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Part I:  “Classical”



Black hole binary inspirals
Gravitational dynamics of radiating classical BH (or NS) binary systems in the non-relativistic limit
 is experimentally relevant (LIGO/VIRGO,…)

rg = 2GNM

rs(= rg for BH)

Gravitational radius:   

Physical radius:

Orbital scale:

Radiation wavelength
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Experiments will be sensitive to at least         = “3PN” corrections beyond Newtonian gravity (Thorne 
et al 1994).   (5PN considered feasible).   Numerical GR results also motivate computing higher order 
corrections.
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Even for                 , the non-linear nature of GR makes this a difficult problem, involving a hierarchy
 of length scales
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“correlated scales”



Tower of gravity EFTs:  

Independent EFTs with distinct expansion parameter coincide in PN limit.
UV divergence in                 corresponds to IR effect in EFTi+1 EFTi

Full theory:

Finite size
S = SEH + Spp

2-body
(“NRGR”)

⌘0 = rs/r(= rg/r,BH)

⌘1 = rg/r(= v2,NR case)

⌘2 = r/�(= v,NR case)

⌘3 = rg/�(= v3, NR case)

Radiation
(multipole+non-
linear GR)

UV

UV

UV IR matching

IR matching

IR matching

Gµ⌫ = 8⇡GNTµ⌫



Finite size effects:
What can we learn about the internal structure of compact objects from 
binary inspirals at LIGO?

In the inspiral phase, binary constituents can be treated as point-like.   
Finite size effects encoded in an worldline EFT coupled to gravity

DOFs:

vµ = ẋµ

eµa=1,2,3

xµ(�)

Symmetries:

xµ(�) =
<latexit sha1_base64="ilCIfkmx0dq2X6NSIT3GgwXm9lE=">AAAB+HicbVDLSsNAFJ3UV62PRl26CRahbkpSBbsRCm5cVrAPaGKZTCbt0JlJmIdYQ7/EjQtF3Pop7vwbp20W2npg4HDOPdw7J0wpkcp1v63C2vrG5lZxu7Szu7dftg8OOzLRAuE2SmgieiGUmBKO24ooinupwJCFFHfD8fXM7z5gIUnC79QkxQGDQ05igqAy0sAuP977TFd9aiIRPLsa2BW35s7hrBIvJxWQozWwv/woQZphrhCFUvY9N1VBBoUiiOJpydcSpxCN4RD3DeWQYRlk88OnzqlRIidOhHlcOXP1dyKDTMoJC80kg2okl72Z+J/X1ypuBBnhqVaYo8WiWFNHJc6sBSciAiNFJ4ZAJIi51UEjKCBSpquSKcFb/vIq6dRr3nmtfntRaTbyOorgGJyAKvDAJWiCG9ACbYCABs/gFbxZT9aL9W59LEYLVp45An9gff4A+EOSmg==</latexit>

worldline CM coordinate

Diff. invariance

Local          rotations acting on 
(for BH only)

eµa=1,2,3(�) =
<latexit sha1_base64="vXnMZEjJG2MhoQVr+8wkPZalCnk=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxChVKSVrCbQsGNywr2AU0Mk8mkHTozCTMToYTixl9x40IRt36FO//G6WOhrQcGDufcw517goQSqWz728itrW9sbuW3Czu7e/sH5uFRR8apQLiNYhqLXgAlpoTjtiKK4l4iMGQBxd1gdD31uw9YSBLzOzVOsMfggJOIIKi05Jsn+N5lqZ/BhlOulmuTkkt1OIQXDd8s2hV7BmuVOAtSBAu0fPPLDWOUMswVolDKvmMnysugUARRPCm4qcQJRCM4wH1NOWRYetnshIl1rpXQimKhH1fWTP2dyCCTcswCPcmgGsplbyr+5/VTFdW9jPAkVZij+aIopZaKrWkfVkgERoqONYFIEP1XCw2hgEjp1gq6BGf55FXSqVacWqV6e1ls1hd15MEpOAMl4IAr0AQ3oAXaAIFH8AxewZvxZLwY78bHfDRnLDLH4A+Mzx/tVZXO</latexit>

local frame (SPIN)

xµ 7! xµ + ⇠µ(x)
<latexit sha1_base64="pbmtvdVLKicE/OV28CEw1pcZGAs=">AAACB3icbVDNS8MwHE3n15xfVY+CBIcwEUY7BXccePE4wX3AWkeapVtY0pYklY2ymxf/FS8eFPHqv+DN/8a060E3HwRe3vv9SN7zIkalsqxvo7Cyura+UdwsbW3v7O6Z+wdtGcYCkxYOWSi6HpKE0YC0FFWMdCNBEPcY6Xjj69TvPBAhaRjcqWlEXI6GAfUpRkpLffN4cu/w2OEokiqE2QWeOxOaksrkrG+WraqVAS4TOydlkKPZN7+cQYhjTgKFGZKyZ1uRchMkFMWMzEpOLEmE8BgNSU/TAHEi3STLMYOnWhlAPxT6BApm6u+NBHEpp9zTkxypkVz0UvE/rxcrv+4mNIhiRQI8f8iPGdSR01LggAqCFZtqgrCg+q8Qj5BAWOnqSroEezHyMmnXqvZFtXZ7WW7U8zqK4AicgAqwwRVogBvQBC2AwSN4Bq/gzXgyXox342M+WjDynUPwB8bnD2fmmPY=</latexit>

SO(3)
<latexit sha1_base64="SNFB8ej7PxCkE1p33NTsNqrZTCw=">AAAB7HicbVBNT8JAEJ3iF+JX1aOXjcQEL6QFEzmSePEmRgsk0JDtsoUN222zuzUhDb/BiweN8eoP8ua/cYEeFHzJJC/vzWRmXpBwprTjfFuFjc2t7Z3ibmlv/+DwyD4+aas4lYR6JOax7AZYUc4E9TTTnHYTSXEUcNoJJjdzv/NEpWKxeNTThPoRHgkWMoK1kbyHu0r9cmCXnaqzAFonbk7KkKM1sL/6w5ikERWacKxUz3US7WdYakY4nZX6qaIJJhM8oj1DBY6o8rPFsTN0YZQhCmNpSmi0UH9PZDhSahoFpjPCeqxWvbn4n9dLddjwMyaSVFNBlovClCMdo/nnaMgkJZpPDcFEMnMrImMsMdEmn5IJwV19eZ20a1W3Xq3dX5WbjTyOIpzBOVTAhWtowi20wAMCDJ7hFd4sYb1Y79bHsrVg5TOn8AfW5w+Cs43M</latexit>

eµa
<latexit sha1_base64="3kdyoz+I5DanP29as7BNTCGum/Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRVsMeCF48V7Ae0sWy2k3bp7ibsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dgobm1vbO8Xd0t7+weFR+fikreNUUWzRmMeqGxKNnElsGWY4dhOFRIQcO+Hkdu53nlBpFssHM00wEGQkWcQoMVbq4GNfpAMyKFe8qreAu078nFQgR3NQ/uoPY5oKlIZyonXP9xITZEQZRjnOSv1UY0LohIywZ6kkAnWQLc6duRdWGbpRrGxJ4y7U3xMZEVpPRWg7BTFjverNxf+8XmqiepAxmaQGJV0uilLumtid/+4OmUJq+NQSQhWzt7p0TBShxiZUsiH4qy+vk3at6l9Va/fXlUY9j6MIZ3AOl+DDDTTgDprQAgoTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwBBHo97</latexit>

