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Ultra-Light Bosons and Black Holes
• Rotating black holes can source “clouds’’ of ultra-light bosons through superradiance 

independently of cosmological abundance 

• Weakly interacting scalars spin down BHs and source GWs 

• More strongly interacting scalars source scalar waves

This work



1. Review of black hole of superradiance 

2. Self-interactions in the SR cloud 

3. (New) Signatures at large self-interactions

Outline



Review of Black Hole Superradiance



• Object scattering off a 
stationary cylinder will lose 
energy and angular 
momentum if there is friction 
(dissipation)

friction

Superradiance



• Objects scattering off a 
rotating cylinder will 
extract energy and 
angular momentum if a 
kinematic condition is 
satisfied:

<latexit sha1_base64="1JRKMLsoo2HE+xEddccHECASpBw=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHZF0ZMEvXgzgnlANiyzk04yZPbBTG8wLAEv/ooXD4p49Se8+TdOkj1oYkFDUdVNd5cfS6HRtr+thcWl5ZXV3Fp+fWNza7uws1vTUaI4VHkkI9XwmQYpQqiiQAmNWAELfAl1v3899usDUFpE4T0OY2gFrBuKjuAMjeQV9t3bALrMcxEeMOWjy4HnDpiKe4J6haJdsieg88TJSJFkqHiFL7cd8SSAELlkWjcdO8ZWyhQKLmGUdxMNMeN91oWmoSELQLfSyQ8jemSUNu1EylSIdKL+nkhZoPUw8E1nwLCnZ72x+J/XTLBz0UpFGCcIIZ8u6iSSYkTHgdC2UMBRDg1hXAlzK+U9phhHE1vehODMvjxPaicl56xk350Wy1dZHDlyQA7JMXHIOSmTG1IhVcLJI3kmr+TNerJerHfrY9q6YGUze+QPrM8fR/iX7A==</latexit>

⌦c > v'

Superradiance

• Dissipation now leads 
to enhancement!



Wave Superradiance
• A wave incident on rotating 

dissipative surface (      or 
absorbing B.C.) will grow in 
amplitude by extracting energy 
and angular momentum if 
kinematic condition satisfied 

• Growth proportional to 
probability of absorption 
when object at rest

• Growth in amplitude = more quanta

Zel’dovich ’71, Zel’dovich ’72

<latexit sha1_base64="EkloVREnazvU0Dg9aaPJmzFwGe4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKthbbUDbbTbt0swm7E6GE/gsvHhTx6r/x5r9x0+agrQ8WHu/NzM68IJHCoOt+O6WV1bX1jfJmZWt7Z3evun/QNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3+T+wxPXRsTqHicJ9yM6VCIUjKKVHnsJ1Sio7GO/WnPr7gxkmXgFqUGBZr/61RvELI24QiapMV3PTdDP8nlM8mmllxqeUDamQ961VNGIGz+bbTwlJ1YZkDDW9ikkM/V3R0YjYyZRYCsjiiOz6OXif143xfDKz4RKUuSKzT8KU0kwJvn5ZCA0ZygnllCmhd2VsBHVlKENqWJD8BZPXibts7p3UXfvzmuN6yKOMhzBMZyCB5fQgFtoQgsYKHiGV3hzjPPivDsf89KSU/Qcwh84nz/LIZD+</latexit>

@t

<latexit sha1_base64="HJyzqu5UsGOBMZTW6omIM7yAZPg=">AAAB/nicbZDLSsNAFIYnXmu9RcWVm8EiuKqJKLqSoht3VrAXaEKYTCft0LmEmYlQQsFXceNCEbc+hzvfxmmbhbb+MPDxn3M4Z/44ZVQbz/t2FhaXlldWS2vl9Y3NrW13Z7epZaYwaWDJpGrHSBNGBWkYahhpp4ogHjPSigc343rrkShNpXgww5SEHPUETShGxlqRux/ccdJDEYZXMJBjhCeQR27Fq3oTwXnwC6iAQvXI/Qq6EmecCIMZ0rrje6kJc6QMxYyMykGmSYrwAPVIx6JAnOgwn5w/gkfW6cJEKvuEgRP390SOuNZDHttOjkxfz9bG5n+1TmaSyzCnIs0MEXi6KMkYNBKOs4Bdqgg2bGgBYUXtrRD3kULY2MTKNgR/9svz0Dyt+udV7/6sUrsu4iiBA3AIjoEPLkAN3II6aAAMcvAMXsGb8+S8OO/Ox7R1wSlm9sAfOZ8/GfCURw==</latexit>

⌦c > !/m



BH Superradiance

• Nature provides us with rapidly 
rotating absorbers: rotating BHs!

• Growth proportional to 
probability of absorption 
when object at rest

• Growth in amplitude = more quanta

<latexit sha1_base64="P1Q9VJutajiWulhqDdqnO+CB/D0=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHdF0ZOEeMnNCOYB2RBmJ504OLO7zPSKYQl48Ve8eFDEqz/hzb9x8jhoYkFDUdVNd1cQS2HQdb+dufmFxaXlzEp2dW19YzO3tV0zUaI5VHkkI90ImAEpQqiiQAmNWANTgYR6cHc59Ov3oI2Iwhvsx9BSrBeKruAMrdTO7fpXCnqs7SM8YFoqDy6oHw2VI9XO5d2COwKdJd6E5MkElXbuy+9EPFEQIpfMmKbnxthKmUbBJQyyfmIgZvyO9aBpacgUmFY6+mFAD6zSod1I2wqRjtTfEylTxvRVYDsVw1sz7Q3F/7xmgt3zVirCOEEI+XhRN5EUIzoMhHaEBo6ybwnjWthbKb9lmnG0sWVtCN70y7OkdlzwTgvu9Um+WJrEkSF7ZJ8cEo+ckSIpkwqpEk4eyTN5JW/Ok/PivDsf49Y5ZzKzQ/7A+fwBY0uXWQ==</latexit>

⌦BH > !/m

Zel’dovich ’71, Zel’dovich ’72, Starobinski ’73

Kerr BH



BH Superradiance of Massive Scalars
• Newtonian potential confines 

motion in massive bound states 
around the BH

• Repeated amplification makes 
state unstable to growth

• Growth largest when Compton 
wavelength is comparable to BH 
radius 

<latexit sha1_base64="0ZSEO++qmNdn4zOEJrspEreI3UQ=">AAACE3icbZC7SgNBFIZnvcZ4i1raDAYhCoZdUbQRQixMo0QwF8iGMDuZTYbMXpg5K4Zl38HGV7GxUMTWxs63cZJsoYk/DHz85xzOnN8JBVdgmt/G3PzC4tJyZiW7ura+sZnb2q6rIJKU1WggAtl0iGKC+6wGHARrhpIRzxGs4QwuR/XGPZOKB/4dDEPW9kjP5y6nBLTVyR3WC/IAX+Aj25WExlcdG9gDxDfJdUrlSmJ7URLLpJPLm0VzLDwLVgp5lKrayX3Z3YBGHvOBCqJUyzJDaMdEAqeCJVk7UiwkdEB6rKXRJx5T7Xh8U4L3tdPFbiD18wGP3d8TMfGUGnqO7vQI9NV0bWT+V2tF4J63Y+6HETCfTha5kcAQ4FFAuMsloyCGGgiVXP8V0z7R4YCOMatDsKZPnoX6cdE6LZq3J/lSOY0jg3bRHiogC52hEqqgKqohih7RM3pFb8aT8WK8Gx+T1jkjndlBf2R8/gCSnJ4K</latexit>

V (r) = �GNMBHµ

r

Press & Teukolsky ’72, Zouros & Eardley ’79, Damour et al. ’76, Detweiler ’80, Gaina et al. ’78
Arvanitaki et al. ’09, Arvanitaki et al. ’10

<latexit sha1_base64="N6zTLj9+Bt+bbFSszmovdMrRaoM="></latexit>

rg ⇠ �C ⇠ 3 km

✓
7⇥ 10�11 eV

µ

◆



Gravitational Atom Spectroscopy
<latexit sha1_base64="bnvGR4prsycUVkg5QRUARhGTpCo=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVZKi6KZQdOOygn1AE8pkMmmHTiZxZiKU0o0bf8WNC0Xc+g/u/BunbRbaemDg3HPu5c49QcqZ0o7zbS0tr6yurRc2iptb2zu79t5+UyWZJLRBEp7IdoAV5UzQhmaa03YqKY4DTlvB4Hritx6oVCwRd3qYUj/GPcEiRrA2Utc+EqiKKt59hkPkUc5N5c6quOp27ZJTdqZAi8TNSQly1Lv2lxcmJIup0IRjpTquk2p/hKVmhNNx0csUTTEZ4B7tGCpwTJU/ml4xRidGCVGUSPOERlP198QIx0oN48B0xlj31bw3Ef/zOpmOLv0RE2mmqSCzRVHGkU7QJBIUMkmJ5kNDMJHM/BWRPpaYaBNc0YTgzp+8SJqVsntedm7PSrWrPI4CHMIxnIILF1CDG6hDAwg8wjO8wpv1ZL1Y79bHrHXJymcO4A+szx/7MZZU</latexit>

n = 2 ` = 1 m = 1

<latexit sha1_base64="HosbeQ5+0NBE7MDn8+OgiDYLH5I=">AAACGnicbZC7SgNBFIZnvcZ4i1raDAbBKuyKoo0QtDCNEsGokF2W2clJMjh7ceasGJZ9DhtfxcZCETux8W2cJFt4+2Hg4z/ncOb8QSKFRtv+tCYmp6ZnZktz5fmFxaXlysrqhY5TxaHFYxmrq4BpkCKCFgqUcJUoYGEg4TK4PhrWL29BaRFH5zhIwAtZLxJdwRkay684LpNJn1EXblJxS499F+EOs9P8pKDDRu6GKT2gyu/RIfmVql2zR6J/wSmgSgo1/cq724l5GkKEXDKt246doJcxhYJLyMtuqiFh/Jr1oG0wYiFoLxudltNN43RoN1bmRUhH7veJjIVaD8LAdIYM+/p3bWj+V2un2N33MhElKULEx4u6qaQY02FOtCMUcJQDA4wrYf5KeZ8pxtGkWTYhOL9P/gsX2zVnt2af7VTrh0UcJbJONsgWccgeqZMGaZIW4eSePJJn8mI9WE/Wq/U2bp2wipk18kPWxxeWq6CO</latexit>

↵ ⌘ GNMBHµ = rgµ

<latexit sha1_base64="0ZSEO++qmNdn4zOEJrspEreI3UQ=">AAACE3icbZC7SgNBFIZnvcZ4i1raDAYhCoZdUbQRQixMo0QwF8iGMDuZTYbMXpg5K4Zl38HGV7GxUMTWxs63cZJsoYk/DHz85xzOnN8JBVdgmt/G3PzC4tJyZiW7ura+sZnb2q6rIJKU1WggAtl0iGKC+6wGHARrhpIRzxGs4QwuR/XGPZOKB/4dDEPW9kjP5y6nBLTVyR3WC/IAX+Aj25WExlcdG9gDxDfJdUrlSmJ7URLLpJPLm0VzLDwLVgp5lKrayX3Z3YBGHvOBCqJUyzJDaMdEAqeCJVk7UiwkdEB6rKXRJx5T7Xh8U4L3tdPFbiD18wGP3d8TMfGUGnqO7vQI9NV0bWT+V2tF4J63Y+6HETCfTha5kcAQ4FFAuMsloyCGGgiVXP8V0z7R4YCOMatDsKZPnoX6cdE6LZq3J/lSOY0jg3bRHiogC52hEqqgKqohih7RM3pFb8aT8WK8Gx+T1jkjndlBf2R8/gCSnJ4K</latexit>

V (r) = �GNMBHµ

r

<latexit sha1_base64="J4hbqadR26jdjno9VBOIQRFi6eA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0siil6EohePFewHNKFstpt26WYTdjdiCfkrXjwo4tU/4s1/47bNQVsfDDzem2FmXpBwprTjfFulldW19Y3yZmVre2d3z96vtlWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG+nfueRSsVi8aAnCfUjPBQsZARrI/Xt6vWpF0pMMg/zZITzTOZ9u+bUnRnQMnELUoMCzb795Q1ikkZUaMKxUj3XSbSfYakZ4TSveKmiCSZjPKQ9QwWOqPKz2e05OjbKAIWxNCU0mqm/JzIcKTWJAtMZYT1Si95U/M/rpTq88jMmklRTQeaLwpQjHaNpEGjAJCWaTwzBRDJzKyIjbKLQJq6KCcFdfHmZtM/q7kXduT+vNW6KOMpwCEdwAi5cQgPuoAktIPAEz/AKb1ZuvVjv1se8tWQVMwfwB9bnDyvYlIk=</latexit>

= �↵

r

• Massive bound states approximately hydrogenic

• “Fine-structure constant”

<latexit sha1_base64="/M736yxIsu8ugN7lKtYc3pLkLSc=">AAACC3icbZC7TsMwFIadcivlFmBksVohMVVJBYKxgoWxSPQiNSU6cZ3WquME20Gqou4svAoLAwix8gJsvA1umwFafsnSp/+co+PzBwlnSjvOt1VYWV1b3yhulra2d3b37P2DlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdDWttx+oVCwWt3qc0F4EA8FCRkAby7fL0ifYUyyi99gLJZBM3NUmmQc8GYIh6Q98u+JUnZnwMrg5VFCuhm9/ef2YpBEVmnBQqus6ie5lIDUjnE5KXqpoAmQEA9o1KCCiqpfNbpngY+P0cRhL84TGM/f3RAaRUuMoMJ0R6KFarE3N/2rdVIcXvYyJJNVUkPmiMOVYx3gaDO4zSYnmYwNAJDN/xWQIJhFt4iuZENzFk5ehVau6Z1Xn5rRSv8zjKKIjVEYnyEXnqI6uUQM1EUGP6Bm9ojfryXqx3q2PeWvBymcO0R9Znz/4KpsC</latexit>

rc '
n2

↵2
rg• Quasi-normal mode frequencies

For astrophysical BHs:

bindingrest mass SR rates 
Detweiler ’80

1-particle energy

• Occupation number
<latexit sha1_base64="vsEoMIhIcfo8WLGmiIvDzalnN/Y="></latexit>

Nc ' �JBH ' GNM
2

BH
' 1076(M/M�)

2

Cloud grows from zero-point fluctuations (like laser, 
“spontaneous emission”    “stimulated emission”)

“ultra-light”

<latexit sha1_base64="aj1YHtx7BAn6mDWXOlOVT/5e1Bo="></latexit>

E ' µ

✓
1� ↵2

2n2

◆
+ i�SR

n`m
<latexit sha1_base64="sjztRN/bs41lB4RWE7PCYVUh+Qc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIsgCGVGRV0W3bisYB/QDiWTZtrYzGRI7ghl6D+4caGIW//HnX9j2s5CqwcCh3PuIfeeIJHCoOt+OYWl5ZXVteJ6aWNza3unvLvXNCrVjDeYkkq3A2q4FDFvoEDJ24nmNAokbwWjm6nfeuTaCBXf4zjhfkQHsQgFo2il5km3r9D0yhW36s5A/hIvJxXIUe+VP22OpRGPkUlqTMdzE/QzqlEwySelbmp4QtmIDnjH0phG3PjZbNsJObJKn4RK2xcjmak/ExmNjBlHgZ2MKA7NojcV//M6KYZXfibiJEUes/lHYSoJKjI9nfSF5gzl2BLKtLC7EjakmjK0BZVsCd7iyX9J87TqXVTP7s4rteu8jiIcwCEcgweXUINbqEMDGDzAE7zAq6OcZ+fNeZ+PFpw8sw+/4Hx8A1sCjv8=</latexit>

+ . . .

