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Strain ⇠ h
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• Non-linearities in the BH ringdowns

• Static Love number

Role of Symmetries in BH observables

Two examples:



Non-linearities in the BH Ringdown
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h

The BH ringdown is described by the QNMs 

BH Quasi-Normal Modes



Black Hole  Spectroscopy

QNMs dominate the BH response to any kind of disturbances
Frequencies  determined by the BH mass, spin and charge

Solutions of the  perturbation equations for purely outgoing GWs 
at infinity and purely ingoing waves at the horizon  
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!(n,`,m) = Re!(n,`,m) + i Im!(n,`,m)



Black Hole  QNMs
<latexit sha1_base64="yh5A5srDoQf5wsBDL2yJ2oCdc7s="></latexit>

Rµ⌫ � 1

2
Rgµ⌫ = 0, gµ⌫ = gbgµ⌫ + �gµ⌫

After separation of variables,  decoupled master radial equation(s)   
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 (x) = 0

incoming   outgoing   
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 (x ! ±1) ⇠ e⌥i!x
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Ve↵

horizon   asymptotically flat   



Kerr Black Hole 
<latexit sha1_base64="27MsckWrptEg4T/5fsKM67NNFGg="></latexit>
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⇢2

h
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� = r̂2 � 2Mr̂ + a2, ⇢2 = r̂2 + a2 cos2 ✓, a =
J

M
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r̂± = M ±
p
M2 � a2
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TH =
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8⇡Mr̂+
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QNMs for Kerr Black Holes 

<latexit sha1_base64="Kg5cTR9diFB/sNse6I8XFPl4G5c="></latexit>

K = (r2 + a2)! � am

�! = A+ a2!2 � 2am!
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 s(t, r, ✓,�) = e�i!teim�S(✓)R(r)

Teukolsky separable equations   



Black Hole  QNMs 

<latexit sha1_base64="5MAkOHNaTuwgfBc4/ketB7j+jq8="></latexit>

h(u, ✓,�) =
X

`�2

X

|m|`

h(`,m)(u)�2Y(`,m)(✓,�)

h(`,m)(u) =
X

n�0

A(`,m,n)e
�i!(`,m,n)(u�upk)
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u = t� r



Black Hole  QNMs 

 E. Berti, V. Cardoso and C.M. Will (2006) 

<latexit sha1_base64="SJyt6+D5jkJ0ISwEFjcd2hDQp6Q=">AAAB7nicdZDLSgMxFIYzXmu9VV26CRbBVcmMQ1t3RTduhAr2Au1QMmmmDU0mQ5IRytCHcONCEbc+jzvfxkxbQUV/CHz85xxyzh8mnGmD0Iezsrq2vrFZ2Cpu7+zu7ZcODttaporQFpFcqm6INeUspi3DDKfdRFEsQk474eQqr3fuqdJMxndmmtBA4FHMIkawsVbnpi8FHeFBqYwqyDtHdQ9aQH617s/Bq10g6FrIVQZLNQel9/5QklTQ2BCOte65KDFBhpVhhNNZsZ9qmmAywSPasxhjQXWQzdedwVPrDGEklX2xgXP3+0SGhdZTEdpOgc1Y/67l5l+1XmqiepCxOEkNjcnioyjl0EiY3w6HTFFi+NQCJorZXSEZY4WJsQkVbQhfl8L/oe1V3GrFv/XLjctlHAVwDE7AGXBBDTTANWiCFiBgAh7AE3h2EufReXFeF60rznLmCPyQ8/YJfemPsg==</latexit>

M!
<latexit sha1_base64="zXxcDMFqhLIyYvyASp8w/sw0mMM=">AAAB63icdZDLSgMxFIYz9VbrrerSTbAIrkpmHNq6K7pxWcFeoB1KJs20oUlmSDJCGfoKblwo4tYXcufbmGkrqOgPgY//nEPO+cOEM20Q+nAKa+sbm1vF7dLO7t7+QfnwqKPjVBHaJjGPVS/EmnImadsww2kvURSLkNNuOL3O6917qjSL5Z2ZJTQQeCxZxAg2uTWgnA/LFVRF3gVqeNAC8msNfwFe/RJB10KuClipNSy/D0YxSQWVhnCsdd9FiQkyrAwjnM5Lg1TTBJMpHtO+RYkF1UG22HUOz6wzglGs7JMGLtzvExkWWs9EaDsFNhP9u5abf9X6qYkaQcZkkhoqyfKjKOXQxDA/HI6YosTwmQVMFLO7QjLBChNj4ynZEL4uhf9Dx6u6tap/61eaV6s4iuAEnIJz4II6aIIb0AJtQMAEPIAn8OwI59F5cV6XrQVnNXMMfsh5+wRfn457</latexit>