Worldline RPI � 7! �0(�)
<latexit sha1_base64="ge5f2HtDMNcswvnHeXevRlbeIvQ=">AAACCXicbVDLSgMxFM34rPU16tJNsIh1U2aqYJcFNy4r2Ae0Q7mTybShycyQZIQydOvGX3HjQhG3/oE7/8a0HUFbDwROzrmX5Bw/4Uxpx/myVlbX1jc2C1vF7Z3dvX374LCl4lQS2iQxj2XHB0U5i2hTM81pJ5EUhM9p2x9dT/32PZWKxdGdHifUEzCIWMgIaCP1bdzjZjiAnoBE6fjnelbOyXnfLjkVZwa8TNyclFCORt/+7AUxSQWNNOGgVNd1Eu1lIDUjnE6KvVTRBMgIBrRraASCKi+bJZngU6MEOIylOZHGM/X3RgZCqbHwzaQAPVSL3lT8z+umOqx5GYuSVNOIzB8KU45N5GktOGCSEs3HhgCRzPwVkyFIINqUVzQluIuRl0mrWnEvKtXby1K9ltdRQMfoBJWRi65QHd2gBmoigh7QE3pBr9aj9Wy9We/z0RUr3zlCf2B9fAOvy5mk</latexit>



EFT for gravity coupled to BH, in the point particle limit:

The most general (mod. e.o.m’s) point particle Lagrangian consistent with 
symmetries (ignoring spin, assume parity invariance), organized in a 
derivative expansion:

S = SEH + Spp

Spp = �m

Z
d⌧ + cE

Z
d⌧Eµ⌫E

µ⌫ + cB

Z
d⌧Bµ⌫B

µ⌫ + · · ·

SEH = −2m2

Pl

∫
d4x

√

gR(x)

(m2

Pl = 1/(32πGN ))
(~ = c = 1)

O(@0g)
<latexit sha1_base64="sSqeANSS1Z9kN8IXKmSNPZYeDc8=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSxC3YQkDW3dFdy4s4J9QBPLZDpph04ezEyEErvwV9y4UMStv+HOv3HSVlDRAxcO59w7c+/xE0aFNM0PbWl5ZXVtvbBR3Nza3tnV9/bbIk45Ji0cs5h3fSQIoxFpSSoZ6SacoNBnpOOPz3O/c0u4oHF0LScJ8UI0jGhAMZJK6uuHmYsRg5fTspsgLiliNyYcnvb1kmmc1au2U4WmYZo1y7ZyYtecigMtpeQogQWaff3dHcQ4DUkkMUNC9CwzkV6WP4kZmRbdVJAE4TEakp6iEQqJ8LLZ/lN4opQBDGKuKpJwpn6fyFAoxCT0VWeI5Ej89nLxL6+XyqDuZTRKUkkiPP8oSBmUMczDgAPKCZZsogjCnKpdIR4hjrBUkRVVCF+Xwv9J2zasimFfOaVGfRFHARyBY1AGFqiBBrgATdACGNyBB/AEnrV77VF70V7nrUvaYuYA/ID29gn2nJVl</latexit>

{ <latexit sha1_base64="skTFtAo6W1BUhaJIWkAihdaW6Fc=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4Kkka2norePFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoKKvpg4PHeDDPzgoQzpW37w1pb39jc2i7sFHf39g8OS0fHHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0G06vc795TqVgs7vQsoX6Ex4KFjGBtpNtBNiyV7cplo+Z6NWRXbLvuuE5O3LpX9ZBjlBxlWKE1LL0PRjFJIyo04VipvmMn2s+w1IxwOi8OUkUTTKZ4TPuGChxR5WeLS+fo3CgjFMbSlNBooX6fyHCk1CwKTGeE9UT99nLxL6+f6rDhZ0wkqaaCLBeFKUc6RvnbaMQkJZrPDMFEMnMrIhMsMdEmnKIJ4etT9D/puBWnWnFvvHKzsYqjAKdwBhfgQB2acA0taAOBEB7gCZ6tqfVovVivy9Y1azVzAj9gvX0C+d+NoQ==</latexit> { <latexit sha1_base64="skTFtAo6W1BUhaJIWkAihdaW6Fc=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4Kkka2norePFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoKKvpg4PHeDDPzgoQzpW37w1pb39jc2i7sFHf39g8OS0fHHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0G06vc795TqVgs7vQsoX6Ex4KFjGBtpNtBNiyV7cplo+Z6NWRXbLvuuE5O3LpX9ZBjlBxlWKE1LL0PRjFJIyo04VipvmMn2s+w1IxwOi8OUkUTTKZ4TPuGChxR5WeLS+fo3CgjFMbSlNBooX6fyHCk1CwKTGeE9UT99nLxL6+f6rDhZ0wkqaaCLBeFKUc6RvnbaMQkJZrPDMFEMnMrIhMsMdEmnKIJ4etT9D/puBWnWnFvvHKzsYqjAKdwBhfgQB2acA0taAOBEB7gCZ6tqfVovVivy9Y1azVzAj9gvX0C+d+NoQ==</latexit>

Eµ⌫ = Rµ↵⌫�v
↵v�

Bµ⌫ =
1

2
✏µ⇢��v

⇢v↵R⌫↵
��

w/                                                = “electric” curvature tensor

= “magnetic” curvature tensor

(Note:              terms, eg                   are redundant due to source free
eom            ).