Fine + hyper-fine corrections 
Baumann et al. ’18, ’19 

<latexit sha1_base64="W+0ZZWXe9JCdB+Xw/QZop33FxTM="></latexit>

= 0.1

✓
MBH

10M�

◆⇣ µ

10�12 eV

⌘

<latexit sha1_base64="DHJJyA3AE0DFxbnL6Ui4Ti7K6Gg=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4cZipz2XRjcsK9gGdsWTSTBuaZIYkI5ShH+DGX3HjQhG3foA7/8ZMO4i2HgicnHMuyT1BzKjSjvNlFRYWl5ZXiqultfWNza3y9k5TRYnEpIEjFsl2gBRhVJCGppqRdiwJ4gEjrWB4lfmteyIVjcStHsXE56gvaEgx0kbqliuuc5ceVcceI0opyqGHWDxA8Ofu2Kcm5djOBHCeuDmpgBz1bvnT60U44URozJBSHdeJtZ8iqSlmZFzyEkVihIeoTzqGCsSJ8tPJMmN4YJQeDCNpjtBwov6eSBFXasQDk+RID9Ssl4n/eZ1Ehxd+SkWcaCLw9KEwYVBHMGsG9qgkWLORIQhLav4K8QBJhLXpr5RVNbvyPGlWbffMPr45qdQu8zqKYA/sg0PggnNQA9egDhoAgwfwBF7Aq/VoPVtv1vs0WrDymV3wB9bHN89dmjQ=</latexit>

10�2 . ↵ . 0.5



Cloud Growth and BH Spin Down

ℓ = 3

ma=6*10-13eV
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BH rotates quickly enough to superradiate

ℓ = 1 ℓ = 2

ℓ = 3

• If new light scalar exist, fast 
spinning BHs will spin down as 
energy and angular momentum is 
converted to scalar cloud

<latexit sha1_base64="/JbHywRS9eQb6CLTXHT3JQEvyk0=">AAACIXicbVDLSgMxFM3Ud31VXboJFsFVmRFFN4LoQldSH1WhU0smvbXBJDMkd8Qy9Ffc+CtuXCjSnfgzpg+wPg4EDuecy809USKFRd//8HJj4xOTU9Mz+dm5+YXFwtLypY1Tw6HCYxmb64hZkEJDBQVKuE4MMBVJuIruDnv+1T0YK2J9ge0EaordatEUnKGT6oXdsBEjPalnOgQpqerQPRoeMaXYTYjwgNn5WefbHMnVC0W/5PdB/5JgSIpkiHK90HWreKpAI5fM2mrgJ1jLmEHBJXTyYWohYfyO3ULVUc0U2FrWv7BD153SoM3YuKeR9tXRiYwpa9sqcknFsGV/ez3xP6+aYnO3lgmdpAiaDxY1U0kxpr26aEMY4CjbjjBuhPsr5S1mGEdXat6VEPw++S+53CwF2yX/dKu4fzCsY5qskjWyQQKyQ/bJMSmTCuHkkTyTV/LmPXkv3rvXHURz3nBmhfyA9/kFpRKj1w==</latexit>

Ṅn`m = �SR
n`mNn`m

<latexit sha1_base64="yysF4ZA1SQEp7qTy2D/qjiXEM/c="></latexit>

J̇BH = �m�SR

n`mNn`m

<latexit sha1_base64="aepUTfrjubKVEYNACN4AnlZBBRc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dDBZBEMqMKLosunFZwT6gHUomzbSxmWRI7ghl6D+4caGIW//HnX9j2s5CWw8EDufcQ+49YSK4Qc/7dgorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrIEfB2olmJA4Fa4Wj26nfemLacCUfcJywICYDySNOCVqpedbtKzS9csWrejO4y8TPSQVy1HvlL5ujacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNtp24J1bpu5HS9kl0Z+rvREZiY8ZxaCdjgkOz6E3F/7xOitF1kHGZpMgknX8UpcJF5U5Pd/tcM4pibAmhmttdXTokmlC0BZVsCf7iycukeV71L6ve/UWldpPXUYQjOIZT8OEKanAHdWgAhUd4hld4c5Tz4rw7H/PRgpNnDuEPnM8fWbiO+w==</latexit>

+ . . .

<latexit sha1_base64="lbedu5WK2Z2OecFp/WSqkQ4AYYU=">AAACDnicbVA9SwNBEN2L3/ErammzGASrcKeiNkLQJp0RjAq5EPY2k2TJ7u2xOycJR36BjX/FxkIRW2s7/42bmEKNDwYe780wMy9KpLDo+59ebmZ2bn5hcSm/vLK6tl7Y2Ly2OjUcalxLbW4jZkGKGGooUMJtYoCpSMJN1Dsf+Td3YKzQ8RUOEmgo1olFW3CGTmoWdsMLBR3WDBH6mJ1VhvSUhnok0ZAlidF9Gqq0WSj6JX8MOk2CCSmSCarNwkfY0jxVECOXzNp64CfYyJhBwSUM82FqIWG8xzpQdzRmCmwjG78zpLtOadG2Nq5ipGP150TGlLUDFblOxbBr/3oj8T+vnmL7pJGJOEkRYv69qJ1KipqOsqEtYYCjHDjCuBHuVsq7zDCOLsG8CyH4+/I0ud4vBUelg8vDYvlsEsci2SY7ZI8E5JiUSYVUSY1wck8eyTN58R68J+/Ve/tuzXmTmS3yC977F3s0m8I=</latexit>

⌦B
H

=
!
⇡
µ

<latexit sha1_base64="jbiGkGMpz06MBtTEvAlotpgGdxA=">AAACInicbVDLSgNBEJz1bXxFPXoZDIKnsKvi4yCIXrypYFTIhjA76Y2DMzvLTK8Ylv0WL/6KFw+KehL8GGdjBF8FDUVVN91dUSqFRd9/84aGR0bHxicmK1PTM7Nz1fmFM6szw6HBtdTmImIWpEiggQIlXKQGmIoknEdXB6V/fg3GCp2cYi+FlmLdRMSCM3RSu7oTHinosnaIcIP5/mFBd2kYG8bzUJdGka8VNGRpavTNl6GyUm1Xa37d74P+JcGA1MgAx+3qS9jRPFOQIJfM2mbgp9jKmUHBJRSVMLOQMn7FutB0NGEKbCvvv1jQFad0aKyNqwRpX/0+kTNlbU9FrlMxvLS/vVL8z2tmGG+3cpGkGULCPxfFmaSoaZkX7QgDHGXPEcaNcLdSfslcDuhSrbgQgt8v/yVna/Vgs75+slHb2x/EMUGWyDJZJQHZInvkkByTBuHkltyTR/Lk3XkP3rP3+tk65A1mFskPeO8fOSCkvg==</latexit>

⌦B
H
=
!
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• If new light scalar exist, fast 
spinning BHs will spin down as 
energy and angular momentum is 
converted to scalar cloud

<latexit sha1_base64="/JbHywRS9eQb6CLTXHT3JQEvyk0=">AAACIXicbVDLSgMxFM3Ud31VXboJFsFVmRFFN4LoQldSH1WhU0smvbXBJDMkd8Qy9Ffc+CtuXCjSnfgzpg+wPg4EDuecy809USKFRd//8HJj4xOTU9Mz+dm5+YXFwtLypY1Tw6HCYxmb64hZkEJDBQVKuE4MMBVJuIruDnv+1T0YK2J9ge0EaordatEUnKGT6oXdsBEjPalnOgQpqerQPRoeMaXYTYjwgNn5WefbHMnVC0W/5PdB/5JgSIpkiHK90HWreKpAI5fM2mrgJ1jLmEHBJXTyYWohYfyO3ULVUc0U2FrWv7BD153SoM3YuKeR9tXRiYwpa9sqcknFsGV/ez3xP6+aYnO3lgmdpAiaDxY1U0kxpr26aEMY4CjbjjBuhPsr5S1mGEdXat6VEPw++S+53CwF2yX/dKu4fzCsY5qskjWyQQKyQ/bJMSmTCuHkkTyTV/LmPXkv3rvXHURz3nBmhfyA9/kFpRKj1w==</latexit>

Ṅn`m = �SR
n`mNn`m

<latexit sha1_base64="yysF4ZA1SQEp7qTy2D/qjiXEM/c="></latexit>

J̇BH = �m�SR

n`mNn`m

<latexit sha1_base64="aepUTfrjubKVEYNACN4AnlZBBRc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dDBZBEMqMKLosunFZwT6gHUomzbSxmWRI7ghl6D+4caGIW//HnX9j2s5CWw8EDufcQ+49YSK4Qc/7dgorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrIEfB2olmJA4Fa4Wj26nfemLacCUfcJywICYDySNOCVqpedbtKzS9csWrejO4y8TPSQVy1HvlL5ujacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNtp24J1bpu5HS9kl0Z+rvREZiY8ZxaCdjgkOz6E3F/7xOitF1kHGZpMgknX8UpcJF5U5Pd/tcM4pibAmhmttdXTokmlC0BZVsCf7iycukeV71L6ve/UWldpPXUYQjOIZT8OEKanAHdWgAhUd4hld4c5Tz4rw7H/PRgpNnDuEPnM8fWbiO+w==</latexit>

+ . . .

ℓ = 3

ma=6*10-13eV
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ℓ = 3

no longer satisfies l=1 SR 
condition

BH rotates quickly enough to superradiate

~ 1 year

Cloud Growth and BH Spin Down

<latexit sha1_base64="lbedu5WK2Z2OecFp/WSqkQ4AYYU=">AAACDnicbVA9SwNBEN2L3/ErammzGASrcKeiNkLQJp0RjAq5EPY2k2TJ7u2xOycJR36BjX/FxkIRW2s7/42bmEKNDwYe780wMy9KpLDo+59ebmZ2bn5hcSm/vLK6tl7Y2Ly2OjUcalxLbW4jZkGKGGooUMJtYoCpSMJN1Dsf+Td3YKzQ8RUOEmgo1olFW3CGTmoWdsMLBR3WDBH6mJ1VhvSUhnok0ZAlidF9Gqq0WSj6JX8MOk2CCSmSCarNwkfY0jxVECOXzNp64CfYyJhBwSUM82FqIWG8xzpQdzRmCmwjG78zpLtOadG2Nq5ipGP150TGlLUDFblOxbBr/3oj8T+vnmL7pJGJOEkRYv69qJ1KipqOsqEtYYCjHDjCuBHuVsq7zDCOLsG8CyH4+/I0ud4vBUelg8vDYvlsEsci2SY7ZI8E5JiUSYVUSY1wck8eyTN58R68J+/Ve/tuzXmTmS3yC977F3s0m8I=</latexit>

⌦B
H

=
!
⇡
µ

<latexit sha1_base64="jbiGkGMpz06MBtTEvAlotpgGdxA=">AAACInicbVDLSgNBEJz1bXxFPXoZDIKnsKvi4yCIXrypYFTIhjA76Y2DMzvLTK8Ylv0WL/6KFw+KehL8GGdjBF8FDUVVN91dUSqFRd9/84aGR0bHxicmK1PTM7Nz1fmFM6szw6HBtdTmImIWpEiggQIlXKQGmIoknEdXB6V/fg3GCp2cYi+FlmLdRMSCM3RSu7oTHinosnaIcIP5/mFBd2kYG8bzUJdGka8VNGRpavTNl6GyUm1Xa37d74P+JcGA1MgAx+3qS9jRPFOQIJfM2mbgp9jKmUHBJRSVMLOQMn7FutB0NGEKbCvvv1jQFad0aKyNqwRpX/0+kTNlbU9FrlMxvLS/vVL8z2tmGG+3cpGkGULCPxfFmaSoaZkX7QgDHGXPEcaNcLdSfslcDuhSrbgQgt8v/yVna/Vgs75+slHb2x/EMUGWyDJZJQHZInvkkByTBuHkltyTR/Lk3XkP3rP3+tk65A1mFskPeO8fOSCkvg==</latexit>

⌦B
H
=
!
2
⇡
µ
2



<latexit sha1_base64="/JbHywRS9eQb6CLTXHT3JQEvyk0=">AAACIXicbVDLSgMxFM3Ud31VXboJFsFVmRFFN4LoQldSH1WhU0smvbXBJDMkd8Qy9Ffc+CtuXCjSnfgzpg+wPg4EDuecy809USKFRd//8HJj4xOTU9Mz+dm5+YXFwtLypY1Tw6HCYxmb64hZkEJDBQVKuE4MMBVJuIruDnv+1T0YK2J9ge0EaordatEUnKGT6oXdsBEjPalnOgQpqerQPRoeMaXYTYjwgNn5WefbHMnVC0W/5PdB/5JgSIpkiHK90HWreKpAI5fM2mrgJ1jLmEHBJXTyYWohYfyO3ULVUc0U2FrWv7BD153SoM3YuKeR9tXRiYwpa9sqcknFsGV/ez3xP6+aYnO3lgmdpAiaDxY1U0kxpr26aEMY4CjbjjBuhPsr5S1mGEdXat6VEPw++S+53CwF2yX/dKu4fzCsY5qskjWyQQKyQ/bJMSmTCuHkkTyTV/LmPXkv3rvXHURz3nBmhfyA9/kFpRKj1w==</latexit>

Ṅn`m = �SR
n`mNn`m

<latexit sha1_base64="yysF4ZA1SQEp7qTy2D/qjiXEM/c="></latexit>

J̇BH = �m�SR

n`mNn`m

• If new light scalar exist, fast 
spinning BHs will spin down as 
energy and angular momentum is 
converted to scalar cloud

<latexit sha1_base64="aepUTfrjubKVEYNACN4AnlZBBRc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dDBZBEMqMKLosunFZwT6gHUomzbSxmWRI7ghl6D+4caGIW//HnX9j2s5CWw8EDufcQ+49YSK4Qc/7dgorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrIEfB2olmJA4Fa4Wj26nfemLacCUfcJywICYDySNOCVqpedbtKzS9csWrejO4y8TPSQVy1HvlL5ujacwkUkGM6fhegkFGNHIq2KTUTQ1LCB2RAetYKknMTJDNtp24J1bpu5HS9kl0Z+rvREZiY8ZxaCdjgkOz6E3F/7xOitF1kHGZpMgknX8UpcJF5U5Pd/tcM4pibAmhmttdXTokmlC0BZVsCf7iycukeV71L6ve/UWldpPXUYQjOIZT8OEKanAHdWgAhUd4hld4c5Tz4rw7H/PRgpNnDuEPnM8fWbiO+w==</latexit>

+ . . .