`



                      Common lore: linear perturbation theory suffices

       However GR is nonlinear
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Black Hole  QNMs 
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X
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X
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X

n�0
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u = t� r



<latexit sha1_base64="LlbYz1udKToDd279R+HCpvt+N3Y="></latexit>���A(2,2,0)⇥(2,2,0)
(4,4)

���
��A(2,2,0)

��2
= 0.1637± 0.0018
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(5,5)

���
��A(2,2,0)

�� ��A(3,3,0)

�� = 0.4735± 0.0062

 M. Cheung et al. (2022)

Second-order amplitudes from linear amplitudes are sizeable



 K. Mitman et al. (2022)

Second-order amplitudes from linear amplitudes are sizeable



A. Kehagias, D. Perrone, A.R. and F. Riva, Phys. Rev. D108 (2023), 2 

A symmetry argument

         QNMs are generated near the horizon

         Go to the near horizon limit and extremal BH limit
       
        

<latexit sha1_base64="KjZOOTDnwPi2atmDQB7IdQQT0V8=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiAIYphIUC+BoBcvQgSzSDIMPZ2epEl3z9DdI4QhX+HFgyJe/Rxv/o2dRYjbg4LHe1VU1QtizrRx3Q8ns7C4tLySXc2trW9sbuW3dxo6ShShdRLxSLUCrClnktYNM5y2YkWxCDhtBoPLsd+8p0qzSN6aYUw9gXuShYxgY6U75R9VlH9cufbzhVLRnQC5v8iXVYAZan7+vdONSCKoNIRjrdslNzZeipVhhNNRrpNoGmMywD3atlRiQbWXTg4eoQOrdFEYKVvSoIk6P5FiofVQBLZTYNPXP72x+JfXTkx47qVMxomhkkwXhQlHJkLj71GXKUoMH1qCiWL2VkT6WGFibEa5+RD+J42TYum0WL4pF6oXsziysAf7cAglOIMqXEEN6kBAwAM8wbOjnEfnxXmdtmac2cwufIPz9gmUxo+f</latexit>

r+ = r� = M
<latexit sha1_base64="n6PXgIf8aJZ6tMBD4uJNHKEMVg8=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKWxE1IsQ9JJjhGwSSJYwO+lNhszOLjOzQljyDV48KOLVD/Lm3zh5CPFV0FBUddPdFSSCa+O6H05uZXVtfSO/Wdja3tndK+4fNHWcKoYei0Ws2gHVKLhEz3AjsJ0opFEgsBWMbqd+6x6V5rFsmHGCfkQHkoecUWMlr9GrXbu9YqlSdmcg7i/yZZVggXqv+N7txyyNUBomqNadipsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezYCTmxSp+EsbIlDZmpyxMZjbQeR4HtjKgZ6p/eVPzL66QmvPIzLpPUoGTzRWEqiInJ9HPS5wqZEWNLKFPc3krYkCrKjM2nsBzC/6R5Vq5clM/vzkvVm0UceTiCYziFClxCFWpQBw8YcHiAJ3h2pPPovDiv89acs5g5hG9w3j4B7VuOHg==</latexit>

TH = 0
<latexit sha1_base64="qDwC20YhDdX/3X+1o/j6pK/TNZE=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMi6kUIevEiRDQLJEPo6dQkTXp6hu4eIQz5BC8eFPHqF3nzb+wsQtweFDzeq6KqXpAIro3rfji5hcWl5ZX8amFtfWNzq7i9U9dxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB4HLsN+5RaR7LOzNM0I9oT/KQM2qsdEvPrzvFkld2JyDuL/JllWCGaqf43u7GLI1QGiao1i3PTYyfUWU4EzgqtFONCWUD2sOWpZJGqP1scuqIHFilS8JY2ZKGTNT5iYxGWg+jwHZG1PT1T28s/uW1UhOe+RmXSWpQsumiMBXExGT8N+lyhcyIoSWUKW5vJaxPFWXGplOYD+F/Uj8qeyfl45vjUuViFkce9mAfDsGDU6jAFVShBgx68ABP8OwI59F5cV6nrTlnNrML3+C8fQLjy42N</latexit>

a = M



M. Guica et al. (2008)

Kerr/CFT Correspondence
Near Horizon geometry of Extremal Kerr (NHEK)  