Z
d⌧gµ⌫Rµ⌫

<latexit sha1_base64="Xej9Qbv3OufAX3yydBxKWa4uoD8=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJWkCnZZcOOyir1AE8NkMmmHTiZhLkIJ3brxVdy4UMStb+DOt3HaRtDWHwY+/nMOc84fZoxK5ThfVmlldW19o7xZ2dre2d2z9w86MtUCkzZOWSp6IZKEUU7aiipGepkgKAkZ6Yajy2m9e0+EpCm/VeOM+AkacBpTjJSxAht6lCsYeQppOLjLvUR7XE/gTfCDgV11as5McBncAqqgUCuwP70oxTohXGGGpOy7Tqb8HAlFMSOTiqclyRAeoQHpG+QoIdLPZ5dM4IlxIhinwjyz18z9PZGjRMpxEprOBKmhXKxNzf9qfa3ihp9TnmlFOJ5/FGsGVQqnscCICoIVGxtAWFCzK8RDJBBWJryKCcFdPHkZOvWae1arX59Xm40ijjI4AsfgFLjgAjTBFWiBNsDgATyBF/BqPVrP1pv1Pm8tWcXMIfgj6+Mbu5maVg==</latexit>

Rµ⌫ = 0
<latexit sha1_base64="vHtCWYK6GY/jMUlU8xbJT/yM17I=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0omIsQ8OIxinlAdgmzk0kyZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHKmje9/e2vrG5tb24Wd4u7e/sFh6ei4pROrCG2ShCeqE2NNOZO0aZjhtJMqikXMaTse38789hNVmiXy0UxSGgk8lGzACDZOCh96WShsKO30xu+Vyn7FnwOtkiAnZcjR6JW+wn5CrKDSEI617gZ+aqIMK8MIp9NiaDVNMRnjIe06KrGgOsrmN0/RuVP6aJAoV9Kgufp7IsNC64mIXafAZqSXvZn4n9e1ZlCLMiZTa6gki0UDy5FJ0CwA1GeKEsMnjmCimLsVkRFWmBgXU9GFECy/vEpa1UpwWaneX5XrtTyOApzCGVxAANdQhztoQBMIpPAMr/DmWe/Fe/c+Fq1rXj5zAn/gff4AzmWRfw==</latexit>

O(@2g)
<latexit sha1_base64="N6lfp+gtGto5XWJtsaf+hED6f+A=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8Ei1E1JqmCXBTfurGAf0MQymU7aoZMHMxOhxC78FTcuFHHrb7jzb5y0WWjrgQuHc+6dufd4MWdSWda3UVhZXVvfKG6WtrZ3dvfM/YO2jBJBaItEPBJdD0vKWUhbiilOu7GgOPA47Xjjq8zvPFAhWRTeqUlM3QAPQ+YzgpWW+uZR6hDM0c204sRYKIb5fQ0Nz/pm2apaM6BlYuekDDmaffPLGUQkCWioCMdS9mwrVm6aPUk4nZacRNIYkzEe0p6mIQ6odNPZ/lN0qpUB8iOhK1Ropv6eSHEg5STwdGeA1Uguepn4n9dLlF93UxbGiaIhmX/kJxypCGVhoAETlCg+0QQTwfSuiIywwETpyEo6BHvx5GXSrlXt82rt9qLcqOdxFOEYTqACNlxCA66hCS0g8AjP8ApvxpPxYrwbH/PWgpHPHMIfGJ8/mZuVJQ==</latexit>

O(@4g)
<latexit sha1_base64="B2Ja3sPKeZjH1AhwWEXXlMxEhAM=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSxC3YQkDW3dFdy4s4J9QBPLZDpph04ezEyEErvwV9y4UMStv+HOv3HSVlDRAxcO59w7c+/xE0aFNM0PbWl5ZXVtvbBR3Nza3tnV9/bbIk45Ji0cs5h3fSQIoxFpSSoZ6SacoNBnpOOPz3O/c0u4oHF0LScJ8UI0jGhAMZJK6uuHmYsRg5fTspsgLiliNw4cnvb1kmmc1au2U4WmYZo1y7ZyYtecigMtpeQogQWaff3dHcQ4DUkkMUNC9CwzkV6WP4kZmRbdVJAE4TEakp6iEQqJ8LLZ/lN4opQBDGKuKpJwpn6fyFAoxCT0VWeI5Ej89nLxL6+XyqDuZTRKUkkiPP8oSBmUMczDgAPKCZZsogjCnKpdIR4hjrBUkRVVCF+Xwv9J2zasimFfOaVGfRFHARyBY1AGFqiBBrgATdACGNyBB/AEnrV77VF70V7nrUvaYuYA/ID29gn8uJVp</latexit>



The curvature couplings

Spp � cE

Z
d⌧Eµ⌫E

µ⌫ + cB

Z
d⌧Bµ⌫B

µ⌫

<latexit sha1_base64="RL9TR4jDuvxnCVZuhIsC7SoWA2k="></latexit>

describe the         linear tidal response of the compact object to external 
gravitational fields.

` = 2
<latexit sha1_base64="VCneadrfFW79SRaSgxTdoLjwi8s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYC9CwYvHCrYW2lA220m7drMJuxuhhP4HLx4U8er/8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+GbmPzyh0jyW92aSoB/RoeQhZ9RYqd1DIa5r/XLFrbpzkFXi5aQCOZr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m1U3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NWPczLpPUoGSLRWEqiInJ7HUy4AqZERNLKFPc3krYiCrKjA2oZEPwll9eJe1a1buo1u4uK416HkcRTuAUzsGDK2jALTShBQwe4Rle4c2JnRfn3flYtBacfOYY/sD5/AEBQo64</latexit>

E.g, Newtonian spherical self-gravitating star (radius      ).  No external 
gravitational field:

⇢ 6= 0
<latexit sha1_base64="Ansz2/ZYuAe7p5lvDffJ7CHF/FI=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSZpaOuu4MZlBfvAJpTJdNoOnUzizEQooX/hxoUibv0bd/6Nk7aCih64cDjnXu69J0w4UxqhD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9kKsKGeCtjXTnPYSSXEUctoNp5e5372nUrFY3OhZQoMIjwUbMYK1kW59OYl9Qe8gGpQryL5o1FyvBpGNUN1xnZy4da/qQccoOSpghdag/O4PY5JGVGjCsVJ9ByU6yLDUjHA6L/mpogkmUzymfUMFjqgKssXFc3hmlCEcxdKU0HChfp/IcKTULApNZ4T1RP32cvEvr5/qUSPImEhSTQVZLhqlHOoY5u/DIZOUaD4zBBPJzK2QTLDERJuQSiaEr0/h/6Tj2k7Vdq+9SrOxiqMITsApOAcOqIMmuAIt0AYECPAAnsCzpaxH68V6XbYWrNXMMfgB6+0TWzCQrw==</latexit>

Qij =

Z
d3~x⇢

�
xixj � trace

�
= 0

<latexit sha1_base64="Ng286d3GcAdGC5hEY+Arf5tnLNE="></latexit>

� = 0
<latexit sha1_base64="eOUUD3Dw3reU6IB9VlJmHpxs2Po=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIevEYwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSs1sfsmu/Vyr7FX8GtEyCnJQhR71X+ur2FUkFlZZwbEwn8BMbZlhbRjidFLupoQkmIzygHUclFtSE2ezaCTp1Sh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpFmtBOeV6v1FuXaTx1GAYziBMwjgEmpwB3VoAIFHeIZXePOU9+K9ex/z1hUvnzmCP/A+fwDWV46k</latexit>