ℓ = 3

ma=6*10-13eV

20 40 60 80 100 120 140
0.0

0.2

0.4

0.6

0.8

1.0

Black Hole Mass HMüL
B
la
ck
H
ol
e
Sp
in
a *

ℓ = 1 ℓ = 2

ℓ = 3

BH rotates quickly enough to superradiate

~ 106 years

~ 1 year

no longer satisfies l=1 SR 
condition

no longer affected by SR

Cloud Growth and BH Spin Down

<latexit sha1_base64="lbedu5WK2Z2OecFp/WSqkQ4AYYU=">AAACDnicbVA9SwNBEN2L3/ErammzGASrcKeiNkLQJp0RjAq5EPY2k2TJ7u2xOycJR36BjX/FxkIRW2s7/42bmEKNDwYe780wMy9KpLDo+59ebmZ2bn5hcSm/vLK6tl7Y2Ly2OjUcalxLbW4jZkGKGGooUMJtYoCpSMJN1Dsf+Td3YKzQ8RUOEmgo1olFW3CGTmoWdsMLBR3WDBH6mJ1VhvSUhnok0ZAlidF9Gqq0WSj6JX8MOk2CCSmSCarNwkfY0jxVECOXzNp64CfYyJhBwSUM82FqIWG8xzpQdzRmCmwjG78zpLtOadG2Nq5ipGP150TGlLUDFblOxbBr/3oj8T+vnmL7pJGJOEkRYv69qJ1KipqOsqEtYYCjHDjCuBHuVsq7zDCOLsG8CyH4+/I0ud4vBUelg8vDYvlsEsci2SY7ZI8E5JiUSYVUSY1wck8eyTN58R68J+/Ve/tuzXmTmS3yC977F3s0m8I=</latexit>

⌦B
H

=
!
⇡
µ

<latexit sha1_base64="jbiGkGMpz06MBtTEvAlotpgGdxA=">AAACInicbVDLSgNBEJz1bXxFPXoZDIKnsKvi4yCIXrypYFTIhjA76Y2DMzvLTK8Ylv0WL/6KFw+KehL8GGdjBF8FDUVVN91dUSqFRd9/84aGR0bHxicmK1PTM7Nz1fmFM6szw6HBtdTmImIWpEiggQIlXKQGmIoknEdXB6V/fg3GCp2cYi+FlmLdRMSCM3RSu7oTHinosnaIcIP5/mFBd2kYG8bzUJdGka8VNGRpavTNl6GyUm1Xa37d74P+JcGA1MgAx+3qS9jRPFOQIJfM2mbgp9jKmUHBJRSVMLOQMn7FutB0NGEKbCvvv1jQFad0aKyNqwRpX/0+kTNlbU9FrlMxvLS/vVL8z2tmGG+3cpGkGULCPxfFmaSoaZkX7QgDHGXPEcaNcLdSfslcDuhSrbgQgt8v/yVna/Vgs75+slHb2x/EMUGWyDJZJQHZInvkkByTBuHkltyTR/Lk3XkP3rP3+tk65A1mFskPeO8fOSCkvg==</latexit>

⌦B
H
=
!
2
⇡
µ
2



211 grows until l=1 SR condition saturated

<latexit sha1_base64="UK2wt/8qYWngNuanrXEAhPRknYc=">AAACAXicbVA9SwNBEN2LXzF+ndoINotBsAp3omgjhNikESKYD0hC2NtskiV7u8funBiO2PhXbCwUsfVf2Plv3CRXaOKDgcd7M8zMCyLBDXjet5NZWl5ZXcuu5zY2t7Z33N29mlGxpqxKlVC6ERDDBJesChwEa0SakTAQrB4Mryd+/Z5pw5W8g1HE2iHpS97jlICVOu7BTacF7AGSUnmMr7DvYSuoroKOm/cK3hR4kfgpyaMUlY771eoqGodMAhXEmKbvRdBOiAZOBRvnWrFhEaFD0mdNSyUJmWkn0w/G+NgqXdxT2pYEPFV/TyQkNGYUBrYzJDAw895E/M9rxtC7bCdcRjEwSWeLerHAoPAkDtzlmlEQI0sI1dzeiumAaELBhpazIfjzLy+S2mnBPy94t2f5YimNI4sO0RE6QT66QEVURhVURRQ9omf0it6cJ+fFeXc+Zq0ZJ53ZR3/gfP4AjMmVqg==</latexit>

MBH = 10M�

<latexit sha1_base64="9RWmTXRPpBniLXGTlMfn/AgLhXI=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiCIQpgJil6EEA8GQYlgFkji0NPpSZr0LHTXiGGYj/Dir3jxoIhXD978GzsLqNEHBY/3qqiq54SCKzDNTyM1Mzs3v5BezCwtr6yuZdc3aiqIJGVVGohANhyimOA+qwIHwRqhZMRzBKs7/dOhX79lUvHAv4ZByNoe6frc5ZSAluzsPrH38AluuZLQ+NxuAbuDuFROkvjMvsQX38JNIbGzOTNvjoD/EmtCcmiCip39aHUCGnnMByqIUk3LDKEdEwmcCpZkWpFiIaF90mVNTX3iMdWOR08leEcrHewGUpcPeKT+nIiJp9TAc3SnR6Cnpr2h+J/XjMA9bsfcDyNgPh0vciOBIcDDhHCHS0ZBDDQhVHJ9K6Y9ovMBnWNGh2BNv/yX1Ap56zBvXh3kiqVJHGm0hbbRLrLQESqiMqqgKqLoHj2iZ/RiPBhPxqvxNm5NGZOZTfQLxvsXkN2d6w==</latexit>

a⇤ =
JBH

GNM2

BH

<latexit sha1_base64="c7kq7MmeAu8eAuTwkQajQqhwlSE="></latexit>

"n`m =
Nn`m

GNM2

BH

“full” cloud

Cloud Growth and BH Spin Down

<latexit sha1_base64="e+NgpcfeCMWdh4ZC+WGr1ZbczAI=">AAACInicbVDLSgMxFM34rPVVdekmWARXZaYq6q7oQpf10Qd0xpJJM21oMjMkd8Qy9Fvc+CtuXCjqSvBjTB+Cth4IHM65h5t7/FhwDbb9ac3Mzs0vLGaWsssrq2vruY3Nqo4SRVmFRiJSdZ9oJnjIKsBBsHqsGJG+YDW/ezbwa3dMaR6FN9CLmSdJO+QBpwSM1MyduOdEStJMi47Tv3WB3UN6fdV322384+wXi5NOKwLdzOXtgj0EnibOmOTRGOVm7t3kaCJZCFQQrRuOHYOXEgWcCtbPuolmMaFd0mYNQ0MimfbS4Yl9vGuUFg4iZV4IeKj+TqREat2TvpmUBDp60huI/3mNBIJjL+VhnAAL6WhRkAgMER70hVtcMQqiZwihipu/YtohilAwrWZNCc7kydOkWiw4hwX78iBfOh3XkUHbaAftIQcdoRK6QGVUQRQ9oCf0gl6tR+vZerM+RqMz1jizhf7A+voGQ8ikIg==</latexit>

�SR
211 � �SR

322 � . . .



two levels trade places

211 grows until l=1 SR condition saturated

growth of 322 set by SR timescale

GW annihilations

<latexit sha1_base64="UK2wt/8qYWngNuanrXEAhPRknYc=">AAACAXicbVA9SwNBEN2LXzF+ndoINotBsAp3omgjhNikESKYD0hC2NtskiV7u8funBiO2PhXbCwUsfVf2Plv3CRXaOKDgcd7M8zMCyLBDXjet5NZWl5ZXcuu5zY2t7Z33N29mlGxpqxKlVC6ERDDBJesChwEa0SakTAQrB4Mryd+/Z5pw5W8g1HE2iHpS97jlICVOu7BTacF7AGSUnmMr7DvYSuoroKOm/cK3hR4kfgpyaMUlY771eoqGodMAhXEmKbvRdBOiAZOBRvnWrFhEaFD0mdNSyUJmWkn0w/G+NgqXdxT2pYEPFV/TyQkNGYUBrYzJDAw895E/M9rxtC7bCdcRjEwSWeLerHAoPAkDtzlmlEQI0sI1dzeiumAaELBhpazIfjzLy+S2mnBPy94t2f5YimNI4sO0RE6QT66QEVURhVURRQ9omf0it6cJ+fFeXc+Zq0ZJ53ZR3/gfP4AjMmVqg==</latexit>

MBH = 10M�

<latexit sha1_base64="9RWmTXRPpBniLXGTlMfn/AgLhXI=">AAACFHicbVDJSgNBEO2JW4xb1KOXxiCIQpgJil6EEA8GQYlgFkji0NPpSZr0LHTXiGGYj/Dir3jxoIhXD978GzsLqNEHBY/3qqiq54SCKzDNTyM1Mzs3v5BezCwtr6yuZdc3aiqIJGVVGohANhyimOA+qwIHwRqhZMRzBKs7/dOhX79lUvHAv4ZByNoe6frc5ZSAluzsPrH38AluuZLQ+NxuAbuDuFROkvjMvsQX38JNIbGzOTNvjoD/EmtCcmiCip39aHUCGnnMByqIUk3LDKEdEwmcCpZkWpFiIaF90mVNTX3iMdWOR08leEcrHewGUpcPeKT+nIiJp9TAc3SnR6Cnpr2h+J/XjMA9bsfcDyNgPh0vciOBIcDDhHCHS0ZBDDQhVHJ9K6Y9ovMBnWNGh2BNv/yX1Ap56zBvXh3kiqVJHGm0hbbRLrLQESqiMqqgKqLoHj2iZ/RiPBhPxqvxNm5NGZOZTfQLxvsXkN2d6w==</latexit>

a⇤ =
JBH

GNM2

BH

<latexit sha1_base64="c7kq7MmeAu8eAuTwkQajQqhwlSE="></latexit>

"n`m =
Nn`m

GNM2

BH

“full” cloud

Cloud Growth and BH Spin Down

<latexit sha1_base64="e+NgpcfeCMWdh4ZC+WGr1ZbczAI=">AAACInicbVDLSgMxFM34rPVVdekmWARXZaYq6q7oQpf10Qd0xpJJM21oMjMkd8Qy9Fvc+CtuXCjqSvBjTB+Cth4IHM65h5t7/FhwDbb9ac3Mzs0vLGaWsssrq2vruY3Nqo4SRVmFRiJSdZ9oJnjIKsBBsHqsGJG+YDW/ezbwa3dMaR6FN9CLmSdJO+QBpwSM1MyduOdEStJMi47Tv3WB3UN6fdV322384+wXi5NOKwLdzOXtgj0EnibOmOTRGOVm7t3kaCJZCFQQrRuOHYOXEgWcCtbPuolmMaFd0mYNQ0MimfbS4Yl9vGuUFg4iZV4IeKj+TqREat2TvpmUBDp60huI/3mNBIJjL+VhnAAL6WhRkAgMER70hVtcMQqiZwihipu/YtohilAwrWZNCc7kydOkWiw4hwX78iBfOh3XkUHbaAftIQcdoRK6QGVUQRQ9oCf0gl6tR+vZerM+RqMz1jizhf7A+voGQ8ikIg==</latexit>

�SR
211 � �SR

322 � . . .



• Only 1 level at the time builds significant 
occupation

• Cycles of growth via SR and depletion via 
annihilations to GWs

“Purely” Gravitational SR



Self-Interactions in the SR Cloud



Self-Interacting Scalars

Well motivated scalar extensions to the Standard Model are 
expected to have quartic self-interactions.

<latexit sha1_base64="fp/uWNDJckI14viyx4NdMriwSSs=">AAACFHicbVDNS8MwHE39nPOr6tFLdAiCMFqZ6HHoxYOHCe4D1jrSNN3C0jQkqTBK/wgv/itePCji1YM3/xvTbQfdfBB4vPf7JXkvEIwq7Tjf1sLi0vLKammtvL6xubVt7+y2VJJKTJo4YYnsBEgRRjlpaqoZ6QhJUBww0g6GV4XffiBS0YTf6ZEgfoz6nEYUI22knn3ixUgPMGLwBnoqFYpo6EUS4cxj5pYQ5VntIPfEgN7XenbFqTpjwHniTkkFTNHo2V9emOA0JlxjhpTquo7QfoakppiRvOyligiEh6hPuoZyFBPlZ+NQOTwySgijRJrDNRyrvzcyFCs1igMzWURQs14h/ud1Ux1d+BnlItWE48lDUcqgTmDREAypJFizkSEIS2r+CvEAmUq06bFsSnBnI8+T1mnVPas6t7VK/XJaRwnsg0NwDFxwDurgGjRAE2DwCJ7BK3iznqwX6936mIwuWNOdPfAH1ucPZMWeaA==</latexit>

L � �

4!
�4



• “Axion-like particles”: Arise naturally as KK modes from compactification of in string theory 
(axiverse) 

• E.g. QCD axion solution to strong CP problem

<latexit sha1_base64="Zviz7j/9pntJ7pl+3/mAcvuRH5w="></latexit>

� ' 0.3µ2/f2
a ' 10�80

⇣ µ

10�12 eV

⌘4
<latexit sha1_base64="f9FU4Kv3giPKzWb+6AR9WdgDnq4="></latexit>

µ ' 6⇥ 10�12 eV

✓
1018 GeV

fa

◆

<latexit sha1_base64="ZpFF2Qe2Bc8bL8bkwGXZj9Y9gLY="></latexit>

V (�) ⇡ m2
⇡f

2
⇡ [1� cos (�/2fa)]

<latexit sha1_base64="rxL/HiTdV+xqAEZSDe3ADyq74p0="></latexit>

� =
µ2

f2
⇠ µ2

f2
a

' 10�74
⇣ µ

10�12 eV

⌘2
✓
1016 GeV

fa

◆2

Green et al. ’88, Svreck & Witten ’06, Arvanitaki et al. ’10, Dine ’16, Halverson et al. ’17, Bachlechner et al ‘19

Self-Interacting Scalars

mass: self-coupling:



???

