

new possible solution:
Ultra Light Dark Matter (ULDM)

The Final parsec problem
Milosavljevic, Merritt, 2003(Spherically symmetric, gas-poor systems)

possible solution:

Gas: 
Begelman,  Blandford, and Rees 1980
Escala, Larson, Coppi, 2005

Brownian motions of SMBHs:
Quinlan, Hernquist 1997

Axisymmetric and Triaxial galaxies:
Yu, 2002
Holley-Bockelmann, Sigurdsson, 2006
Berczik, Merritt, Spurzem, Bischof, 2006
Khan, Just, Merritt, 2011
Vasiliev,  Antonini, Merritt, 2015
Gualandris, Read, Dehnen, Bortolas 2017

Massive perturbers:
Perets, Hopman, Alexander, 2007
Perets, Alexander, 2008
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ULDM:

solitonic core: the ground state
granular envelope (density fluctuations):
interference pattern

core-like density profile

 Schrodinger-Poisson Equation:
<latexit sha1_base64="UvPgLSB7as2fygNvaclbF135XKo="></latexit>

i~@t =


�~2r2

2m
+m(U + Usat)

�
 

<latexit sha1_base64="xqh69K/biJtWR9Wz2xN1R0tOtXM=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpKqAhakCgYYi0TaSk0aOa7bWnWcyHaQqrQrC7/CwgBCrPwBG3+D02aAliNd6fice+V7TxAzKpVlfRuFldW19Y3iZmlre2d3z9w/aMooEZg4OGKRaAdIEkY5cRRVjLRjQVAYMNIKRteZ33ogQtKI36txTLwQDTjtU4yUlnwTuhwFDHWr0PHdWNLLmhtTeAPDSfaadKu+WbYq1gxwmdg5KYMcDd/8cnsRTkLCFWZIyo5txcpLkVAUMzItuYkkMcIjNCAdTTkKifTS2SVTeKKVHuxHQhdXcKb+nkhRKOU4DHRniNRQLnqZ+J/XSVT/wkspjxNFOJ5/1E8YVBHMYoE9KghWbKwJwoLqXSEeIoGw0uGVdAj24snLpFmt2GeV2l2tXL/K4yiCI3AMToENzkEd3IIGcAAGj+AZvII348l4Md6Nj3lrwchnDsEfGJ8/yvuZJA==</latexit>

r2U = 4⇡Gm| |2

Schive, Chiueh, and Broadhurst 2014

very light boson, astrophysically large de Broglie
wavelength:
a huge occupation numbers of the density field.
a classical wave 

quasiparticles:

new time scale: coherence time (lifetime of quasiparticles) 
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Different phases of merger in ULDM (no stars): 

Dynamical friction:

size of the binary smaller than the de Broglie scale:
smoothing the tail of the particles in the wake,
suppresses dynamical friction

Lancaster, et al., 2020
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Hardening just by dynamical friction

<latexit sha1_base64="GGw1zl2BMJT16VgvHPoGf2zEObY=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZlStMuiC90IFewDOmPJpJk2NMkMSUYow6zc+CtuXCji1m9w59+YtrPQ1gMXTs65l9x7gphRpR3n21paXlldWy9sFDe3tnd27b39looSiUkTRyySnQApwqggTU01I51YEsQDRtrB6HLitx+IVDQSd3ocE5+jgaAhxUgbqWcfQdQbeopy6IUS4fTqJktr5j3g6L6S9eySU3amgIvEzUkJ5Gj07C+vH+GEE6ExQ0p1XSfWfoqkppiRrOglisQIj9CAdA0ViBPlp9MzMnhilD4MI2lKaDhVf0+kiCs15oHp5EgP1bw3Ef/zuokOa35KRZxoIvDsozBhUEdwkgnsU0mwZmNDEJbU7ArxEJk4tEmuaEJw509eJK1K2T0rV2+rpfpFHkcBHIJjcApccA7q4Bo0QBNg8AiewSt4s56sF+vd+pi1Lln5zAH4A+vzB5SCmJQ=</latexit>

ah ⇠ GM

8�2

dynamical friction is still efficient

<latexit sha1_base64="4X7JQeqkVZLp54qRbIM7DXpC0A0=">AAACDXicbVBNS8NAEN3Ur1q/oh69LFbBg5REinosetBjBfsBTQmb7aRdupuE3Y1QQv+AF/+KFw+KePXuzX/jNu1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqjiVFBo05rFsB0QBZxE0NNMc2okEIgIOrWB4PfFbDyAVi6N7PUqgK0g/YiGjRBvJt4+0n3lSYAGyD3LscVBKMYFdxzvNjZuRHPt22ak4OfAicWekjGao+/aX14tpKiDSlBOlOq6T6G5GpGaUw7jkpQoSQoekDx1DIyJAdbP8mzE+NkoPh7E0FWmcq78nMiKUGonAdAqiB2rem4j/eZ1Uh5fdjEVJqiGi00VhyrGO8SQa3GMSqOYjQwiVzNyK6YBIQrUJsGRCcOdfXiTNs4p7XqneVcu1q1kcRXSADtEJctEFqqFbVEcNRNEjekav6M16sl6sd+tj2lqwZjP76A+szx9EbJuu</latexit>

tmerger . 10Gyr

challenge:

��>10-2ah-
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Hardening by quasiparticles:
<latexit sha1_base64="NXeoJWj0BzmAFJHgwQqHYDbypPg=">AAACHnicbZDLSsNAFIYn3q23qks3g0VwY0nE21J0oUsFq4WmlpPJpB06k4SZE6GEPIkbX8WNC0UEV/o2Ti8Lbf1h4Oc753Dm/EEqhUHX/Xampmdm5+YXFktLyyura+X1jVuTZJrxGktkousBGC5FzGsoUPJ6qjmoQPK7oHver989cG1EEt9gL+VNBe1YRIIBWtQqH1IrP9LA8hCKPMTCN0LtDcmFrztJyzcIusgtbyso4D7fL1rlilt1B6KTxhuZChnpqlX+9MOEZYrHyCQY0/DcFJs5aBRM8qLkZ4anwLrQ5g1rY1DcNPPBeQXdsSSkUaLti5EO6O+JHJQxPRXYTgXYMeO1Pvyv1sgwOmnmIk4z5DEbLooySTGh/axoKDRnKHvWANPC/pWyDthk0CZasiF44ydPmtv9qndUPbg+qJyejeJYIFtkm+wSjxyTU3JJrkiNMPJInskreXOenBfn3fkYtk45o5lN8kfO1w82FqM8</latexit>

da

dt
⇠ �G⇢?

�
a2stars:

ULDM: better/worse than stars?

successful merger: ejected stellar mass ~ mass of binary

still in progress …
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binary forms while dynamical friction is not suppressed.
outside of the solitonic core

<latexit sha1_base64="1qK/h//JK8tXgCL1uJE4mRzB7oE=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiRS1IWLohs3QgX7gDaEyfSmHTqThJmJEEL9FTcuFHHrh7jzb5w+Ftp64MLhnHu5954g4Uxpx/m2VlbX1jc2C1vF7Z3dvX374LCl4lRSaNKYx7ITEAWcRdDUTHPoJBKICDi0g9HNxG8/glQsjh50loAnyCBiIaNEG8m3S8LPe1JgCMNxhfjD0yt859tlp+pMgZeJOydlNEfDt796/ZimAiJNOVGq6zqJ9nIiNaMcxsVeqiAhdEQG0DU0IgKUl0+PH+MTo/RxGEtTkcZT9fdEToRSmQhMpyB6qBa9ifif1011eOnlLEpSDRGdLQpTjnWMJ0ngPpNANc8MIVQycyumQyIJ1SavognBXXx5mbTOqu55tXZfK9ev53EU0BE6RhXkogtUR7eogZqIogw9o1f0Zj1ZL9a79TFrXbHmMyX0B9bnD0pMk+Q=</latexit>

me↵(ah) < Mto avoid heating up the binary
<latexit sha1_base64="5a3IuNVrd7w0EJEFRNxH0zF1ZM8=">AAACKnicbVDLSgMxFM34rPU16tJNsAi6KTNS1KWPjRuhgq1CpwyZNNMGk8yQ3BHKMN/jxl9x04VS3Pohpp0u1HogcDjnXG7uiVLBDXje2FlYXFpeWa2sVdc3Nre23Z3dtkkyTVmLJiLRjxExTHDFWsBBsMdUMyIjwR6ip+uJ//DMtOGJuodhyrqS9BWPOSVgpdC9xEGsCc0DIFmYB1riluLP9aIoFVoEfbDTskzdFrksUyyOiyMSDo6L0K15dW8KPE/8GamhGZqhOwp6Cc0kU0AFMabjeyl0c6KBU8GKapAZlhL6RPqsY6kikpluPj21wIdW6eE40fYpwFP150ROpDFDGdmkJDAwf72J+J/XySA+7+ZcpRkwRctFcSYwJHjSG+5xzSiIoSWEam7/iumA2FLAtlu1Jfh/T54n7ZO6f1pv3DVqF1ezOipoHx2gI+SjM3SBblATtRBFL+gNvaMP59UZOWPns4wuOLOZPfQLztc34nuoxg==</latexit>

⌧Univ.