� 6= 0
<latexit sha1_base64="kElBSGR5exwC2tCSTDTccAnEfYs=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7AckoWy2m3bpZjfuboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmCG0TyaXqRVhTzgRtG2Y47aWK4iTitBuNb2d+94kqzaR4MJOUhgkeChYzgo2V/KA1YoGgj8hF/WrNrbtzoFXiFaQGBVr96lcwkCRLqDCEY619z01NmGNlGOF0WgkyTVNMxnhIfUsFTqgO8/nJU3RmlQGKpbIlDJqrvydynGg9SSLbmWAz0sveTPzP8zMTX4c5E2lmqCCLRXHGkZFo9j8aMEWJ4RNLMFHM3orICCtMjE2pYkPwll9eJZ1G3buoN+4va82bIo4ynMApnIMHV9CEO2hBGwhIeIZXeHOM8+K8Ox+L1pJTzBzDHzifPxkykHk=</latexit>

�Qij = �2

3
k

R5

GN
Eij

<latexit sha1_base64="452eMXVtefQWxWrjw/KtGXxxYHU=">AAACHXicbVBLSwMxGMz6rPW16tFLsAheLLttRS9CUURP0op9QLcu2TRtY7ObJckKZdk/4sW/4sWDIh68iP/GdNuDtg4EJjPfkHzjhYxKZVnfxtz8wuLScmYlu7q2vrFpbm3XJY8EJjXMGRdND0nCaEBqiipGmqEgyPcYaXiD85HfeCBCUh7cqmFI2j7qBbRLMVJacs2S0yFMIVh1Y3qfwFN4GBccrhOwmMCBA+Obu6Px/dK9TuBFOuaaOStvpYCzxJ6QHJig4pqfTofjyCeBwgxJ2bKtULVjJBTFjCRZJ5IkRHiAeqSlaYB8Ittxul0C97XSgV0u9AkUTNXfiRj5Ug59T0/6SPXltDcS//NakeqetGMahJEiAR4/1I0YVByOqoIdKghWbKgJwoLqv0LcRwJhpQvN6hLs6ZVnSb2Qt4v5QrWUK59N6siAXbAHDoANjkEZXIEKqAEMHsEzeAVvxpPxYrwbH+PROWOS2QF/YHz9AO3IoJY=</latexit>

⇢ 6= 0
<latexit sha1_base64="Ansz2/ZYuAe7p5lvDffJ7CHF/FI=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSZpaOuu4MZlBfvAJpTJdNoOnUzizEQooX/hxoUibv0bd/6Nk7aCih64cDjnXu69J0w4UxqhD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9kKsKGeCtjXTnPYSSXEUctoNp5e5372nUrFY3OhZQoMIjwUbMYK1kW59OYl9Qe8gGpQryL5o1FyvBpGNUN1xnZy4da/qQccoOSpghdag/O4PY5JGVGjCsVJ9ByU6yLDUjHA6L/mpogkmUzymfUMFjqgKssXFc3hmlCEcxdKU0HChfp/IcKTULApNZ4T1RP32cvEvr5/qUSPImEhSTQVZLhqlHOoY5u/DIZOUaD4zBBPJzK2QTLDERJuQSiaEr0/h/6Tj2k7Vdq+9SrOxiqMITsApOAcOqIMmuAIt0AYECPAAnsCzpaxH68V6XbYWrNXMMfgB6+0TWzCQrw==</latexit>

Eij = @i@j�
<latexit sha1_base64="QHmHJgvGmqPR8ndW0KPDZfG7PKM=">AAACCnicbZDLSgMxFIbPeK31NurSTbQIrspMFXQjFEVwWcFeoDMMmTRt02YuJBmhDF278VXcuFDErU/gzrcx0w6irT8EPv5zTpLz+zFnUlnWl7GwuLS8slpYK65vbG5tmzu7DRklgtA6iXgkWj6WlLOQ1hVTnLZiQXHgc9r0h1dZvXlPhWRReKdGMXUD3AtZlxGstOWZB9deygbjCyfGQjHMPYZ+cICcWp95ZskqWxOhebBzKEGummd+Op2IJAENFeFYyrZtxcpNs0sJp+Oik0gaYzLEPdrWGOKASjedrDJGR9rpoG4k9AkVmri/J1IcSDkKfN0ZYNWXs7XM/K/WTlT33E1ZGCeKhmT6UDfhSEUoywV1mKBE8ZEGTATTf0WkjwUmSqdX1CHYsyvPQ6NStk/KldvTUvUyj6MA+3AIx2DDGVThBmpQBwIP8AQv8Go8Gs/Gm/E+bV0w8pk9+CPj4xsdgpqF</latexit>

R
<latexit sha1_base64="9ezpHdquXosIrDIbVcqh+oEnlZ8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI4kXjyCkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFS475fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1Y9adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5LtWoWRx7O4BwuwYMbqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKrtjNA=</latexit>

w/ dimensionless (gravitational) “Love number”                    that depends 
on fluid eqn. of state.

k ⇠ O(1)
<latexit sha1_base64="oukThxDFZ0iS+/YkWjzTWA6vBSY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0Wol5JUQY9FL96sYD+gCWWz3bRLd5Owu1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgoQzpR3n21pZXVvf2CxsFbd3dvf27dJBS8WpJLRJYh7LToAV5SyiTc00p51EUiwCTtvB6Hrqtx+oVCyO7vU4ob7Ag4iFjGBtpJ5dGnmKCZR5BHN0O6m4pz277FSdGdAycXNShhyNnv3l9WOSChppwrFSXddJtJ9hqRnhdFL0UkUTTEZ4QLuGRlhQ5Wez0yfoxCh9FMbSVKTRTP09kWGh1FgEplNgPVSL3lT8z+umOrz0MxYlqaYRmS8KU450jKY5oD6TlGg+NgQTycytiAyxxESbtIomBHfx5WXSqlXds2rt7rxcv8rjKMARHEMFXLiAOtxAA5pA4BGe4RXerCfrxXq3PuatK1Y+cwh/YH3+ALnXkv4=</latexit>

Turn on weak external perturbation:



In the point particle EFT, the induce quadrupole moment is:

�Qij = � �

�Eij
Spp = �2cEEij

<latexit sha1_base64="oAKDDxM899USSmfZfzM5OmWKvH8=">AAACLHicbVDLSsNAFJ34rPUVdelmsAhuLEkVdCMUS8Fli/YBTQiTyaQdO3kwMxFKyAe58VcEcWERt36H0zQLbT0wcDjnXO7c48aMCmkYU21ldW19Y7O0Vd7e2d3b1w8OuyJKOCYdHLGI910kCKMh6UgqGenHnKDAZaTnjhszv/dEuKBR+CAnMbEDNAypTzGSSnL0huURJhFsOyl9zOANPE/nihWpscJs5mYG7500jvMQrEHsNAvD0StG1cgBl4lZkAoo0HL0N8uLcBKQUGKGhBiYRiztFHFJMSNZ2UoEiREeoyEZKBqigAg7zY/N4KlSPOhHXL1Qwlz9PZGiQIhJ4KpkgORILHoz8T9vkEj/2k5pGCeShHi+yE8YlBGcNQc9ygmWbKIIwpyqv0I8QhxhqfotqxLMxZOXSbdWNS+qtfZlpX5b1FECx+AEnAETXIE6uAMt0AEYPINX8AGm2ov2rn1qX/PoilbMHIE/0L5/AOn3pr8=</latexit>

so we expect on dimensional grounds:

vs.