Self-Interacting Scalars
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Gravitational SR
Spindown, GWs

<latexit sha1_base64="u0BnfYuSPJR/vx/WB9JQqyuFlh4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMh81hmesWw5DO8eFDEq1/jzb9xkuxBEwsaiqpuuruiRHALvv/tFVZW19Y3ipulre2d3b3y/kHT6tRQ1qBaaNOOiGWCK9YADoK1E8OIjARrRaPbqd96ZMZyrR5gnLBQkoHiMacEnNSRvS6wJ8jqYtIrV/yqPwNeJkFOKihHvVf+6vY1TSVTQAWxthP4CYQZMcCpYJNSN7UsIXREBqzjqCKS2TCbnTzBJ07p41gbVwrwTP09kRFp7VhGrlMSGNpFbyr+53VSiK/DjKskBabofFGcCgwaT//HfW4YBTF2hFDD3a2YDokhFFxKJRdCsPjyMmmeVYPL6vn9RaV2k8dRREfoGJ2iAF2hGrpDddRAFGn0jF7Rmwfei/fufcxbC14+c4j+wPv8Ab9bkZE=</latexit>mPl

<latexit sha1_base64="X9fdKqQgNADF5Im4167kladJEc8=">AAAB83icbVBNTwIxEO3iF+IX6tFLIzHxRHbVqEeiBz1iwgIJuyHdUqCh7W7aWSPZ8De8eNAYr/4Zb/4bC+xBwZdM8vLeTGbmRYngBlz32ymsrK6tbxQ3S1vbO7t75f2DpolTTZlPYxHrdkQME1wxHzgI1k40IzISrBWNbqd+65Fpw2PVgHHCQkkGivc5JWClQHYDYE+Q3fmNSbdccavuDHiZeDmpoBz1bvkr6MU0lUwBFcSYjucmEGZEA6eCTUpBalhC6IgMWMdSRSQzYTa7eYJPrNLD/VjbUoBn6u+JjEhjxjKynZLA0Cx6U/E/r5NC/zrMuEpSYIrOF/VTgSHG0wBwj2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TJpnVe+yev5wUand5HEU0RE6RqfIQ1eohu5RHfmIogQ9o1f05qTOi/PufMxbC04+c4j+wPn8ATdhkc8=</latexit>mGUT



???

Self-Interacting Scalars
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<latexit sha1_base64="u0BnfYuSPJR/vx/WB9JQqyuFlh4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMh81hmesWw5DO8eFDEq1/jzb9xkuxBEwsaiqpuuruiRHALvv/tFVZW19Y3ipulre2d3b3y/kHT6tRQ1qBaaNOOiGWCK9YADoK1E8OIjARrRaPbqd96ZMZyrR5gnLBQkoHiMacEnNSRvS6wJ8jqYtIrV/yqPwNeJkFOKihHvVf+6vY1TSVTQAWxthP4CYQZMcCpYJNSN7UsIXREBqzjqCKS2TCbnTzBJ07p41gbVwrwTP09kRFp7VhGrlMSGNpFbyr+53VSiK/DjKskBabofFGcCgwaT//HfW4YBTF2hFDD3a2YDokhFFxKJRdCsPjyMmmeVYPL6vn9RaV2k8dRREfoGJ2iAF2hGrpDddRAFGn0jF7Rmwfei/fufcxbC14+c4j+wPv8Ab9bkZE=</latexit>mPl

<latexit sha1_base64="X9fdKqQgNADF5Im4167kladJEc8=">AAAB83icbVBNTwIxEO3iF+IX6tFLIzHxRHbVqEeiBz1iwgIJuyHdUqCh7W7aWSPZ8De8eNAYr/4Zb/4bC+xBwZdM8vLeTGbmRYngBlz32ymsrK6tbxQ3S1vbO7t75f2DpolTTZlPYxHrdkQME1wxHzgI1k40IzISrBWNbqd+65Fpw2PVgHHCQkkGivc5JWClQHYDYE+Q3fmNSbdccavuDHiZeDmpoBz1bvkr6MU0lUwBFcSYjucmEGZEA6eCTUpBalhC6IgMWMdSRSQzYTa7eYJPrNLD/VjbUoBn6u+JjEhjxjKynZLA0Cx6U/E/r5NC/zrMuEpSYIrOF/VTgSHG0wBwj2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TJpnVe+yev5wUand5HEU0RE6RqfIQ1eohu5RHfmIogQ9o1f05qTOi/PufMxbC04+c4j+wPn8ATdhkc8=</latexit>mGUT



???

Self-Interacting Scalars
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A
D
M
X

H
ay
st
ac

QC
D a
xio
n

10-14 10-12 10-10 10-8 10-6 10-4 10-2 100
10-20

10-16

10-12

10-8

10-410-2100102104106108

Gravitational SR
Spindown, GWs

La
rg

er
 s

el
f-i

nt
er

ac
tio

ns

<latexit sha1_base64="u0BnfYuSPJR/vx/WB9JQqyuFlh4=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMh81hmesWw5DO8eFDEq1/jzb9xkuxBEwsaiqpuuruiRHALvv/tFVZW19Y3ipulre2d3b3y/kHT6tRQ1qBaaNOOiGWCK9YADoK1E8OIjARrRaPbqd96ZMZyrR5gnLBQkoHiMacEnNSRvS6wJ8jqYtIrV/yqPwNeJkFOKihHvVf+6vY1TSVTQAWxthP4CYQZMcCpYJNSN7UsIXREBqzjqCKS2TCbnTzBJ07p41gbVwrwTP09kRFp7VhGrlMSGNpFbyr+53VSiK/DjKskBabofFGcCgwaT//HfW4YBTF2hFDD3a2YDokhFFxKJRdCsPjyMmmeVYPL6vn9RaV2k8dRREfoGJ2iAF2hGrpDddRAFGn0jF7Rmwfei/fufcxbC14+c4j+wPv8Ab9bkZE=</latexit>mPl

<latexit sha1_base64="X9fdKqQgNADF5Im4167kladJEc8=">AAAB83icbVBNTwIxEO3iF+IX6tFLIzHxRHbVqEeiBz1iwgIJuyHdUqCh7W7aWSPZ8De8eNAYr/4Zb/4bC+xBwZdM8vLeTGbmRYngBlz32ymsrK6tbxQ3S1vbO7t75f2DpolTTZlPYxHrdkQME1wxHzgI1k40IzISrBWNbqd+65Fpw2PVgHHCQkkGivc5JWClQHYDYE+Q3fmNSbdccavuDHiZeDmpoBz1bvkr6MU0lUwBFcSYjucmEGZEA6eCTUpBalhC6IgMWMdSRSQzYTa7eYJPrNLD/VjbUoBn6u+JjEhjxjKynZLA0Cx6U/E/r5NC/zrMuEpSYIrOF/VTgSHG0wBwj2tGQYwtIVRzeyumQ6IJBRtTyYbgLb68TJpnVe+yev5wUand5HEU0RE6RqfIQ1eohu5RHfmIogQ9o1f05qTOi/PufMxbC04+c4j+wPn8ATdhkc8=</latexit>mGUT



Self-Interacting SR Cloud
Self-energy corrections Bound states interactions

Bound-continuum interactions

<latexit sha1_base64="P3HG43zigpD3ywGkfhi01453otw=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V3X34bLWuC3qKMMJnMI5eHANDbiHJrSAwhie4RXenNR5cd6dj0W05BQzx/AHzucPPhePgQ==</latexit>

�

At what value of                         do self-interactions become 
important? What are the new effects?

<latexit sha1_base64="aOGkNh8Kw6qmBEVDb8TpDoGFm0U="></latexit>

� = µ2/f2

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211
<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211
<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211
<latexit sha1_base64="P3HG43zigpD3ywGkfhi01453otw=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V3X34bLWuC3qKMMJnMI5eHANDbiHJrSAwhie4RXenNR5cd6dj0W05BQzx/AHzucPPhePgQ==</latexit>

�

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211
<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322

<latexit sha1_base64="pudkPm1l18WLXog0DE9u5jliYSM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFfZE0TJoYxnRmEByhL3NXLJkb+/Y3RNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvTKUwltJvr7Cyura+UdwsbW3v7O6V9w8eTZJpjg2eyES3QmZQCoUNK6zEVqqRxaHEZji8mfrNJ9RGJOrBjlIMYtZXIhKcWSfd+5R2yxVapTOQZeLnpAI56t3yV6eX8CxGZblkxrR9mtpgzLQVXOKk1MkMpowPWR/bjioWownGs1Mn5MQpPRIl2pWyZKb+nhiz2JhRHLrOmNmBWfSm4n9eO7PRVTAWKs0sKj5fFGWS2IRM/yY9oZFbOXKEcS3crYQPmGbcunRKLgR/8eVl8nhW9S+q9O68UrvO4yjCERzDKfhwCTW4hTo0gEMfnuEV3jzpvXjv3se8teDlM4fwB97nD1fajS0=</latexit>

100

Non-relativistic emissions Relativistic emissions  
(suppressed in             b/c cloud is non-rel.)

<latexit sha1_base64="P3HG43zigpD3ywGkfhi01453otw=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V3X34bLWuC3qKMMJnMI5eHANDbiHJrSAwhie4RXenNR5cd6dj0W05BQzx/AHzucPPhePgQ==</latexit>

�

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211
<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322

<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322
<latexit sha1_base64="QyuRMRwAJFcdEsXdzqV3Z9W/fCQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbPdtGs3u2F3IoTQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFieAGPe/bWVldW9/YLG2Vt3d29/YrB4cto1JNWZMqoXQnJIYJLlkTOQrWSTQjcShYOxzfTv32E9OGK/mAWcKCmAwljzglaKVWj8sIs36l6tW8Gdxl4hekCgUa/cpXb6BoGjOJVBBjur6XYJATjZwKNin3UsMSQsdkyLqWShIzE+SzayfuqVUGbqS0LYnuTP09kZPYmCwObWdMcGQWvan4n9dNMboOci6TFJmk80VRKlxU7vR1d8A1oygySwjV3N7q0hHRhKINqGxD8BdfXiat85p/WfPuL6r1myKOEhzDCZyBD1dQhztoQBMoPMIzvMKbo5wX5935mLeuOMXMEfyB8/kDw4GPQA==</latexit>1 <latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="13LEwok538SDYpnzK+P8nNRKAJk=">AAAB/HicbVDLSgNBEJyNrxhf0Ry9LAbBU9gVRY9BLx4jmAcka+iddJIhsw9mesWwxF/x4kERr36IN//GSbIHTSxoKKq66e7yYyk0Oc63lVtZXVvfyG8WtrZ3dveK+wcNHSWKY51HMlItHzRKEWKdBElsxQoh8CU2/dH11G8+oNIiCu9oHKMXwCAUfcGBjNQtljog4yHcdwgfKZWgBjjpFstOxZnBXiZuRsosQ61b/Or0Ip4EGBKXoHXbdWLyUlAkuMRJoZNojIGPYIBtQ0MIUHvp7PiJfWyUnt2PlKmQ7Jn6eyKFQOtx4JvOAGioF72p+J/XTqh/6aUijBPCkM8X9RNpU2RPk7B7QiEnOTYEuBLmVpsPQQEnk1fBhOAuvrxMGqcV97zi3J6Vq1dZHHl2yI7YCXPZBauyG1ZjdcbZmD2zV/ZmPVkv1rv1MW/NWdlMif2B9fkDfsWVUQ==</latexit>

↵large

<latexit sha1_base64="P3HG43zigpD3ywGkfhi01453otw=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V3X34bLWuC3qKMMJnMI5eHANDbiHJrSAwhie4RXenNR5cd6dj0W05BQzx/AHzucPPhePgQ==</latexit>

�
<latexit sha1_base64="QyuRMRwAJFcdEsXdzqV3Z9W/fCQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbPdtGs3u2F3IoTQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFieAGPe/bWVldW9/YLG2Vt3d29/YrB4cto1JNWZMqoXQnJIYJLlkTOQrWSTQjcShYOxzfTv32E9OGK/mAWcKCmAwljzglaKVWj8sIs36l6tW8Gdxl4hekCgUa/cpXb6BoGjOJVBBjur6XYJATjZwKNin3UsMSQsdkyLqWShIzE+SzayfuqVUGbqS0LYnuTP09kZPYmCwObWdMcGQWvan4n9dNMboOci6TFJmk80VRKlxU7vR1d8A1oygySwjV3N7q0hHRhKINqGxD8BdfXiat85p/WfPuL6r1myKOEhzDCZyBD1dQhztoQBMoPMIzvMKbo5wX5935mLeuOMXMEfyB8/kDw4GPQA==</latexit>1



Two-level system

1. BH populates cloud through SR (211 = most SR level) 

2. Second level gets populated though self-interactions 

3. Non-relativistic scalar waves carry energy and angular momentum to infinity

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211

<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211
<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322

<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322

1. Superradiance 2. Level-pumping 3. Scalar Emission

BH

BH

Gruzinov ’16 



Two-level Quasi-Equilibrium
• A quasi-equilibrium between the two levels is possible 

• Cloud stops growing. Momentum circulated from BH to infinity via cloud



Regimes of self-interactions

(A) “Gravitational SR”. Spindown, 
GW annihilations.

(B) “Moderate self-interactions”. Early 322 
growth. Spindown, GW annihilations. 

(C) “Large self-interactions”. Simultaneous 
growth. Spindown. Scalar waves.

(D) “Very large self-interactions”. 
Simultaneous growth. No spindown. Scalar 
waves.

<latexit sha1_base64="B9oAEu8Cxj/NsicumFbgJoeKwDQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUDyERRT0IRS8eK9gPaGPYbDft0s0m7G6UEvo/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYWFpeWV1YLa8X1jc2t7dLObkPFqSS0TmIey1aAFeVM0LpmmtNWIimOAk6bweBm7DcfqVQsFvd6mFAvwj3BQkawNtID9o8r2neO0BVy7Eu/VHZsZwI0T9yclCFHzS99dboxSSMqNOFYqbbrJNrLsNSMcDoqdlJFE0wGuEfbhgocUeVlk6tH6NAoXRTG0pTQaKL+nshwpNQwCkxnhHVfzXpj8T+vnerwwsuYSFJNBZkuClOOdIzGEaAuk5RoPjQEE8nMrYj0scREm6CKJgR39uV50jix3TPbuTstV6/zOAqwDwdQARfOoQq3UIM6EJDwDK/wZj1ZL9a79TFtXbDymT34A+vzBzMfkFw=</latexit>

a⇤(t0) = 0.9
<latexit sha1_base64="yBY3T/U0taRd5s5tL/StsRm1vWM=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsKsKHoRgl48RsgLkjXMTmaTIbMPZnrFsO7BX/HiQRGv/oY3/8ZJsgdNLGgoqrrp7vJiKTQQ8m0tLC4tr6wW1orrG5tb2/bObkNHiWK8ziIZqZZHNZci5HUQIHkrVpwGnuRNb3g99pv3XGkRhTUYxdwNaD8UvmAUjNS192v4EjvkLnVIhjvAHyDFI5V17RIpkwnwPHFyUkI5ql37q9OLWBLwEJikWrcdEoObUgWCSZ4VO4nmMWVD2udtQ0MacO2mk/szfGSUHvYjZSoEPFF/T6Q00HoUeKYzoDDQs95Y/M9rJ+BfuKkI4wR4yKaL/ERiiPA4DNwTijOQI0MoU8LcitmAKsrARFY0ITizL8+TxknZOSuT29NS5SqPo4AO0CE6Rg46RxV0g6qojhh6RM/oFb1ZT9aL9W59TFsXrHxmD/2B9fkD0/6UuA==</latexit>