⌧c
& M

me↵(ah)
refill the loss cone efficiently

naively, successful merger: interact with quasiparticles ~ mass of binary

ah< �
�
-

meff(ah)>MBH (heating)

�Univ./�c <MBH/meff(ah)
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Isothermal, �=100 km/s

ah< ��-

meff(ah)>MBH (heating)

�Univ./�c <MBH/meff(ah)
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NFW, �=100 km/s

11



Hardening by stars in the presence of ULDM:

massive perturbers can scatter stars back to the loss cone:
accelerate the stellar relaxation by some orders of magnitude

<latexit sha1_base64="u3Wd9Q28K96inVb0oUvVWRh1rKc="></latexit>

�p? ⇠ npv�p? ⇠ npvr
2
c ⇠ npv(GMp/v

2)2

<latexit sha1_base64="TLEB/xS60bFHBZUMDewSYxIG8qk="></latexit>

tr,?
tr,p

⇠ µ2 ⌘
npM2

p

n?M2
?

figure of merit:
the second moment of the mass distribution

Major
Minor

Elliptical

Perets, Hopman, Alexander, 2007
Perets, Alexander, 2008

giant molecular clouds
 globular cluster
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giant molecular clouds: common in spiral galaxies, 
but do not survive in elliptical galaxies as a result 
of a history of major mergers.

T(ah) > �c

ah< �
�
-

meff(ah)>MBH (heating) �2=10 9

�2=10 7

�2=10 5

�2=10 3

�2=10
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Isothermal, �=100 km/s

T(ah) > �c

ah< ��-

meff(ah)>MBH (heating) �2=107
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�2=10
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NFW, �=100 km/s
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conclusion

NANOGrav data can be explained by a population of SMBH binaries.

The final parsec problem may not be a problem anymore, 
but is still interesting to be explored!

Merger of SMBH binaries just by interacting with ULDM looks challenging: 
requires a better understanding of binary evolution close to the core.

ULDM quasiparticles can be treated as massive perturbers to 
refill stellar loss cone efficiently.
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Back up



lower limits on ULDM mass:

Amin, Mirbabayi, 2022
<latexit sha1_base64="jXBjXGzH5v4WR5NRcpx8oHvVMlM=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcaEmkaJdFNy4r2Ac0sUymN+3QmSTMTMQS8ituXCji1h9x5984fSy09cCFwzn3cu89QcKZ0o7zba2srq1vbBa2its7u3v79kGppeJUUmjSmMeyExAFnEXQ1Exz6CQSiAg4tIPRzcRvP4JULI7u9TgBX5BBxEJGiTZSzy65zkN27tZy7yzzpMDQynt22ak4U+Bl4s5JGc3R6NlfXj+mqYBIU06U6rpOov2MSM0oh7zopQoSQkdkAF1DIyJA+dn09hyfGKWPw1iaijSeqr8nMiKUGovAdAqih2rRm4j/ed1UhzU/Y1GSaojobFGYcqxjPAkC95kEqvnYEEIlM7diOiSSUG3iKpoQ3MWXl0nrouJeVqp31XL9eh5HAR2hY3SKXHSF6ugWNVATUfSEntErerNy68V6tz5mrSvWfOYQ/YH1+QM6OJNL</latexit>

10�18 eV

Dalal, Kravtsov, 2022
<latexit sha1_base64="WLBdBFc3zj8xr592NO6dxLoGSso=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK40JJI8bErunFZwT6giWUynbRDZ5IwMxFLyK+4caGIW3/EnX/j9LHQ1gMXDufcy733BAlnSjvOt7W0vLK6tl7YKG5ube/s2nulpopTSWiDxDyW7QAryllEG5ppTtuJpFgEnLaC4c3Ybz1SqVgc3etRQn2B+xELGcHaSF275DoP2al7lXsnmScFos28a5edijMBWiTujJRhhnrX/vJ6MUkFjTThWKmO6yTaz7DUjHCaF71U0QSTIe7TjqERFlT52eT2HB0ZpYfCWJqKNJqovycyLJQaicB0CqwHat4bi/95nVSHl37GoiTVNCLTRWHKkY7ROAjUY5ISzUeGYCKZuRWRAZaYaBNX0YTgzr+8SJpnFfe8Ur2rlmvXszgKcACHcAwuXEANbqEODSDwBM/wCm9Wbr1Y79bHtHXJms3swx9Ynz87x5NM</latexit>

10�19 eV
ultra faint dwarf galaxies