Same scaling also holds for relativistic (compact) objects.   Eg elastic 
graviton+BH scattering amplitude:

�Qij = �2

3
k

R5

GN
Eij

<latexit sha1_base64="452eMXVtefQWxWrjw/KtGXxxYHU=">AAACHXicbVBLSwMxGMz6rPW16tFLsAheLLttRS9CUURP0op9QLcu2TRtY7ObJckKZdk/4sW/4sWDIh68iP/GdNuDtg4EJjPfkHzjhYxKZVnfxtz8wuLScmYlu7q2vrFpbm3XJY8EJjXMGRdND0nCaEBqiipGmqEgyPcYaXiD85HfeCBCUh7cqmFI2j7qBbRLMVJacs2S0yFMIVh1Y3qfwFN4GBccrhOwmMCBA+Obu6Px/dK9TuBFOuaaOStvpYCzxJ6QHJig4pqfTofjyCeBwgxJ2bKtULVjJBTFjCRZJ5IkRHiAeqSlaYB8Ittxul0C97XSgV0u9AkUTNXfiRj5Ug59T0/6SPXltDcS//NakeqetGMahJEiAR4/1I0YVByOqoIdKghWbKgJwoLqv0LcRwJhpQvN6hLs6ZVnSb2Qt4v5QrWUK59N6siAXbAHDoANjkEZXIEKqAEMHsEzeAVvxpPxYrwbH+PROWOS2QF/YHz9AO3IoJY=</latexit>

cE ⇠ R5/GN
<latexit sha1_base64="BIht1BPVckvckbKPU75s/5JjCvI=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzpTFV0WRXQlVewD2nHIpJk2NMkMSUaoQ7/EjQtF3Pop7vwb03YW2nrgwuGce7n3niBmVGnH+bZyC4tLyyv51cLa+sZm0d7abqgokZjUccQi2QqQIowKUtdUM9KKJUE8YKQZDC7GfvORSEUjca+HMfE46gkaUoy0kXy7iP3LjqIc3j2cHF75N75dcsrOBHCeuBkpgQw13/7qdCOccCI0ZkiptuvE2kuR1BQzMip0EkVihAeoR9qGCsSJ8tLJ4SO4b5QuDCNpSmg4UX9PpIgrNeSB6eRI99WsNxb/89qJDs+8lIo40UTg6aIwYVBHcJwC7FJJsGZDQxCW1NwKcR9JhLXJqmBCcGdfnieNStk9Klduj0vV8yyOPNgFe+AAuOAUVME1qIE6wCABz+AVvFlP1ov1bn1MW3NWNrMD/sD6/AEkZJIZ</latexit>

iA =
! !

(rs! ⌧ 1)

Full theory:

EFT: iA = +

cE,Bm

· · ·<latexit sha1_base64="9pGPaDabNijkWLtd2pluvCo4p5o=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AK+ljzM=</latexit> + + · · ·<latexit sha1_base64="9pGPaDabNijkWLtd2pluvCo4p5o=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AK+ljzM=</latexit>

⇠ cE,B

m2
Pl

!4

<latexit sha1_base64="0mnQNjZG1hlnlr1x+9zvuoiiFhg=">AAACD3icbVDLSgMxFM3UV62vqks3waK4kDJTC3ZZFMFlBfuAznTIpJk2NJkMSUYow/yBG3/FjQtF3Lp159+YPhbaeiBwOOdcbu4JYkaVtu1vK7eyura+kd8sbG3v7O4V9w9aSiQSkyYWTMhOgBRhNCJNTTUjnVgSxANG2sHoeuK3H4hUVET3ehwTj6NBREOKkTaSXzx1FeUQpthPb86vMleYMOR+2mBZr5JBV3AyQL2qXyzZZXsKuEycOSmBORp+8cvtC5xwEmnMkFJdx461lyKpKWYkK7iJIjHCIzQgXUMjxIny0uk9GTwxSh+GQpoXaThVf0+kiCs15oFJcqSHatGbiP953USHNS+lUZxoEuHZojBhUAs4KQf2qSRYs7EhCEtq/grxEEmEtamwYEpwFk9eJq1K2bkoV+6qpXptXkceHIFjcAYccAnq4BY0QBNg8AiewSt4s56sF+vd+phFc9Z85hD8gfX5A7TLm8o=</latexit>

cE,B ⇠ r5s/GN
<latexit sha1_base64="F1icUpksmsf87ZpmzbdRNp88b/I=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgQupMVXRZKqIrqWAf0I5DJs20oUlmSDJCGQr+ihsXirj1O9z5N6btLLT1wIXDOfdy7z1BzKjSjvNtzc0vLC4t51byq2vrG5v21nZdRYnEpIYjFslmgBRhVJCappqRZiwJ4gEjjaB/OfIbj0QqGol7PYiJx1FX0JBipI3k27vYT6+OKsO2ohxKXz2cHV/7t75dcIrOGHCWuBkpgAxV3/5qdyKccCI0ZkipluvE2kuR1BQzMsy3E0VihPuoS1qGCsSJ8tLx+UN4YJQODCNpSmg4Vn9PpIgrNeCB6eRI99S0NxL/81qJDi+8lIo40UTgyaIwYVBHcJQF7FBJsGYDQxCW1NwKcQ9JhLVJLG9CcKdfniX1UtE9KZbuTgvlShZHDuyBfXAIXHAOyuAGVEENYJCCZ/AK3qwn68V6tz4mrXNWNrMD/sD6/AG3UJSt</latexit>

= rsf(rs!)
<latexit sha1_base64="k+Sij2H2+hrlVbCC6AwN88tUnzw=">AAAB+nicdVDLSsNAFJ3UV62vVJduBotQNyFJQ1sXQtGNywq2FdoQJtNJO3TyYGailNhPceNCEbd+iTv/xklbQUUP3MvhnHuZO8dPGBXSND+0wsrq2vpGcbO0tb2zu6eX97siTjkmHRyzmN/4SBBGI9KRVDJyk3CCQp+Rnj+5yP3eLeGCxtG1nCbEDdEoogHFSCrJ08tn3BMwqKo+iEMyQieeXjGN02bddurQNEyzYdlWTuyGU3OgpZQcFbBE29PfB8MYpyGJJGZIiL5lJtLNEJcUMzIrDVJBEoQnaET6ikYoJMLN5qfP4LFShjCIuapIwrn6fSNDoRDT0FeTIZJj8dvLxb+8fiqDppvRKEklifDioSBlUMYwzwEOKSdYsqkiCHOqboV4jDjCUqVVUiF8/RT+T7q2YdUM+8qptM6XcRTBITgCVWCBBmiBS9AGHYDBHXgAT+BZu9cetRftdTFa0JY7B+AHtLdPoo6TnA==</latexit>

from matching
(WG, ’06)