T = 1010 yr
<latexit sha1_base64="S2/gqbGG2KHs9wMzgwqID7krSbs=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRS9C0YuXQgX7Ae1astlsG5pNliSrlKX/w4sHRbz6X7z5b0zbPWj1wcDjvRlm5gUJZ9q47pdTWFpeWV0rrpc2Nre2d8q7ey0tU0Vok0guVSfAmnImaNMww2knURTHAaftYHQ99dsPVGkmxZ0ZJ9SP8UCwiBFsrHRfR5fIc+v9ngylQf1yxa26M6C/xMtJBXI0+uXPXihJGlNhCMdadz03MX6GlWGE00mpl2qaYDLCA9q1VOCYaj+bXT1BR1YJUSSVLWHQTP05keFY63Ec2M4Ym6Fe9Kbif143NdGFnzGRpIYKMl8UpRwZiaYRoJApSgwfW4KJYvZWRIZYYWJsUCUbgrf48l/SOql6Z1X39rRSu8rjKMIBHMIxeHAONbiBBjSBgIIneIFX59F5dt6c93lrwcln9uEXnI9vRtOREw==</latexit>

M = 10M�

>2 levels grow 



two levels trade places

211 grows until l=1 SR condition 
saturated

growth of 322 set by SR 
timescale

GW annihilations

Small Interactions: Gravitational SR



211 grows until l=1 SR 
condition saturated

quasi-equilibrium 
scalar emissions

322 grows much earlier

big cloud 
stores the angular 
momentum

Moderate Interactions: Late Equilibrium



Large Interactions: Early Equilibrium
the 2 levels grow almost 
simultaneously

spin extraction is slower 
but can still complete

scalar emissions

cloud does not reach its 
maximum size



(Very) Large Interactions: No Spindown

No spin extraction occurs over 
astrophysical lifetimes

cloud grows well below its 
maximum size scalar emissions

small cloud 
circulates angular 
momentum to infinity



Collapse From Attractive SI (Bosenova)

• Use variational method to estimate critical 
occupation number and compare to what is 
expected from 2-level evolution from zero-
point fluctuations

modified Bohr radius
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<latexit sha1_base64="LhYfHV40zCo1DRc8soyiBLEkA44=">AAACEnicbZBLS8NAFIUn9VXrq+rSzWARdGFNiqLLohtXUsE+oEnLZDpph84kYeZGLCG/wY1/xY0LRdy6cue/MW2z0NYDAx/n3MtwjxsKrsE0v43cwuLS8kp+tbC2vrG5VdzeaeggUpTVaSAC1XKJZoL7rA4cBGuFihHpCtZ0h1fjvHnPlOaBfwejkDmS9H3ucUogtbrFo5uODewBYqo4JF2Kbc0ltokIB6QTH1uJ16mc2DLqVLrFklk2J8LzYGVQQplq3eKX3QtoJJkPVBCt25YZghMTBZwKlhTsSLOQ0CHps3aKPpFMO/HkpAQfpE4Pe4FKnw944v7eiInUeiTddFISGOjZbGz+l7Uj8C6cmPthBMyn04+8SGAI8Lgf3OOKURCjFMi4E04xHRBFKKQtFtISrNmT56FRKVtnZfP2tFS9zOrIoz20jw6Rhc5RFV2jGqojih7RM3pFb8aT8WK8Gx/T0ZyR7eyiPzI+fwCrrJ1w</latexit>

N crit
c ⇠ ↵�1f2/µ2

<latexit sha1_base64="rf7PkFSHfi1kb5R1iE1xeOVybww="></latexit>

V (r̃c) ' Nc
`(`+ 1) + 1

2µr̃2c
�Nc

↵

r̃c
� N2

c

f2r̃3c

<latexit sha1_base64="MD2zHT8ykfpcs5SvEq/wpkzGq14=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKthbbUDabTbt0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwhGN1P/4YlrIxJ1j+OU+zEdKBEJRtFKjz0UMuRE91m/WnPr7gxkmXgFqUGBZr/61QsTlsVcIZPUmK7npujnVKNgkk8qvczwlLIRHfCupYrG3Pj57OIJObFKSKJE21JIZurviZzGxozjwHbGFIdm0ZuK/3ndDKMrPxcqzZArNl8UZZJgQqbvk1BozlCOLaFMC3srYUOqKUMbUsWG4C2+vEzaZ3Xvou7endca10UcZTiCYzgFDy6hAbfQhBYwUPAMr/DmGOfFeXc+5q0lp5g5hD9wPn8AQdaQpA==</latexit>

r̃c

• Recall: For “gravitational SR”, number of 
particles in the cloud is

<latexit sha1_base64="4WDc1pOwk6VBIxwmPGMPSkGtsTg=">AAACBHicbVA9TwJBEN3zE/ELtaTZSEysyB3RaEmwkEaCiYAJ4GVvGWDD3oe7c0ZyobDxr9hYaIytP8LOf+PyUaj4kkle3pvJzDwvkkKjbX9ZC4tLyyurqbX0+sbm1nZmZ7euw1hxqPFQhuraYxqkCKCGAiVcRwqY70loeIOzsd+4A6VFGFzhMIK2z3qB6ArO0EhuJltxOW1p4cMtPXcrF24L4R6TUnl0U3AzOTtvT0DniTMjOTJD1c18tjohj30IkEumddOxI2wnTKHgEkbpVqwhYnzAetA0NGA+6HYyeWJED4zSod1QmQqQTtSfEwnztR76nun0Gfb1X28s/uc1Y+yethMRRDFCwKeLurGkGNJxIrQjFHCUQ0MYV8LcSnmfKcbR5JY2ITh/X54n9ULeOc7bl0e5YmkWR4pkyT45JA45IUVSJlVSI5w8kCfyQl6tR+vZerPep60L1mxmj/yC9fENfCiXWw==</latexit>

Nc ' GNM2

BH

entirely determined by BH mass

<latexit sha1_base64="yMsISBAlJXnCY/UmYzj6RS7qozc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZq1frrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqtu86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfXOMug==</latexit>

2



• Use variational method to estimate critical 
occupation number and compare to what is 
expected from 2-level evolution from zero-
point fluctuations

modified Bohr radius

<latexit sha1_base64="LhYfHV40zCo1DRc8soyiBLEkA44=">AAACEnicbZBLS8NAFIUn9VXrq+rSzWARdGFNiqLLohtXUsE+oEnLZDpph84kYeZGLCG/wY1/xY0LRdy6cue/MW2z0NYDAx/n3MtwjxsKrsE0v43cwuLS8kp+tbC2vrG5VdzeaeggUpTVaSAC1XKJZoL7rA4cBGuFihHpCtZ0h1fjvHnPlOaBfwejkDmS9H3ucUogtbrFo5uODewBYqo4JF2Kbc0ltokIB6QTH1uJ16mc2DLqVLrFklk2J8LzYGVQQplq3eKX3QtoJJkPVBCt25YZghMTBZwKlhTsSLOQ0CHps3aKPpFMO/HkpAQfpE4Pe4FKnw944v7eiInUeiTddFISGOjZbGz+l7Uj8C6cmPthBMyn04+8SGAI8Lgf3OOKURCjFMi4E04xHRBFKKQtFtISrNmT56FRKVtnZfP2tFS9zOrIoz20jw6Rhc5RFV2jGqojih7RM3pFb8aT8WK8Gx/T0ZyR7eyiPzI+fwCrrJ1w</latexit>

N crit
c ⇠ ↵�1f2/µ2

<latexit sha1_base64="rf7PkFSHfi1kb5R1iE1xeOVybww="></latexit>

V (r̃c) ' Nc
`(`+ 1) + 1

2µr̃2c
�Nc

↵

r̃c
� N2

c

f2r̃3c

• Recall: For “gravitational SR”, number of 
particles in the cloud is

<latexit sha1_base64="4WDc1pOwk6VBIxwmPGMPSkGtsTg=">AAACBHicbVA9TwJBEN3zE/ELtaTZSEysyB3RaEmwkEaCiYAJ4GVvGWDD3oe7c0ZyobDxr9hYaIytP8LOf+PyUaj4kkle3pvJzDwvkkKjbX9ZC4tLyyurqbX0+sbm1nZmZ7euw1hxqPFQhuraYxqkCKCGAiVcRwqY70loeIOzsd+4A6VFGFzhMIK2z3qB6ArO0EhuJltxOW1p4cMtPXcrF24L4R6TUnl0U3AzOTtvT0DniTMjOTJD1c18tjohj30IkEumddOxI2wnTKHgEkbpVqwhYnzAetA0NGA+6HYyeWJED4zSod1QmQqQTtSfEwnztR76nun0Gfb1X28s/uc1Y+yethMRRDFCwKeLurGkGNJxIrQjFHCUQ0MYV8LcSnmfKcbR5JY2ITh/X54n9ULeOc7bl0e5YmkWR4pkyT45JA45IUVSJlVSI5w8kCfyQl6tR+vZerPep60L1mxmj/yC9fENfCiXWw==</latexit>

Nc ' GNM2

BH

entirely determined by BH mass
<latexit sha1_base64="c2wfchcPkxi04zwqmScb6/4WU8A=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7JbFD0WvXiSCvYD2nXJptk2NLsJSVaopb/EiwdFvPpTvPlvTNs9aOuDgcd7M8zMiyRn2njet7Oyura+sVnYKm7v7O6V3P2DphaZIrRBBBeqHWFNOUtpwzDDaVsqipOI01Y0vJ76rUeqNBPpvRlJGiS4n7KYEWysFLql25CgrlRCGoHih2rolr2KNwNaJn5OypCjHrpf3Z4gWUJTQzjWuuN70gRjrAwjnE6K3UxTickQ92nH0hQnVAfj2eETdGKVHoqFspUaNFN/T4xxovUoiWxngs1AL3pT8T+vk5n4MhizVGaGpmS+KM44sk9OU0A9pigxfGQJJorZWxEZYIWJsVkVbQj+4svLpFmt+OcV7+6sXLvK4yjAERzDKfhwATW4gTo0gEAGz/AKb86T8+K8Ox/z1hUnnzmEP3A+fwDSopKL</latexit>

Nc / f2

Collapse from SI (Bosenova)



• Use variational method to estimate critical 
occupation number and compare to what is 
expected from 2-level evolution from zero-
point fluctuations

modified Bohr radius

<latexit sha1_base64="LhYfHV40zCo1DRc8soyiBLEkA44=">AAACEnicbZBLS8NAFIUn9VXrq+rSzWARdGFNiqLLohtXUsE+oEnLZDpph84kYeZGLCG/wY1/xY0LRdy6cue/MW2z0NYDAx/n3MtwjxsKrsE0v43cwuLS8kp+tbC2vrG5VdzeaeggUpTVaSAC1XKJZoL7rA4cBGuFihHpCtZ0h1fjvHnPlOaBfwejkDmS9H3ucUogtbrFo5uODewBYqo4JF2Kbc0ltokIB6QTH1uJ16mc2DLqVLrFklk2J8LzYGVQQplq3eKX3QtoJJkPVBCt25YZghMTBZwKlhTsSLOQ0CHps3aKPpFMO/HkpAQfpE4Pe4FKnw944v7eiInUeiTddFISGOjZbGz+l7Uj8C6cmPthBMyn04+8SGAI8Lgf3OOKURCjFMi4E04xHRBFKKQtFtISrNmT56FRKVtnZfP2tFS9zOrIoz20jw6Rhc5RFV2jGqojih7RM3pFb8aT8WK8Gx/T0ZyR7eyiPzI+fwCrrJ1w</latexit>

N crit
c ⇠ ↵�1f2/µ2

<latexit sha1_base64="rf7PkFSHfi1kb5R1iE1xeOVybww="></latexit>

V (r̃c) ' Nc
`(`+ 1) + 1

2µr̃2c
�Nc

↵

r̃c
� N2

c

f2r̃3c

• Recall: For “gravitational SR”, number of 
particles in the cloud is

<latexit sha1_base64="4WDc1pOwk6VBIxwmPGMPSkGtsTg=">AAACBHicbVA9TwJBEN3zE/ELtaTZSEysyB3RaEmwkEaCiYAJ4GVvGWDD3oe7c0ZyobDxr9hYaIytP8LOf+PyUaj4kkle3pvJzDwvkkKjbX9ZC4tLyyurqbX0+sbm1nZmZ7euw1hxqPFQhuraYxqkCKCGAiVcRwqY70loeIOzsd+4A6VFGFzhMIK2z3qB6ArO0EhuJltxOW1p4cMtPXcrF24L4R6TUnl0U3AzOTtvT0DniTMjOTJD1c18tjohj30IkEumddOxI2wnTKHgEkbpVqwhYnzAetA0NGA+6HYyeWJED4zSod1QmQqQTtSfEwnztR76nun0Gfb1X28s/uc1Y+yethMRRDFCwKeLurGkGNJxIrQjFHCUQ0MYV8LcSnmfKcbR5JY2ITh/X54n9ULeOc7bl0e5YmkWR4pkyT45JA45IUVSJlVSI5w8kCfyQl6tR+vZerPep60L1mxmj/yC9fENfCiXWw==</latexit>

Nc ' GNM2

BH

entirely determined by BH mass

0.005

0.1

0.1

0.2

0.3

0.4

0.4

0.5
0.6

<latexit sha1_base64="o5ms8S6pgMI6CP7cakHTECRv57M=">AAACBHicbVDLSsNAFJ34rPUVddlNsAiualIUXRbduCoV7APaGCbTSTt0MgkzN2IJXbjxV9y4UMStH+HOv3HSZqGtBy4czrmXyzl+zJkC2/42lpZXVtfWCxvFza3tnV1zb7+lokQS2iQRj2THx4pyJmgTGHDaiSXFoc9p2x9dZX77nkrFInEL45i6IR4IFjCCQUueWap7adVxJif1ux7QB0iJZDCZaZ5Ztiv2FNYicXJSRjkanvnV60ckCakAwrFSXceOwU2xBEY4nRR7iaIxJiM8oF1NBQ6pctNpiIl1pJW+FURSjwBrqv6+SHGo1Dj09WaIYajmvUz8z+smEFy4KRNxAlSQ2aMg4RZEVtaI1WeSEuBjTXCWnhGLDLHEBHRvRV2CMx95kbSqFeesYt+clmuXeR0FVEKH6Bg56BzV0DVqoCYi6BE9o1f0ZjwZL8a78TFbXTLymwP0B8bnD79Pl4c=</latexit>

N211/N
crit
211

Collapse from SI (Bosenova)



Signatures at large self-interactions



• Fast spinning BHs can be used 
to place bounds on parameter 
space of light scalars curves move as 

axion mass 
taken larger

Arvanitaki et al. ’15

Bounds From Spindown



Bounds From Spindown
• Because large self-

interactions prevent 
spindown, bounds are relaxed 
at large couplings

M33
GRS 1915+105
Cyg X-1

GRO J1655-40
LMC X-1

QCD axion

ALP DM

GUT scale

Updated bounds on axion masses 
from measurements of astrophysical BHs with high spins 
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Axion Waves: Coherent

• For large self-interactions, 
detecting coherent, 
monochromatic axion waves 
becomes possible

<latexit sha1_base64="k0lGc/zjX/t+7KOElzH0j6OpHBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPO8frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1busuvcXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBcaY0w</latexit>

211
<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322

<latexit sha1_base64="LUMZPH5+M1exXC1LFriKxvuy1EU=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklV9Fj04rGi/YA2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9nFervVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindZce8vyrWbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFg+I0z</latexit>

322

Fixed phase relation between radiation and its source. 
Entire cloud is coherent emitter, like laser.