<latexit sha1_base64="TKrnVX0kKiJi4yFVUaSS0L52Wng="></latexit>

ds2 = 2J�(✓)


� r2dt2 +

dr2

r2
+ d✓2 + ⇤2(✓)(d�+ r dt)2

�

�(✓) =
1 + cos2 ✓

2
, ⇤(✓) =

2 sin ✓

1 + cos2 ✓

                       NHEK is a warped geometry            

                          Isometry group

<latexit sha1_base64="brJy8kfxGbV0OQ1licioeD5W8gQ=">AAACD3icbZC7TsMwFIadcivhFmBksWhBTFVSEDAWWBiLoBepqSrHcVqrthPZDqiK8gYsvAoLAwixsrLxNiRtB2j5JUuf/nOOjs/vRYwqbdvfRmFhcWl5pbhqrq1vbG5Z2ztNFcYSkwYOWSjbHlKEUUEammpG2pEkiHuMtLzhVV5v3ROpaCju9CgiXY76ggYUI51ZPevQFeQBh5wj4Seu76dJ4koO/TQ1yzlc+Le947LZs0p2xR4LzoMzhRKYqt6zvlw/xDEnQmOGlOo4dqS7CZKaYkZS040ViRAeoj7pZCgQJ6qbjO9J4UHm+DAIZfaEhmP390SCuFIj7mWdHOmBmq3l5n+1TqyD825CRRRrIvBkURAzqEOYhwN9KgnWbJQBwpJmf4V4gCTCOoswD8GZPXkemtWKc1o5uamWapfTOIpgD+yDI+CAM1AD16AOGgCDR/AMXsGb8WS8GO/Gx6S1YExndsEfGZ8/ru6bvw==</latexit>

AdS3
<latexit sha1_base64="Xd3yLQXV0RKV5ADYVpkn/BFB5a4="></latexit>

SL(2,R)⌦ U(1)

<latexit sha1_base64="vw/6ZutgHPkbsx5wVlhhstLO5pU=">AAAB+XicdVDLSsNAFL2pr1pfUZduBovgqiSlqBuh6MaNUME+oE3LZDJph84kYWZSKKF/4saFIm79E3f+jdOHUF8HLhzOuZd7OH7CmdKO82HlVlbX1jfym4Wt7Z3dPXv/oKHiVBJaJzGPZcvHinIW0bpmmtNWIikWPqdNf3g99ZsjKhWLo3s9TqgncD9iISNYG6ln21lHChRMVLd8WUa33XLPLrolZwbk/CJfVhEWqPXs904Qk1TQSBOOlWq7TqK9DEvNCKeTQidVNMFkiPu0bWiEBVVeNks+QSdGCVAYSzORRjN1+SLDQqmx8M2mwHqgfnpT8S+vnerwwstYlKSaRmT+KEw50jGa1oACJinRfGwIJpKZrIgMsMREm7IKyyX8TxrlkntWqtxVitWrRR15OIJjOAUXzqEKN1CDOhAYwQM8wbOVWY/Wi/U6X81Zi5tD+Abr7RPQbpJ7</latexit>

ds2 = 2M2

<latexit sha1_base64="PXNGFyzqk70Opvrv6Vw+1hxuBsc="></latexit>

H�1 = @t, H0 = t@t � r@r, H1 =

✓
1

2r2
+

t
2

2

◆
@t � tr@r �

1

r
@�, Q0 = �@�



Kerr/CFT Correspondence

                       Asymptotic symmetry in bulk gravity 
                                                 = 

global symmetry of boundary field theory 



<latexit sha1_base64="jwdnv4tchQrNuy4tIkNuw+HTgnA="></latexit>

hµ⌫ =

0

BB@

htt = O(r2) ht� = O(1) ht✓ = O(r�1) htr = O(r�2)
h�t = ht� h�� = O(1) h�✓ = O(r�1) h�r = O(r�1)
h✓t = ht✓ h✓� = h�✓ h✓✓ = O(r�1) h✓r = O(r�2)
hrt = htr hr� = h�r hr✓ = h✓r hrr = O(r�3)