(Flanagan+Hinderer, 2007)

Given that                             ,  we expect finite size/tidal corrections to 
potentials and radiation to scale as

cE ⇠ R5/GN
<latexit sha1_base64="BIht1BPVckvckbKPU75s/5JjCvI=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzpTFV0WRXQlVewD2nHIpJk2NMkMSUaoQ7/EjQtF3Pop7vwb03YW2nrgwuGce7n3niBmVGnH+bZyC4tLyyv51cLa+sZm0d7abqgokZjUccQi2QqQIowKUtdUM9KKJUE8YKQZDC7GfvORSEUjca+HMfE46gkaUoy0kXy7iP3LjqIc3j2cHF75N75dcsrOBHCeuBkpgQw13/7qdCOccCI0ZkiptuvE2kuR1BQzMip0EkVihAeoR9qGCsSJ8tLJ4SO4b5QuDCNpSmg4UX9PpIgrNeSB6eRI99WsNxb/89qJDs+8lIo40UTg6aIwYVBHcJwC7FJJsGZDQxCW1NwKcR9JhLXJqmBCcGdfnieNStk9Klduj0vV8yyOPNgFe+AAuOAUVME1qIE6wCABz+AVvFlP1ov1bn1MW3NWNrMD/sD6/AEkZJIZ</latexit>

which is formally a 5PN effect.   Specifically

Black hole:    

Neutron start:

R = rs
<latexit sha1_base64="+imEnoP2Om+nYKM8FglnzykO1rU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXisYtpCG8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut7Oyura+sVnYKm7v7O7tlw4OGzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHt1O/+YRK80Q+mlGKQUz7kkecUWMl/+FadXW3VHYr7gxkmXg5KUOOerf01eklLItRGiao1m3PTU0wpspwJnBS7GQaU8qGtI9tSyWNUQfj2bETcmqVHokSZUsaMlN/T4xprPUoDm1nTM1AL3pT8T+vnZnoKhhzmWYGJZsvijJBTEKmn5MeV8iMGFlCmeL2VsIGVFFmbD5FG4K3+PIyaVQr3nmlen9Rrt3kcRTgGE7gDDy4hBrcQR18YMDhGV7hzZHOi/PufMxbV5x85gj+wPn8AYx+joM=</latexit>

Tidal effects at 5PN

R ⇠ O(10)⇥ rs
<latexit sha1_base64="lgEbcsGJokhYojRWv5ayw7gS3uQ=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyWpgi6LbtxZxT6gCWEynbRDZyZhZiKU0J0bf8WNC0Xc+gvu/BunbRbaeuDC4Zx7ufeeMGFUacf5tgpLyyura8X10sbm1vaOvbvXUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXk389gORisbiXo8S4nPUFzSiGGkjBfbhnacoh5mHEYM344rrnHiacqIglIGCgV12qs4UcJG4OSmDHI3A/vJ6MU45ERozpFTXdRLtZ0hqihkZl7xUkQThIeqTrqECmVV+Nv1jDI+N0oNRLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9XRhZ9RkaSaCDxbFKUM6hhOQoE9KgnWbGQIwpKaWyEeIImwNtGVTAju/MuLpFWruqfV2u1ZuX6Zx1EEB+AIVIALzkEdXIMGaAIMHsEzeAVv1pP1Yr1bH7PWgpXP7IM/sD5/AGWpl7k=</latexit>

Enhancement 
by a factor of 

⇠
✓
R

r

◆5

=

✓
R

rs

◆5

⇥ v10

<latexit sha1_base64="5IzhWTysYr2JNsw7Rr7Cuslk2gQ="></latexit>

Tidal effects

(in fact the NS/NS inspiral event GW17087 at LIGO has already placed 
very crude constraints on the neutron star tidal coefficients…)

⇠ 105
<latexit sha1_base64="ZA4eL5pVzV+aM9pu6YtjqYlqfi8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtih6LXjxWsB/SriWbZtvQJLskWaEs/RVePCji1Z/jzX9jut2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvpn57SeqNIvkvZnE1Bd4KFnICDZWeuhpJpDnPl70yxW36mZAy8TLSQVyNPrlr94gIomg0hCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nEgmo/zQ6eohOrDFAYKVvSoEz9PZFiofVEBLZTYDPSi95M/M/rJia88lMm48RQSeaLwoQjE6HZ92jAFCWGTyzBRDF7KyIjrDAxNqOSDcFbfHmZtGpV76xauzuv1K/zOIpwBMdwCh5cQh1uoQFNICDgGV7hzVHOi/PufMxbC04+cwh/4Hz+AIYbj5E=</latexit>



For the case of Schwarzschild black holes in            , the tidal response in 
the full theory                   has been computed analytically by

d = 4
<latexit sha1_base64="ronM8yuI27BtGAWqtv1UUlOCxjk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgl6EohePFe0HtEvJZrNtaDa7JFmhLP0JXjwo4tVf5M1/Y9ruQVsfDDzem2Fmnp8Iro3jfKPC2vrG5lZxu7Szu7d/UD48aus4VZS1aCxi1fWJZoJL1jLcCNZNFCORL1jHH9/O/M4TU5rH8tFMEuZFZCh5yCkxVnoIruuDcsWpOnPgVeLmpAI5moPyVz+IaRoxaaggWvdcJzFeRpThVLBpqZ9qlhA6JkPWs1SSiGkvm586xWdWCXAYK1vS4Ln6eyIjkdaTyLedETEjvezNxP+8XmrCKy/jMkkNk3SxKEwFNjGe/Y0Drhg1YmIJoYrbWzEdEUWosemUbAju8surpF2ruhfV2n290rjJ4yjCCZzCObhwCQ24gya0gMIQnuEV3pBAL+gdfSxaCyifOYY/QJ8/v1mNcQ==</latexit>

For neutron stars,         depends on the EOS and has been calculated 
numerically in (Flanagan+Hinderer, 2007)

cE
<latexit sha1_base64="WqpuFk8+8JzsCCVSfHwgmFgMHOE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUwWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WjGSfoR3QgecgZNVZ6YL3bXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs1qxTuvVO8vyrXrPI4CHMMJnIEHl1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AELUI2j</latexit>

Rµ⌫ = 0
<latexit sha1_base64="jDQU33pg3Emf1nZAEoH3rCWW0Tk=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIevEYxTwgu4TZySQZMjO7zEMIS37DiwdFvPoz3vwbJ8keNLGgoajqprsrTjnTxve/vZXVtfWNzcJWcXtnd2+/dHDY1IlVhDZIwhPVjrGmnEnaMMxw2k4VxSLmtBWPbqd+64kqzRL5aMYpjQQeSNZnBBsnhQ/dLBQ2lHZy7XdLZb/iz4CWSZCTMuSod0tfYS8hVlBpCMdadwI/NVGGlWGE00kxtJqmmIzwgHYclVhQHWWzmyfo1Ck91E+UK2nQTP09kWGh9VjErlNgM9SL3lT8z+tY07+KMiZTa6gk80V9y5FJ0DQA1GOKEsPHjmCimLsVkSFWmBgXU9GFECy+vEya1UpwXqneX5RrN3kcBTiGEziDAC6hBndQhwYQSOEZXuHNs96L9+59zFtXvHzmCP7A+/wB0WeRiQ==</latexit>