• Unlike most astrophysical 
signals



Axion Waves: Long-lasting

cloud grows well below its 
maximum size scalar emissions

𝜃

axion wave amplitude
 (source frame) 

• Benefit from very long signal 
times: thousands to billions of 
years

• Longer than age of the Universe 
for

<latexit sha1_base64="6FKw8ajdM+mPhU9balW4iT3r9K4=">AAACBnicbVDJSgNBEO1xjXGLehShMQiewkxQ9Bj0oMcIZoFkDD2dmqRJz0J3jRiGOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6nmxFBpt+9taWFxaXlnNreXXNza3tgs7u3UdJYpDjUcyUk2PaZAihBoKlNCMFbDAk9DwBpcjv3EPSosovMVhDG7AeqHwBWdopE7hwKdtCVprEVDHvkudctZGeMCUXkE96xSKdskeg84TZ0qKZIpqp/DV7kY8CSBELpnWLceO0U2ZQsElZPl2oiFmfMB60DI0ZAFoNx2/kdEjo3SpHylTIdKx+nsiZYHWw8AznQHDvp71RuJ/XitB/9xNRRgnCCGfLPITSTGio0xoVyjgKIeGMK6EuZXyPlOMo0kub0JwZl+eJ/VyyTkt2TcnxcrFNI4c2SeH5Jg45IxUyDWpkhrh5JE8k1fyZj1ZL9a79TFpXbCmM3vkD6zPH/J0mCg=</latexit>

f . 1012 GeV



𝜃

axion wave amplitude
 (source frame) 

• Benefit from very long signal 
times: thousands to billions of 
years

• Longer than age of the Universe 
for

<latexit sha1_base64="6FKw8ajdM+mPhU9balW4iT3r9K4=">AAACBnicbVDJSgNBEO1xjXGLehShMQiewkxQ9Bj0oMcIZoFkDD2dmqRJz0J3jRiGOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6nmxFBpt+9taWFxaXlnNreXXNza3tgs7u3UdJYpDjUcyUk2PaZAihBoKlNCMFbDAk9DwBpcjv3EPSosovMVhDG7AeqHwBWdopE7hwKdtCVprEVDHvkudctZGeMCUXkE96xSKdskeg84TZ0qKZIpqp/DV7kY8CSBELpnWLceO0U2ZQsElZPl2oiFmfMB60DI0ZAFoNx2/kdEjo3SpHylTIdKx+nsiZYHWw8AznQHDvp71RuJ/XitB/9xNRRgnCCGfLPITSTGio0xoVyjgKIeGMK6EuZXyPlOMo0kub0JwZl+eJ/VyyTkt2TcnxcrFNI4c2SeH5Jg45IxUyDWpkhrh5JE8k1fyZj1ZL9a79TFpXbCmM3vkD6zPH/J0mCg=</latexit>

f . 1012 GeV

Axion Waves: Long-lasting



Unsuppressed Signal

• SM interactions are sensitive to

Signal does not decouple even as the cloud gets smaller!

• Generate local axion energy density

<latexit sha1_base64="TSpkNbgj/RiWueFWR+OfNWDv+4w="></latexit>

✓ ' 10�19

✓
10�12 eV

µ

◆⇣ ↵

0.1

⌘3
✓
10 kpc

r

◆

<latexit sha1_base64="ji7sgQJdl6ZjrPdBlH8exJ9uLxc=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZUYUXRbduKxgHzAdSybNtKGZJCR3hDL0M9y4UMStX+POvzFtZ6GtBwKHc+4l95xYC27B97+9ldW19Y3N0lZ5e2d3b79ycNiyKjOUNakSynRiYpngkjWBg2AdbRhJY8Ha8eh26refmLFcyQcYaxalZCB5wikBJ4VdbZQGhZNHv1ep+jV/BrxMgoJUUYFGr/LV7SuapUwCFcTaMPA1RDkxwKlgk3I3s0wTOiIDFjoqScpslM9OnuBTp/Rxoox7EvBM/b2Rk9TacRq7yZTA0C56U/E/L8wguY5yLnUGTNL5R0kmsAs5zY/73DAKYuwIoYa7WzEdEkMouJbKroRgMfIyaZ3Xgsuaf39Rrd8UdZTQMTpBZyhAV6iO7lADNRFFCj2jV/TmgffivXsf89EVr9g5Qn/gff4A5/GRAA==</latexit>

/ f0

same scaling as
cloud size

<latexit sha1_base64="b12N8MaD6xx5s/A2NdhCekN7c+8=">AAACEXicbVDJSgNBEO1xjXGLevTSGIScwowoegx68RjBLJAJoadTk2nSs6S7RgjD/IIXf8WLB0W8evPm39hZDpr4oODxXhVV9bxECo22/W2trK6tb2wWtorbO7t7+6WDw6aOU8WhwWMZq7bHNEgRQQMFSmgnCljoSWh5w5uJ33oApUUc3eM4gW7IBpHwBWdopF6p4mIAyKirRQgj6vqK8czVI4WZq4K45yaByPPMz3ulsl21p6DLxJmTMpmj3it9uf2YpyFEyCXTuuPYCXYzplBwCXnRTTUkjA/ZADqGRiwE3c2mH+X01Ch96sfKVIR0qv6eyFio9Tj0TGfIMNCL3kT8z+uk6F91MxElKULEZ4v8VFKM6SQe2hcKOMqxIYwrYW6lPGAmFDQhFk0IzuLLy6R5VnUuqvbdebl2PY+jQI7JCakQh1ySGrklddIgnDySZ/JK3qwn68V6tz5mrSvWfOaI/IH1+QMbn555</latexit>

✓ '
p
⇢�
f

<latexit sha1_base64="YC1iL0N8EUEicHx70nebKEr6Y4A="></latexit>

⇢�, Earth ' 10�6 GeV/cm3
⇣ ↵

0.1

⌘6
✓
10 kpc

r

◆2 ✓ f

1016 GeV

◆2



Direct detection
• Proposed DM detectors use axion 

“wind” coupling to Standard Model 
spins

• Look for oscillating “magnetic” field by 
looking for precession of polarized nuclear 
spins (e.g. CASPER)

where                     

• Axion creates an effective oscillatory 
“magnetic” field

<latexit sha1_base64="qxW8XTa7F3S+66yc/7diMx7/Nc4=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5qIr2XRjcsK9gFNKJPpTTt0Jokzk0KJXfgrblwo4tbfcOffOG2z0NYDFw7n3Mu99wQJZ0o7zre1sLi0vLJaWCuub2xubds7u3UVp5JCjcY8ls2AKOAsgppmmkMzkUBEwKER9G/GfmMAUrE4utfDBHxBuhELGSXaSG173xsAxQPsKSbgAXuEJz1yctG2S07ZmQDPEzcnJZSj2ra/vE5MUwGRppwo1XKdRPsZkZpRDqOilypICO2TLrQMjYgA5WeT+0f4yCgdHMbSVKTxRP09kRGh1FAEplMQ3VOz3lj8z2ulOrzyMxYlqYaITheFKcc6xuMwcIdJoJoPDSFUMnMrpj0iCdUmsqIJwZ19eZ7UT8vuedm5OytVrvM4CugAHaJj5KJLVEG3qIpqiKJH9Ixe0Zv1ZL1Y79bHtHXBymf20B9Ynz+wB5U9</latexit>

~v ' ↵/6

• For non-rel. radiation from the cloud

volume V
Kimball et al. ’17

<latexit sha1_base64="qtjpXWSmSztxDg+BCWCLEyB6HpI="></latexit>

Hwind = gn~� · ~r� ⌘ ~Ba · ~µn<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

(non-relativistic, but faster than DM)

<latexit sha1_base64="ik3eKScaH0fdZ+mXTOuDkWeUOiY=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKiai6LLYjatSwT6gDWEynbRDZyZxZqKU2E9x40IRt36JO//GaZuFth64cDjnXu69J0wYVdp1v63Cyura+kZxs7S1vbO7Z5f3WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHo9rUbz8QqWgs7vQ4IT5HA0EjipE2UmCXB0Ed9hTl5B7Wgvpp5AR2xXXcGeAy8XJSATkagf3V68c45URozJBSXc9NtJ8hqSlmZFLqpYokCI/QgHQNFYgT5Wez0yfw2Ch9GMXSlNBwpv6eyBBXasxD08mRHqpFbyr+53VTHV35GRVJqonA80VRyqCO4TQH2KeSYM3GhiAsqbkV4iGSCGuTVsmE4C2+vExaZ4534bi355XqdR5HERyCI3ACPHAJquAGNEATYPAInsEreLOerBfr3fqYtxasfOYA/IH1+QOBCJLb</latexit>

gN ' CN/f.

<latexit sha1_base64="X0PSIDKdMAdHV4aUTeY5q724aLE="></latexit>

~Ba / CN ⇥ (µ~v)⇥ ✓0 cos
h
kHz

⇣ µ

10�12 eV

⌘
t
i



Direct detection
Detectability prospects for nearby BHs

• Look for signal that is 
nearly constant in time 

• Signal independent of 
interaction strength



Direct detection

• Look for signal that is nearly 
constant in time 

Expected number of signals in blind search

• Number of expected signals in 
blind search grows for smaller       
because signal duration is 
longer

<latexit sha1_base64="7JFpw6xor2vPs0nBGSStg2pgHd4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQ+0I1QdOOygn1AG8tkOmmHziRh5kYMof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPX4suAbH+bYKS8srq2vF9dLG5tb2jr2719RRoihr0EhEqu0TzQQPWQM4CNaOFSPSF6zlj64nfuuBKc2j8A7SmHmSDEIecErASD273MSX2HVwF9gjZJjK8f1Jz644VWcKvEjcnFRQjnrP/ur2I5pIFgIVROuO68TgZUQBp4KNS91Es5jQERmwjqEhkUx72fT4MT40Sh8HkTIVAp6qvycyIrVOpW86JYGhnvcm4n9eJ4Hgwst4GCfAQjpbFCQCQ4QnSeA+V4yCSA0hVHFzK6ZDoggFk1fJhODOv7xImsdV96zq3J5Wald5HEW0jw7QEXLROaqhG1RHDURRip7RK3qznqwX6936mLUWrHymjP7A+vwBb56TWw==</latexit>

V = 10 cm3
<latexit sha1_base64="Jk31/L44jxR2Xe+yAx9gIwBqLCg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoheh2IsnqWA/pF1KNk3b0CS7JFmhLP0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhgLbizG315uZXVtfSO/Wdja3tndK+4fNEyUaMrqNBKRboXEMMEVq1tuBWvFmhEZCtYMR9Wp33xi2vBIPdhxzAJJBor3OSXWSY/V7h26Rj7G3WIJl/EMaJn4GSlBhlq3+NXpRTSRTFkqiDFtH8c2SIm2nAo2KXQSw2JCR2TA2o4qIpkJ0tnBE3TilB7qR9qVsmim/p5IiTRmLEPXKYkdmkVvKv7ntRPbvwpSruLEMkXni/qJQDZC0+9Rj2tGrRg7Qqjm7lZEh0QTal1GBReCv/jyMmmclf2LMr4/L1VusjjycATHcAo+XEIFbqEGdaAg4Rle4c3T3ov37n3MW3NeNnMIf+B9/gBnQo7W</latexit>

CN = 100

<latexit sha1_base64="djRhg0G2LUAFch7eeP0VDknmiDo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBzEOM7g==</latexit>

f



Direct detection

• SN1987A constrains 

<latexit sha1_base64="KgtylowBUiAzaZeQCk7L0TKJDQw=">AAACAHicbVA9SwNBEN3zM8avqIWFzWIQrMJdULQRghZaRjAfkMSwt5lLlux9sDsnhuMa/4qNhSK2/gw7/42b5ApNfDDweG+GmXluJIVG2/62FhaXlldWc2v59Y3Nre3Czm5dh7HiUOOhDFXTZRqkCKCGAiU0IwXMdyU03OHV2G88gNIiDO5wFEHHZ/1AeIIzNFK3sO/RC+rY94lTTtsIj5jQa6intFso2iV7AjpPnIwUSYZqt/DV7oU89iFALpnWLceOsJMwhYJLSPPtWEPE+JD1oWVowHzQnWTyQEqPjNKjXqhMBUgn6u+JhPlaj3zXdPoMB3rWG4v/ea0YvfNOIoIoRgj4dJEXS4ohHadBe0IBRzkyhHElzK2UD5hiHE1meROCM/vyPKmXS85pyb49KVYuszhy5IAckmPikDNSITekSmqEk5Q8k1fyZj1ZL9a79TFtXbCymT3yB9bnD0U9lO0=</latexit>

f = 1012 GeV
<latexit sha1_base64="7JFpw6xor2vPs0nBGSStg2pgHd4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQ+0I1QdOOygn1AG8tkOmmHziRh5kYMof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPX4suAbH+bYKS8srq2vF9dLG5tb2jr2719RRoihr0EhEqu0TzQQPWQM4CNaOFSPSF6zlj64nfuuBKc2j8A7SmHmSDEIecErASD273MSX2HVwF9gjZJjK8f1Jz644VWcKvEjcnFRQjnrP/ur2I5pIFgIVROuO68TgZUQBp4KNS91Es5jQERmwjqEhkUx72fT4MT40Sh8HkTIVAp6qvycyIrVOpW86JYGhnvcm4n9eJ4Hgwst4GCfAQjpbFCQCQ4QnSeA+V4yCSA0hVHFzK6ZDoggFk1fJhODOv7xImsdV96zq3J5Wald5HEW0jw7QEXLROaqhG1RHDURRip7RK3qznqwX6936mLUWrHymjP7A+vwBb56TWw==</latexit>

V = 10 cm3

<latexit sha1_base64="9bxVOgdGd9ryP8I84JwwzOtMqpw=">AAACDXicbVDJSgNBEO1xjXEb9eilMQpeDDOiqLegBz1JBLNAEkNPp5I06VnorhHDMD/gxV/x4kERr969+Td2loMmPih4vFdFVT0vkkKj43xbM7Nz8wuLmaXs8srq2rq9sVnWYaw4lHgoQ1X1mAYpAiihQAnVSAHzPQkVr3cx8Cv3oLQIg1vsR9DwWScQbcEZGqlp73aa13UJWmvhU9e5Sw7OUlpHeMCEXkI5NYKbNu2ck3eGoNPEHZMcGaPYtL/qrZDHPgTIJdO65joRNhKmUHAJabYea4gY77EO1AwNmA+6kQy/SemeUVq0HSpTAdKh+nsiYb7Wfd8znT7Drp70BuJ/Xi3G9mkjEUEUIwR8tKgdS4ohHURDW0IBR9k3hHElzK2Ud5liHE2AWROCO/nyNCkf5t3jvHNzlCucj+PIkG2yQ/aJS05IgVyRIikRTh7JM3klb9aT9WK9Wx+j1hlrPLNF/sD6/AHrJJrT</latexit>

gN . 10�9 GeV�1

Expected number of signals in blind search

• Blind searches could yield 
large number of signals 
for a lot of open 
parameter space