1

CCA

                       Boundary conditions

Asymptotic Symmetry Group

           The asymptotic symmetry group contains
one copy of the conformal group of the circle generated by 

<latexit sha1_base64="z3zBleqBkGvnNFfkatZdOi3aBmw=">AAACLHicdZBNS8MwGMfT+TbnW9Wjl+AQ58HRylAvwnAXjxPcJqylpFm6haVpSFJxlH0gL34VQTw4xKufw3YvMKc+EPjn/3uevPx9wajSljUyckvLK6tr+fXCxubW9o65u9dUUSwxaeCIRfLeR4owyklDU83IvZAEhT4jLb9fy3jrgUhFI36nB4K4IepyGlCMdGp5Zs15pJ5DhKIs4lczUXJEj544AklNEfOy3amcweMFKj2zaJetcUHrl5ihIphW3TNfnU6E45BwjRlSqm1bQrtJdh5mZFhwYkUEwn3UJe1UchQS5Sbjzw7hUep0YBDJdHENx+78RIJCpQahn3aGSPfUIsvMv1g71sGlm1AuYk04nlwUxAzqCGbJwQ6VBGs2SAXCkqZvhbiHJMI6zbcwH8L/onlWts/LldtKsXo9jSMPDsAhKAEbXIAquAF10AAYPIEX8A5GxrPxZnwYn5PWnDGd2Qc/yvj6BtegqS8=</latexit>

⇠✏ = ✏(�)@� � r✏0(�)@r
<latexit sha1_base64="nESitCek2O1cjXHg1DQy6v4qszY=">AAACAXicdZBLSwMxFIUzPmt9jboR3ASL4KZlRoq6EYpuXFawD+iMJZPeaUOTmSHJCGWoG/+KGxeKuPVfuPPfmD6E+joQ+DjnXpKcIOFMacf5sObmFxaXlnMr+dW19Y1Ne2u7ruJUUqjRmMeyGRAFnEVQ00xzaCYSiAg4NIL+xShv3IJULI6u9SABX5BuxEJGiTZW2971IFGMGxRnRbjJigwLL+mxYdsuuCVnLOz8gq+ogKaqtu13rxPTVECkKSdKtVwn0X5GpGaUwzDvpQoSQvukCy2DERGg/Gz8gyE+ME4Hh7E0J9J47M5uZEQoNRCBmRRE99TPbGT+lbVSHZ76GYuSVENEJxeFKcc6xqM6cIdJoJoPDBAqmXkrpj0iCdWmtPxsCf9D/ajkHpfKV+VC5XxaRw7toX10iFx0giroElVRDVF0hx7QE3q27q1H68V6nYzOWdOdHfRN1tsnGKaWrA==</latexit>

✏m = �e�im�

<latexit sha1_base64="QbG++TGHvkCko9Knz2XO5Zh7t/E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoQ9lsJ+3SzSbsbsRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0O/Nbj6g0T+SDGacYxHQgecQZNVbyu0+85/bKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzslZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2OelzhcyIsSWUKW5vJWxIFWXG5lOyIXjLL6+S5kXVu6zW7muV+k0eRxFO4BTOwYMrqMMdNMAHBhye4RXeHOm8OO/Ox6K14OQzx/AHzucPhEmOgQ==</latexit>

⇠0           generates the         isometry
      enhanced to a Virasoro algebra

<latexit sha1_base64="EtQOPFRXi6r+24Y8zoOPAbQBonc=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48VTFtoQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777aytb2xubZd2yrt7+weHlaPjto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044ucv9zhNVmsXy0UwTGgg8kixiBJtc8mvexaBSdevuHGiVeAWpQoHWoPLVH8YkFVQawrHWPc9NTJBhZRjhdFbup5ommEzwiPYslVhQHWTzW2fo3CpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/83qpiW6CjMkkNVSSxaIo5cjEKH8cDZmixPCpJZgoZm9FZIwVJsbGU7YheMsvr5L2Zd27qjceGtXmbRFHCU7hDGrgwTU04R5a4AOBMTzDK7w5wnlx3p2PReuaU8ycwB84nz/pZI2C</latexit>

U(1)