Damour+Nagar, 2009
Binnington+Poisson, 2009

Steinhoff et al 2013
Kol+Smolkin, 2011

while the EFT side corrections were shown to vanish in Kol+Smolkin, 
2011.    The result for BH’s in   

so no (static) tidal response at            (and likely also for         …) 

cBH

E
= cBH

B
= 0
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BH absorption and Compact Binaries

But formalism outlined so far neglects dissipation, ie absorption of energy and 
angular momentum by the compact objects themselves.   

Spp = �m

Z
d⌧ + cE

Z
d⌧Eµ⌫E

µ⌫ + cB

Z
d⌧Bµ⌫B

µ⌫ + · · ·

On general grounds, dissipation implies the existence of low frequency modes 
with               (eg NS: hydro modes,….  BH:   horizon absorption) not 
captured by the point particle EFT

! ⇠ !GW

The results on tidal coefficient suggests that finite size effects are absent for 
black holes.



eg, for a Schwarschild black hole, the spectrum contains an infinite tower of 
modes labeled by          .  In this case there are some zero modes:

Mode Freq. J
P

0

1
+

(spin)

0

1
−0

0m(�)

xµ(�)

!ij(�)

SO(3)
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Figure 5. Top: QNM frequencies for gravitational perturbations with l = 2
(black circles) and l = 3 (red diamonds). In both cases we mark by an arrow
the algebraically special mode, given analytically by Eq. (83); a more extensive
discussion of this mode is given in Appendix A. Notice that as the imaginary part
of the frequency tends to infinity the real part tends to a finite, l-independent limit.
Bottom: comparison of the l = |s| QNM frequencies for scalar, electromagnetic
and gravitational perturbations.

Schwarzschild QNMs for 
(Berti et al CQG (2009)):

there are also an infinite tower of “quasinormal modes”… 

(from Kokkotas and Schmidt, gr-qc/9909058).

which are increasingly
 “broad resonances,” rather than 
“quasiparticles”:

` = 2, 3
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Even though the form of the internal spectrum depends on the details of the 
internal structure, can incorporate the effects of dissipation in a model 
independent w/o the need to explicitly track the light DOFs

The idea is to treat the compact object as            as an “atom”, i.e a worldline 
with local operators coupled to gravitons.     For a spherical symmetric object, 
the leading interactions with gravitons take the form 

R ! 0

With operators                                      acting on the Hilbert space of 
internal states.    These are gravitational analogs of the EM dipole interaction

Qab
E (�), Qab

B (�) · · ·

Microscopic properties are then encoded in the correlation functions
⟨QE,B · · ·QE,B⟩

which can be related to observable quantities of the compact object.

Hem = �~̂p · ~E
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Sint = �
Z

d⌧(�)QE
ab(�)E

ab(x)�
Z

d⌧(�)QB
ab(�)B

ab(x).
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Example:    Graviton absorption and power dissipation

Consider an compact object of mass       .   Graviton absorption amplitude in the object’s rest 
frame: 

M

absorption cross section is 

then, assuming unitarity (even for BHs!):

where the 2-pt. correlators are in the initial state of the compact object

hQE(0)QE(x0)i = hM |QE(0)QE(x0)|Mi

(alternatively, initial state could be mixed/thermal)

�abs(!) = lim
T!1

1

T
· 1

2!

X

X

|A(g(k) +M ! X)|2

iA(gh(k) +M ! X) = hX|Te�i
R
dtHint |k, h;Mi

X

X

|XihX| = I

⇡ �
Z

dthX|QE
ij(t)|Mih0|Eij(t, 0)|k, hi+ (E $ B)
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8m2
Pl

Z
dte�i!t✏ij(k)✏

⇤
rs(k)

⇥
hM |QE

rs(0)Q
E
ij(t)|Mi+ hM |QB

rs(0)Q
B
ij(t)|Mi

⇤
,
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For the case of black holes, the low frequency               can be calculated analytically, by finding the 
graviton wavefunctions in the BH background:

�abs(!)

⇤BHhµ⌫ = 0

hµ⌫(x) = e�i!tR`(r)

r
Y `m
µ⌫ (⌦)

Schrodinger eqn for radial modes
=“Regge-Wheeler” eqn.

V`(r) =
⇣
1� rs

r

⌘✓
`(`+ 1)

r2
� 3rs

r3

◆

r⇤ ! 1

V`,s(r
⇤)

�1 

R`(r ! 1) ! e�i!r⇤ +R(!)ei!r⇤

R`(r ! rs) ! T (!)e�i!r⇤

|R(!)|2 + |T (!)|2 = 1

�abs(!) ⇠ |T (!)|2

BCs for scattering:    

(QNMs:   Same eqn. but purely outgoing bc’s at the horizon and infinity)

(r⇤ = r + rs ln |r/rs � 1|)

Matching to the full theory



These absorption coefficients were computed by Page (1975) for massless particles of arbitrary 
spin in the case of Kerr black holes:

P ARTIC LE EMISSION BATE S F ROM A BLACK HOLE:. . . 201

From the behavior of these analytic absorption probabilities at low frequencies for the various angular
modes, one can get the low-frequency (M&«1) absorption cross section for a massless particle of spin
s averaged over all orientations of the black hole:"

s=0
2',

o,(&u}=war ' I; &X(3M'-u'} '
1s 2

s=1 (19}

A(5M'+ &M'g'+ g )&u', s =2.

At high frequencies (M&@» 1}the angle-averaged
cross section for each kind of particle must ap-
proach the geometrical-optics limit of 27mM' for
a nonrotating hole and roughly the same value for
a rotating hole. " Thus the cross sections are
smaller at low frequencies. As the frequency is
reduced to zero, the cross sections retain finite
values for neutrinos and hypothetical spin-0 mass-
less particles and go to zero as the frequency
squared for photons and as the frequency to the
fourth power for gravitons.
Combining the low-frequency absorption prob-

abilities (13) and (14) with the thermal factor (4)
for a black hole with negligible rotation, one gets
the emission rate in a given angular and polari-
zation eigenstate for low frequencies,

d & P (l- s)!(I+s)! ' „+,
dfd+ ~ 4v (2 f )!(2l + 1) !!