Summary

• Self-interactions lead simultaneous occupation of two or more levels in a quasi-equilibrium 
configuration in the SR cloud

• “Bosenova” phenomenon likely does not occur

• Large self-interactions suppress BH spindown and GWs but introduces axion waves
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Backup slides



Superradiance rates

• Exponential growth for ~ 200 e-folds

• Individual event rates small; boosted by 
large occupation numbers

Arvanitaki et al. 2015

• Larger     can satisfy SR condition for larger 
<latexit sha1_base64="PMvWQuVKNOMXJBHX6ukthBYFtiQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbSbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBP0IzqSPOSMmlzqoxCDas2tu3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz+a0zcmaVIQljZUsaMld/T2Q00noaBbYzomasl71c/M/rpSa88TMuk9SgZItFYSqIiUn+OBlyhcyIqSWUKW5vJWxMFWXGxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AA64jj8=</latexit>

` <latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ

• Larger     are exponentially suppressed 
because of kinetic barrier

<latexit sha1_base64="PMvWQuVKNOMXJBHX6ukthBYFtiQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbSbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBP0IzqSPOSMmlzqoxCDas2tu3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz+a0zcmaVIQljZUsaMld/T2Q00noaBbYzomasl71c/M/rpSa88TMuk9SgZItFYSqIiUn+OBlyhcyIqSWUKW5vJWxMFWXGxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AA64jj8=</latexit>

`

• Larger      are suppressed because smaller 
density near horizon

<latexit sha1_base64="F1SstRATZTWwDwZvBN806C5UjPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A2GOM9g==</latexit>n
SR condition

<latexit sha1_base64="BKVm5hCtsDwt4LZM7+aIl5LJB9k="></latexit>

�SR

n`m ⇠ n(rg)r
2

g

✓
m⌦BH

µ
� 1

◆

<latexit sha1_base64="DGBUCjc1qoWqPuZYPEGuXTvTkn4="></latexit>

�SR

n`m ⇠ ↵5+4`(m⌦BH � µ)

n3



GWs Emissions

S. Zhu et al. ’20

• Coherent, monochromatic gravitational waves 
from annihilations in the cloud

• Visible at Advanced LIGO with continuous 
wave search strategy (similar to isolated 
neutron stars)

<latexit sha1_base64="QyuRMRwAJFcdEsXdzqV3Z9W/fCQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6ANZbPdtGs3u2F3IoTQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFieAGPe/bWVldW9/YLG2Vt3d29/YrB4cto1JNWZMqoXQnJIYJLlkTOQrWSTQjcShYOxzfTv32E9OGK/mAWcKCmAwljzglaKVWj8sIs36l6tW8Gdxl4hekCgUa/cpXb6BoGjOJVBBjur6XYJATjZwKNin3UsMSQsdkyLqWShIzE+SzayfuqVUGbqS0LYnuTP09kZPYmCwObWdMcGQWvan4n9dNMboOci6TFJmk80VRKlxU7vR1d8A1oygySwjV3N7q0hHRhKINqGxD8BdfXiat85p/WfPuL6r1myKOEhzDCZyBD1dQhztoQBMoPMIzvMKbo5wX5935mLeuOMXMEfyB8/kDw4GPQA==</latexit>1

• Can expect 1000+ events from BHs in the MW

10

FIG. 9. The distribution of signal strains as a function of source frequency (gray dots) and observed frequency with Doppler
shift (blue dots). The strains are selected for signals with d � 1 kpc to facilitate comparison to the strain as a function of
source frequency for a system at a distance d = 1 kpc: the upper envelope for two sets of black hole spin and age parameters
is shown in orange. The black vertical lines show the boundaries of the source frequency distribution: the vertical dotted line
shows the rest mass frequency f0

GW, and the thick and thin vertical lines correspond to fGW,source for (20M�, �i = 0.999) and
(20M�,�i = 0.5), respectively, yielding successively more negative potential energy corrections. (In the left panel, the two solid
vertical lines lie close to each other.)

FIG. 10. The ensemble signals for the “standard” black hole population (Table I), and boson mass (left to right) µb = 2 ⇥
10�13, 4 ⇥ 10�13, 8 ⇥ 10�13, and 20 ⇥ 10�13 eV. Top row: Each point represents the annihilation signal from an individual
system, illustrating the range of strains and frequencies of the signals. The dashed horizontal red line corresponds to the
approximate upper limit at that frequency reported by recent all-sky continuous wave searches [20, 21, 47, 96]. The thick
dashed vertical red line marks the values of f0

GW, and the dotted red line shows fGW calculated using the mode of the MBH

distribution (Fig. 11). Second row: Distribution of strains as a function of distance and black hole mass. Smaller, whiter
circles correspond to lighter black holes (minimum 5M�) and larger bluer circles correspond to heavier black holes (maximum
20M�); the di↵erences in circle sizes are exaggerated for visual e↵ect and do not scale linearly with MBH. The horizontal
dashed red line again represents current search upper limits.

higher peak strain (Eq. (13)). Thus, in a given ensem-
ble, the signals with lower frequencies have higher strains
at cloud formation. The signal half-time ⌧GW decreases
rapidly with increasing black hole mass (Eq. (15)). If
⌧GW is shorter than the black hole age ⌧BH, the signal

strain today is suppressed by ⌧GW/⌧BH; increasing the
black hole mass above the value that gives ⌧GW ⇠ ⌧BH

increases the peak strain but decreases the strain at the
current time. The current strain as a function of fre-
quency for a fixed black hole age and distance as seen in

h 0

Strain distribution from BHs in the MW

<latexit sha1_base64="1a9DomQzx5NmyO+ca/rN0QQMPFg=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4kDLTKnZZFMRlBfuATimZ9E4bmskMSUYoQ//Ijb/SjYgibv0L0+kstPVCwuGce+5NjhdxprRtv1m5tfWNza38dmFnd2//oHh41FJhLCk0achD2fGIAs4ENDXTHDqRBBJ4HNre+Haut59AKhaKRz2JoBeQoWA+o0Qbql+8cwfgG286KfFiKXQoiRjCNJFDb5rY5doFtsvV6vy2pwV3tbHiBnG/WDJyWngVOBkooawa/eLMHYQ0DkBoyolSXceOdC8hUjPKweyJFUSEjskQugYKEoDqJenyKT4zzAD7oTRHaJyyvx0JCZSaBJ7pDIgeqWVtTv6ndWPt13oJE1GsQdDFIj/mWId4Hh4eMAlU84kBhEpm3orpiEhCtYm4YEJwlr+8ClqVsnNVth8uS/WbLI48OkGn6Bw56BrV0T1qoCai6BnN0Dv6sF6sV+vT+lq05qzMc4z+lPX9A04qqS8=</latexit>

2µ
<latexit sha1_base64="EWa/aEikDOJIcfcp3bZCaqGLwvI=">AAACLXicbVDLSgMxFM34rPU16tJNsAgupMy0il0WH+Cygn1AW0omvdOGZjJDkhHK0B9y46+I4KIibv0NM+0stPVCwuGce+5NjhdxprTjTK2V1bX1jc3cVn57Z3dv3z44bKgwlhTqNOShbHlEAWcC6pppDq1IAgk8Dk1vdJPqzSeQioXiUY8j6AZkIJjPKNGG6tm3nT74xjublHixFDqURAxgksiBN0mcYuUcO8VyOb2dSb6z3Fi669kFI84KLwM3AwWUVa1nv3X6IY0DEJpyolTbdSLdTYjUjHIwW2IFEaEjMoC2gYIEoLrJbPUEnxqmj/1QmiM0nrG/HQkJlBoHnukMiB6qRS0l/9PasfYr3YSJKNYg6HyRH3OsQ5xGh/tMAtV8bAChkpm3YjokklBtAs6bENzFLy+DRqnoXhadh4tC9TqLI4eO0Qk6Qy66QlV0j2qojih6Rq9oij6sF+vd+rS+5q0rVuY5Qn/K+v4BV2OoIg==</latexit>

2E



• Scalar field      with small mass
<latexit sha1_base64="JcJJBv8C5/x42NTZ21B6DTtMZb8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V013YfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxTajkM=</latexit>

� <latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ

• Axion-Like particles: Pseudo Nambu-Goldstone boson associated with spontaneous 
breaking of some continuous shift symmetry at some high scale     . 

• Non-perturbative effects generate potential , with
<latexit sha1_base64="BSCgiziSiP+ZbaCUdr3MrgPLbIo="></latexit>

V (�) = g(0) +
g(2)

2!
µ2�2 +

g(4)

4!

µ2

f2
�4 + . . .<latexit sha1_base64="zSccNyfh/mqdqkm4gE/ZTBwwlKY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7BP++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPzpWjcI=</latexit>

fa

<latexit sha1_base64="TfAWKYiGnR+7TYN80aZxsM21k9s=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCG1S0kqECxIFSyMRaIPqQmR4zqtVceJbAepijqz8CssDCDEyhew8Te4aQZoOZKt43Pu1fU9fsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/dD31Ow9ESBrxOzWOiRuiAacBxUhpyTMP2xUnHtIqvIROmNzXYeAhfQ8y9UQ/qp5ZtmpWBrhI7JyUQY6mZ345/QgnIeEKMyRlz7Zi5aZIKIoZmZScRJIY4REakJ6mHIVEumm2ygQea6UPg0jowxXM1N8dKQqlHIe+rgyRGsp5byr+5/USFVy4KeVxogjHs0FBwqCK4DQX2KeCYMXGmiAsqP4rxEMkEFY6vZIOwZ5feZG06zX7rGbdnpYbV3kcRXAAjkAF2OAcNMANaIIWwOARPINX8GY8GS/Gu/ExKy0Yec8++APj8wddCpgo</latexit>

V (�) = µ2f2
ag(�/fa)

<latexit sha1_base64="o+z5vAs6Eae7LZux3dt+J+i4Qeg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48RzAN2lzA7mU2GzGOZ6RVCyGd48aCIV7/Gm3/jJNmDJhY0FFXddHclmeAWfP/bK62tb2xulbcrO7t7+wfVw6O21bmhrEW10KabEMsEV6wFHATrZoYRmQjWSUZ3M7/zxIzlWj3COGOxJAPFU04JOCmMZI4jIXDaI71qza/7c+BVEhSkhgo0e9WvqK9pLpkCKoi1YeBnEE+IAU4Fm1ai3LKM0BEZsNBRRSSz8WR+8hSfOaWPU21cKcBz9ffEhEhrxzJxnZLA0C57M/E/L8whvYknXGU5MEUXi9JcYNB49j/uc8MoiLEjhBrubsV0SAyh4FKquBCC5ZdXSfuiHlzV/YfLWuO2iKOMTtApOkcBukYNdI+aqIUo0ugZvaI3D7wX7937WLSWvGLmGP2B9/kDiiqQxA==</latexit>

µ ⌧ fa

<latexit sha1_base64="zSccNyfh/mqdqkm4gE/ZTBwwlKY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh7BP++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPzpWjcI=</latexit>

fa
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Previous Estimates of SI
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• People predicted explosive “bosenova” collapse, when attractive 
self-energy becomes comparable to gravitational binding energy
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• For fixed                        , one can always pick     small enough that collapse occurs. 
<latexit sha1_base64="zgLwDboW0FQY2kS5nW0LR6oveqM=">AAACCXicbZC7SgNBFIZnvcZ4W7W0GQyCVdgNipYhFqYxRDAXyMZldjJJhsxemDkrhmVbG1/FxkIRW9/AzrdxkmyhiT8MfPznHM6c34sEV2BZ38bS8srq2npuI7+5tb2za+7tN1UYS8oaNBShbHtEMcED1gAOgrUjyYjvCdbyRpeTeuueScXD4BbGEev6ZBDwPqcEtOWauOZS7Cju4yvXAfYASS29zqhSTe9KrlmwitZUeBHsDAooU901v5xeSGOfBUAFUapjWxF0EyKBU8HSvBMrFhE6IgPW0RgQn6luMr0kxcfa6eF+KPULAE/d3xMJ8ZUa+57u9AkM1XxtYv5X68TQv+gmPIhiYAGdLerHAkOIJ7HgHpeMghhrIFRy/VdMh0QSCjq8vA7Bnj95EZqlon1WtG5OC+VKFkcOHaIjdIJsdI7KqIrqqIEoekTP6BW9GU/Gi/FufMxal4xs5gD9kfH5A90JmdA=</latexit>

Nc ⇠ GNM
2

BH

If self-interactions are large, can the cloud ever get that large in the first place?  
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Largely, no.



Spin Bounds
• Because large self-

interactions prevent 
spindown, spin bounds are 
relaxed at large couplings
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Example of updated bounds from a SMBH 
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GW Emissions

• GW annihilations rapidly 
suppressed by smallness of the 
cloud

33

self-interaction processes, there is additional energy lost
from the cloud, changing the time-evolution to that in
Eq. (48), with

h
GW,ann(t) /

p
⌧scalar/t (98)

at late times, where ⌧scalar / (f/Mpl)4, Eq. (49). For f

in the moderate self-coupling regime, ⌧scalar can be signif-
icantly less than ⌧ann. Given the typical assumptions on
black hole formation rates and distributions, the short-
est signals that are likely to be observable in an all-sky
continuous wave search have signal times on the order of
104 years or more [40].

Since, for moderate self-couplings, the peak signal
strain is not a↵ected, the sensitivity reach of gravitational
wave detectors for signals observed around the optimum
time is only moderately a↵ected, as illustrated in the bot-
tom panels of Fig. 13. One e↵ect is that, especially for
lighter black holes, the signal duration can become com-
parable to the typical coherent integration times used in
continuous wave searches (e.g. [82]), which degrades the
signal to noise.

For blind searches, the faster decrease of signal strain
with time leads to less chance of seeing a signal, as illus-
trated in Figure 14. The expected number of observable
signals at f ⇠ 1018 GeV, which is in the moderate self-
interactions regime for µ ⇠ 10�12 eV, is around an or-
der of magnitude lower than in the purely gravitational
case. For larger and smaller µ, this value of f falls back
into the weak self-interactions regime, so the di↵erence
is reduced. At f ⇠ 1017 GeV, which is in the moderate
self-interactions regime for the whole µ range, the signal
durations are much shorter, and the expected number
of observable signals is less than 1. As a result, such
signals are unlikely to observed with current detectors,
in a blind search. In addition, the faster time-evolution
can lead to larger frequency drifts, which could degrade
search sensitivity further (see Sec. VII C).

For strong self-couplings, f > fBC, the peak signal
amplitude drops with increasing coupling as (f/fBC)2

(Fig. 13). In particular, this drop-o↵ starts at larger
f than for the suppression of BH spin-down, since
fBC > fCD. Consequently, with current detectors, self-
interactions strong enough to avoid BH spin-down con-
straints (Sec. VI) also render GW annihilation signals
undetectable, for any plausible BH spin and mass distri-
butions. For f . fBC, i.e. f . 1016 GeV for stellar-mass
BHs, the expected number of events in a blind search is
. 10�3, while for f . 1015 GeV, where signal durations
become comparable to those in the small self-interaction
regime, signals beyond 10� 100 pc are unlikely to be vis-
ible at Advanced LIGO sensitivities.

Nevertheless, it is possible that advanced future detec-
tors, such as the Cosmic Explorer [89, 90] or Einstein
Telescope [91–94], may be able to probe this parameter
space. The signal strain in the quasi-equilibrium regime
is a factor O(1�5) below the overshoot peak shown in the
left panel, but the quasi-equilibrium regime lasts para-
metrically longer than in the moderate self-interaction

FIG. 14. Projections for the number of observable 211⇥211 !

GW annihilation signals, using continuous wave searches at
Advanced LIGO (with design sensitivity), for a range of self-
interaction strengths (see text for details). The width of
the bands results from varying the BH spin distribution and
maximum BH mass as described in the text. The highest
number of observable signals is in the small self-interactions
regime, which includes gravitational superradiance and QCD
axion parameter space. Increasing self-interactions reduces
the number of signals expected. At high masses, the sig-
nal frequency falls above the band of typical CW searches
(⌫ & 2 kHz). The darker (lighter) shaded regions are dis-
favored by black hole spin down for initially superradiating
levels with m = 1 (m = 2) (see Sec. VI).

regime, ⌧sig / (fBC/f)2 (see Fig. 18). If smaller strains
come within reach of future detectors, the long-lasting
signals would have an increased chance of being observed
in the quasi-equilibrium regime.

Additional annihilation channels. In addition to
211 ⇥ 211 ! GW annihilations, as occur in the purely-
gravitational case, the presence of the 322 level allows
211⇥322 ! GW and 322⇥322 ! GW processes. These
GWs will still have frequency ! ' 2µ, but due to the
larger angular momentum of the 322 level, their rates

are suppressed by higher powers of ↵, P
l,l

0

GW
/ ↵

16+2(l+l
0
),

where l and l
0 are the angular momentum numbers of the

two levels. These powers are significantly smaller than
the primary 211 ⇥ 211 ! GW annihilation channel, and
are further suppressed by the smaller occupation number
of 322 at small ↵ (App. D). For example, the 322⇥322 !

GW process would lead to signals strains O(10�4) weaker
than the primary signal at ↵ ⇠ 0.3. “Cross-annihilation”
signals between two levels, 211⇥322 ! GW, may be ob-
servable for the closest black holes; further study would
require numerical GW power calculations which have not
yet been performed for cross-annihilation signals.

Annihilation signals from complex fields. In this sec-
tion, and throughout the rest of this paper, we have con-
sidered superradiance of a single, real spin-0 field. As
has been pointed out in a number of papers [95–98], for
the case of two scalar fields of degenerate masses (equiva-

Expected number of signals in blind search

• GW transitions enhanced 
compared  to no SI, but too 
low frequencies for current 
detectors



Direct detection
Reach (SNR = 1) for different for difference volume samples and coupling strengths 



Self-Interactions and Other Processes
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<latexit sha1_base64="N7v69g3IBiiSHa3DMm0FN/h8cv8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RTAxklzA7mU2GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSSOCBZAkj2DqpExomUCiyXrXm1/0Z0DIJClKDAs1e9SvsK5IJKi3h2Jhu4Kc2yrG2jHA6qYSZoSkmIzygXUclFtRE+ezeCTpxSh8lSruSFs3U3xM5FsaMRew6BbZDs+hNxf+8bmaTqyhnMs0slWS+KMk4sgpNn0d9pimxfOwIJpq5WxEZYo2JdRFVXAjB4svLpH1WDy7q/t15rXFdxFGGIziGUwjgEhpwC01oAQEOz/AKb96j9+K9ex/z1pJXzBzCH3ifP89kj9E=</latexit>⇠ µ
<latexit sha1_base64="jw4Wf4xGv5yNIyr1JSgoRqcuLys=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Krui6LHoxZNUsB/QLiWbTtvQbHZNsoWy9Hd48aCIV3+MN/+N6XYP2vpg4PHeTCbzglhwbVz321lZXVvf2CxsFbd3dvf2SweHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbmd+c4xK80g+mkmMfkgHkvc5o8ZKfid7IQ1EgtP7bqnsVtwMZJl4OSlDjlq39NXpRSwJURomqNZtz42Nn1JlOBM4LXYSjTFlIzrAtqWShqj9NFs5JadW6ZF+pGxJQzL190RKQ60nYWA7Q2qGetGbif957cT0r/2UyzgxKNl8UT8RxERklgDpcYXMiIkllClu/0rYkCrKjM2paEPwFk9eJo3zindZcR8uytWbPI4CHMMJnIEHV1CFO6hBHRg8wTO8wpszdl6cd+dj3rri5DNH8AfO5w9BBJJp</latexit>

N



Bosenova

<latexit sha1_base64="Z8aN67FFd4jnR+GiSUi8hjE0kuI="></latexit>

|✓critmax| ' 0.42
⇣ ↵

0.3

⌘

• Some numerical simulations have 
observed collapse (Kodama et al. ’12, Kodama 
et al. ’15) 

• Assumed large initial 
conditions for  

<latexit sha1_base64="ZGvG2SgX89M4l30RFystrzXiyyE=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgadkVRXMQgl48RjAPSNbQO5lNhsw+mJlVwpL/8OJBEa/+izf/xkmyB40WNBRV3XR3+YngSjvOl1VYWl5ZXSuulzY2t7Z3yrt7TRWnkrIGjUUs2z4qJnjEGpprwdqJZBj6grX80fXUbz0wqXgc3elxwrwQBxEPOEVtpHvsdZVGSS6JY1ervXLFsZ0ZyF/i5qQCOeq98me3H9M0ZJGmApXquE6ivQyl5lSwSambKpYgHeGAdQyNMGTKy2ZXT8iRUfokiKWpSJOZ+nMiw1CpceibzhD1UC16U/E/r5Pq4MLLeJSkmkV0vihIBdExmUZA+lwyqsXYEKSSm1sJHaJEqk1QJROCu/jyX9I8sd0z27k9rdSu8jiKcACHcAwunEMNbqAODaAg4Qle4NV6tJ6tN+t93lqw8pl9+AXr4xt3ApEt</latexit>

a? = 0.99• For                 and               , 
observed collapse for                      
and no collapse for 

<latexit sha1_base64="rrBj+LRVricYChDWXK4dd30kCOc=">AAAB/nicbVDLSsNAFJ34rPUVFVduBotQNyGRFt0IRTcuK9gHtCFMppN26OTBzI1Q0oK/4saFIm79Dnf+jdM2C209cOFwzr3ce4+fCK7Atr+NldW19Y3NwlZxe2d3b988OGyqOJWUNWgsYtn2iWKCR6wBHARrJ5KR0Bes5Q9vp37rkUnF4+gBRglzQ9KPeMApAS155vG4CwMGBJfBs8/H+BrbVqXqmSXbsmfAy8TJSQnlqHvmV7cX0zRkEVBBlOo4dgJuRiRwKtik2E0VSwgdkj7raBqRkCk3m50/wWda6eEglroiwDP190RGQqVGoa87QwIDtehNxf+8TgrBlZvxKEmBRXS+KEgFhhhPs8A9LhkFMdKEUMn1rZgOiCQUdGJFHYKz+PIyaV5YTtWy7yul2k0eRwGdoFNURg66RDV0h+qogSjK0DN6RW/Gk/FivBsf89YVI585Qn9gfP4AIc6Tow==</latexit>

|✓(t0)| = 0.45

<latexit sha1_base64="MXxbPc/+YsNNuz4BBB0rjiOSD4g=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwFRIf6EYounFZwT6gCeVmOmmHTibDzEQoob/hxoUibv0Zd/6N0zYLbT1w4XDOvdx7TyQ508bzvp3Syura+kZ5s7K1vbO7V90/aOk0U4Q2ScpT1YlAU84EbRpmOO1IRSGJOG1Ho7up336iSrNUPJqxpGECA8FiRsBYKQiAyyHgG+y5571qzXO9GfAy8QtSQwUavepX0E9JllBhCAetu74nTZiDMoxwOqkEmaYSyAgGtGupgITqMJ/dPMEnVunjOFW2hMEz9fdEDonW4ySynQmYoV70puJ/Xjcz8XWYMyEzQwWZL4ozjk2KpwHgPlOUGD62BIhi9lZMhqCAGBtTxYbgL768TFpnrn/peg8XtfptEUcZHaFjdIp8dIXq6B41UBMRJNEzekVvTua8OO/Ox7y15BQzh+gPnM8fFLiQZg==</latexit>

↵ = 0.3

• Our variational method predicts
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<latexit sha1_base64="anXfouEy+07sJBQYS4ZvwWUBy/A=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0WPRi8cK9gOaUjbbSbt0swm7E2lJ61/x4kERr/4Qb/4btx8HbX0w8Hhvhpl5QSK4Rtf9tnJr6xubW/ntws7u3v6BfXhU13GqGNRYLGLVDKgGwSXUkKOAZqKARoGARjC4nfqNR1Cax/IBRwm0I9qTPOSMopE6dnHsYx+QdnyEIWYRHU7GHbvklt0ZnFXiLUiJLFDt2F9+N2ZpBBKZoFq3PDfBdkYVciZgUvBTDQllA9qDlqGSRqDb2ez4iXNqlK4TxsqURGem/p7IaKT1KApMZ0Sxr5e9qfif10oxvG5nXCYpgmTzRWEqHIydaRJOlytgKEaGUKa4udVhfaooQ5NXwYTgLb+8SurnZe+y7N5flCo3izjy5JickDPikStSIXekSmqEkRF5Jq/kzXqyXqx362PemrMWM0XyB9bnD+hNlZU=</latexit>

|✓max|

<latexit sha1_base64="XV7PKhIO7ZDjAUWwqbpm8QCS+Fc=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Vw1Sai6EYounElFewDmhAm00kzdPJw5kYooWs3/oobF4q49Qvc+TdOHwttPXAvh3PuZeYePxVcgWV9G4WFxaXlleJqaW19Y3PL3N5pqiSTlDVoIhLZ9oligsesARwEa6eSkcgXrOX3r0Z+64FJxZP4DgYpcyPSi3nAKQEteea+AyEDgi+wk4a8GmBH8Ui3ewn5jUeH1cAzy1bFGgPPE3tKymiKumd+Od2EZhGLgQqiVMe2UnBzIoFTwYYlJ1MsJbRPeqyjaUwiptx8fMoQH2qli4NE6ooBj9XfGzmJlBpEvp6MCIRq1huJ/3mdDIJzN+dxmgGL6eShIBMYEjzKBXe5ZBTEQBNCJdd/xTQkklDQ6ZV0CPbsyfOkeVyxTyvW7Um5djmNo4j20AE6QjY6QzV0jeqogSh6RM/oFb0ZT8aL8W58TEYLxnRnF/2B8fkD4kKZwg==</latexit>

✓ = �/f ⇠
p

Nc/f
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<latexit sha1_base64="c2wfchcPkxi04zwqmScb6/4WU8A=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7JbFD0WvXiSCvYD2nXJptk2NLsJSVaopb/EiwdFvPpTvPlvTNs9aOuDgcd7M8zMiyRn2njet7Oyura+sVnYKm7v7O6V3P2DphaZIrRBBBeqHWFNOUtpwzDDaVsqipOI01Y0vJ76rUeqNBPpvRlJGiS4n7KYEWysFLql25CgrlRCGoHih2rolr2KNwNaJn5OypCjHrpf3Z4gWUJTQzjWuuN70gRjrAwjnE6K3UxTickQ92nH0hQnVAfj2eETdGKVHoqFspUaNFN/T4xxovUoiWxngs1AL3pT8T+vk5n4MhizVGaGpmS+KM44sk9OU0A9pigxfGQJJorZWxEZYIWJsVkVbQj+4svLpFmt+OcV7+6sXLvK4yjAERzDKfhwATW4gTo0gEAGz/AKb86T8+K8Ox/z1hUnnzmEP3A+fwDSopKL</latexit>

Nc / f2
• At small enough    ,         decreases 

as     decreases further

<latexit sha1_base64="djRhg0G2LUAFch7eeP0VDknmiDo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBzEOM7g==</latexit>

f
<latexit sha1_base64="psewhcfir9kigh75L74YnsHW5dE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRiyepaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh7se65UrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/HlZdI8q3oXVff+vFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w8Yzo2s</latexit>

Nc
<latexit sha1_base64="djRhg0G2LUAFch7eeP0VDknmiDo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBzEOM7g==</latexit>

f

both sides scale as f  !
2

<latexit sha1_base64="cyldWePIclDA/UgLVBOMsqv9w7o=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJioSQVCMYKFiZUJPqQmjRyXKe1ajuR7SBVUVcWfoWFAYRY+QM2/ga3zQAtR7J0dM65ur4nTBhV2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gqH1xO/9UCkorG416OE+Bz1BY0oRtpIgQ1vAwy9vjYJDj3EkgHqZifuOOpWTz2edquBXXYqzhRwkbg5KYMc9cD+8noxTjkRGjOkVMd1Eu1nSGqKGRmXvFSRBOEh6pOOoQJxovxseskYHhmlB6NYmic0nKq/JzLElRrx0CQ50gM1703E/7xOqqNLP6MiSTUReLYoShnUMZzUAntUEqzZyBCEJTV/hXiAJMLalFcyJbjzJy+SZrXinlecu7Ny7SqvowgOwCE4Bi64ADVwA+qgATB4BM/gFbxZT9aL9W59zKIFK5/ZB39gff4A98CZOg==</latexit>

Nc & ↵�1f2/µ2

• With large self-interactions
<latexit sha1_base64="c2wfchcPkxi04zwqmScb6/4WU8A=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7JbFD0WvXiSCvYD2nXJptk2NLsJSVaopb/EiwdFvPpTvPlvTNs9aOuDgcd7M8zMiyRn2njet7Oyura+sVnYKm7v7O6V3P2DphaZIrRBBBeqHWFNOUtpwzDDaVsqipOI01Y0vJ76rUeqNBPpvRlJGiS4n7KYEWysFLql25CgrlRCGoHih2rolr2KNwNaJn5OypCjHrpf3Z4gWUJTQzjWuuN70gRjrAwjnE6K3UxTickQ92nH0hQnVAfj2eETdGKVHoqFspUaNFN/T4xxovUoiWxngs1AL3pT8T+vk5n4MhizVGaGpmS+KM44sk9OU0A9pigxfGQJJorZWxEZYIWJsVkVbQj+4svLpFmt+OcV7+6sXLvK4yjAERzDKfhwATW4gTo0gEAGz/AKb86T8+K8Ox/z1hUnnzmEP3A+fwDSopKL</latexit>

Nc / f2