(20)

where P=2 for bosons and P=7t' for fermions. The
fractional errors are of order M(~-mQ). Thus in
each case the emission rate at low frequencies
goes as td, and the power goes as + . This
qualitative behavior causes the particles with low-
er spine (and thus lower l allowed, since l ~ s) to
be emitted faster from a nonrotating hole, there-
by dominating the low-frequency power drain from
such a hole. However, the analytic expressions
for low frequency break down long before the
actual spectra peak, so numerical calculations
are needed to determine whether and to what ex-
tent this effect holds also for the total power drain.

III. NUMERICAL CALCULATIONS

The particle emission rates were calculated by
using Hawking's formula (4) and Eq. (11)with the
absorption probabilities ~ computed by the method
of Ref. 9, Sec. VII, using Bardeen's transforma-
tion discussed therein to allow stable integration
of the Teukolsky equation from the horizon to in-
finity. A purely ingoing solution was chosen on
the horizon, and after this solution was numeri-

cally integrated out to a sufficiently large radius,
it was resolved into ingoing and outgoing waves at
infinity. Then I' was calculated as the ratio of the
energy going down the hole to the energy of the
ingoing wave at infinity, and the thermal factors
were multiplied in to give the quantum emission
rates. These rates were multiplied by the energy
or angular momentum of each particle, integrated
over frequency, and summed over all angular
modes, polarizations, and species of particles to
give the total power and torque emitted [cf. Eq.
(12)] .
The accuracy of the numerical result was limited

by the step size in integrating the Teukolsky
equation, the radius where the resolution into in-
going and outgoing waves is made, and the step
size in integrating the spectra. To keep these
three sources of error under control, variable
step sizes were used with an error criterion for
each step, and the resolution into ingoing and out-
going waves was required to be the same within
a certain accuracy at two different radii. Thus the
total error was governed by three accuracy criter-
ia, and these were chosen for each mode to give
roughly the same effect on the final result so that
the result might have nearly the greatest accuracy
possible for a given computer machine time.
The numerical calculations of the emission rates

compared favorably with Eq. (20} at low frequen-
cies, although departures from the extended
Starobinsky- Churilov expression become signifi-
cant at fairly small values of M&. For example,
the actual value of 1 for neutrinos with l = ~

becomes 50% larger than that given by Eq. (14}
when Mt'd =0.05. This effect prevents one from
getting an accurate estimate of the total power
and torque emitted by inserting (13) and (14) into
(12). [One might have expected such an estimate
to be fairly accurate on grounds that the exponen-
tial of 8'~ (for a nonrotating hole) in the denom-
inator of (12) might become large and make the
integrand small before the expression for I' de-
velops serious errors. ] In fact, such an estimate
gave only 35% of the actual total power in neu-

Using his result we can match the two-point functions in the case s = 2
Z

dtei!thM |QE,B
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kl (0)|Mi = 1

2
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✓
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3
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◆
,
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and

A+(! > 0) =
1

2GN

r6s!

45
+O(r8s!

3).
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A+(! < 0) = 0
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IF NO EMISSION FROM BH
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(in agreement with Poisson (1995) in the extreme mass limit                 )m1 � m2

Note:                              is a (small) 4PN effect.   Absorption enhanced to       for rotating black 
holes (see Porto; Endlich+Pencco for EFT description)

Pabs/Pquad ⇠ v8 v5

The same two-pt. function that controls BH absorption also shows up in BH-BH binary dynamics.  
Using the NRGR formalism, this is given by the box diagram with potential exchange

i�eff [x1, x2] = +(1 $ 2) + · · ·
1

2

= �1

2
(GNm2)

2

Z
dtdt0qij [x12(t)]hQij(t)Qkl(t

0)iqkl[x12(t
0)] + (1 $ 2),
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Absorption power spectrum:

NOTE:  Valid also for NS.  Contains info about  
EoS



Real part of effective action/box diagram:   Leads to finite size corrections to two-body eqns of 
motion.   To ensure causal result must compute using IN-IN formalism.   The appropriate response 
function is then the Retarded Green’s fn.

GR
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2
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Eg, tidal response to applied E-field:

so in frequency space, 

hQij(!)i = �2cE(!)Ēij(!, 0),
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“dynamical Love number”



In the classical case (no emission)                            we reproduce the full theory 
result on the vanishing of the BH Love number by fine tuning the counterterm 

A+(�|!|) = 0
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After tuning away the static part, the classical response function is then  

cE
<latexit sha1_base64="zhuhWxe20T5v6zBI83DL6PuCIg4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LEggseK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHstHM0nQj+hQ8pAzaqz0wPq3/VLZrbhzkFXi5aQMORr90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NWPMzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbusVO+vyvVaHkcBTuEMLsCDa6jDHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gAITo2Z</latexit>

cE(!)|classical =
ir6s!

360GN
+O(r8s!

2).
<latexit sha1_base64="CJo343SCwf9ExuTr6dcJxTHXxnI="></latexit>

The fact that                         is consistent with the dissipative effects discussed 
earlier.

ImcE(!) 6= 0
<latexit sha1_base64="oSpn7U+oCptyculdZ1Lj0KiQGug=">AAACBHicbVDJSgNBEO1xjXGLesylMQh6CTMq6FEQQW8RzAKZYejpVGJjL2N3jxiGHLz4K148KOLVj/Dm39hZDmp8UPB4r4qqeknKmbG+/+XNzM7NLywWlorLK6tr66WNzYZRmaZQp4or3UqIAc4k1C2zHFqpBiISDs3k5nToN+9AG6bkle2nEAnSk6zLKLFOikvlUCTqPr8QA0zjs91QCeiRvVDCLfbjUsWv+iPgaRJMSAVNUItLn2FH0UyAtJQTY9qBn9ooJ9oyymFQDDMDKaE3pAdtRyURYKJ89MQA7zilg7tKu5IWj9SfEzkRxvRF4joFsdfmrzcU//Pame0eRzmTaWZB0vGibsaxVXiYCO4wDdTyviOEauZuxfSaaEKty63oQgj+vjxNGvvV4KC6f3lYOTmexFFAZbSNdlGAjtAJOkc1VEcUPaAn9IJevUfv2Xvz3setM95kZgv9gvfxDWeQl0A=</latexit>

= � 4

GN

Z 1

0
d!

�abs(!)

!4
<latexit sha1_base64="EvFeQHZq1/9pViyqxJOvbozsglw="></latexit>



Open questions:
How to use this formalism to go beyond LO in absorption (relevant for LIGO templates;   
see Poisson et al)?

Role of higher-order correlation fns? 

Incorporating quantum effects, e.g Hawking radiation?    What does EFT say about interactions 
of BH with soft radiation, eg.

Soft photon theorem for electrically neutral BHs

Quantum BH scattering (in soft/eikonal limits).

⟨QE,B · · ·QE,B⟩

Hawking emission amplitude in the point EFT limit:

Emission rate to leading order in deflection:

Radiated power:




































































































































expect Gretz gout great
and therefore Hawking radiator is classically
unobservable even though not Ymp
suppressed in the Wightman fins

BH
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Part II:  Quantum