Kerr/CFT Correspondence

M. Guica et al. (2008)

States in the NHEK form a representation of one copy of the Virasoro 
 

Duality with a chiral half of a 2D finite temperature CFT 

Left-movers with temperature 

<latexit sha1_base64="SGU532BizYm3NoXfknS4YJpsfH0="></latexit>

⇠m = �e�im� (imr@r + @�)
<latexit sha1_base64="AHaP0xQ2cD5HR2iT41IYUmK7PrE="></latexit>

i[⇠m, ⇠n]L.B. = (m� n)⇠m+n

The symmetry          is enhanced to a Virasoro with central charge    
<latexit sha1_base64="MmA6zCoz4AuTUSVB8ymJSJzfASM="></latexit>

U(1)
<latexit sha1_base64="Ovku/akk7E4VFr0zsCm6XV+7f1U="></latexit>

12J

Excitations around the NHEK depend on
the Asymptotic Symmetric Group = global symmetry of the dual theory

<latexit sha1_base64="YC3P15u26bKpDf//wrNXvnPyhrA=">AAAB+3icdZBLS8NAFIVv6qvWV6xLN8EiuCpJKepGKLpx4aJCX9CEMJlO2qGTSZiZiCXkr7hxoYhb/4g7/43Th1BfBwYO59zLXL4gYVQq2/4wCiura+sbxc3S1vbO7p65X+7IOBWYtHHMYtELkCSMctJWVDHSSwRBUcBINxhfTfvuHRGSxrylJgnxIjTkNKQYKR35Zrnl31y4oUA4c/Ks5iY0982KU7Vnsuxf5quqwEJN33x3BzFOI8IVZkjKvmMnysuQUBQzkpfcVJIE4TEakr62HEVEetns9tw61snACmOhH1fWLF3eyFAk5SQK9GSE1Ej+7KbhX10/VeG5l1GepIpwPP8oTJmlYmsKwhpQQbBiE20QFlTfauER0iCUxlVahvC/6dSqzmm1fluvNC4XOIpwCEdwAg6cQQOuoQltwHAPD/AEz0ZuPBovxut8tGAsdg7gm4y3T41WlCU=</latexit>

TL =
1

2⇡



Kerr/CFT Correspondence

<latexit sha1_base64="IkX50LDVP3pHae50YaJv2eL9A/4="></latexit>

ZAdS, e↵ [�] = eiSeff [�] =
D
T e

R
@AdS �bO

E

CFT

The NHEK black hole can be described by a dual chiral 2D CFT   

Boundary operator of the gravitational strain = energy-momentum tensor
Correlators  fixed by the central charge

<latexit sha1_base64="bEmtJYRYhmU+6HP7qrnEZLGWDYg=">AAACEHicdZDLSgMxGIUz9VbrbdSlm2ARXZVpqW3dFSviskIvQqeUTCZtQ5PMkGSUMswjuPFV3LhQxK1Ld76N6UWoogcCh3P+nySfFzKqtON8Wqml5ZXVtfR6ZmNza3vH3t1rqSCSmDRxwAJ54yFFGBWkqalm5CaUBHGPkbY3qk369i2Rigaiocch6XI0ELRPMdIm6tnHriB3OOAcCT92fT+JY1dy6CdJpnAB8ZBKxGDtstGzs/mcMxV0ck7xrOJUZqZUPoXfVRbMVe/ZH64f4IgToTFDSnXyTqi7MZKaYkaSjBspEiI8QgPSMVYgTlQ3nn4ogUcm8WE/kOYIDafp4kaMuFJj7plJjvRQ/e4m4V9dJ9L9SjemIow0EXh2UT9iUAdwQgf6VBKs2dgYhCU1bzUMkERYG4aZRQj/m1Yhly/liteFbPV8jiMNDsAhOAF5UAZVcAXqoAkwuAeP4Bm8WA/Wk/Vqvc1GU9Z8Zx/8kPX+BXNBnNU=</latexit>

2D chiral CFT

<latexit sha1_base64="5bOnu/bh68lRRc2t4YAlSx+1adk=">AAACD3icdVDLSsNAFJ3UV42vqks3waK4KqkUdVl047KCfUATymQ6aYZOZsLMjRJC/8CNv+LGhSJu3brzb5w+hPo6cOFwzr3ce0+QcKbBdT+swsLi0vJKcdVeW9/Y3Cpt77S0TBWhTSK5VJ0Aa8qZoE1gwGknURTHAaftYHgx9ts3VGkmxTVkCfVjPBAsZASDkXqlQ69PQ0/m8ciesEEejWzlKTaIACslbz0mQsh6pXK14k7guL/Il1VGMzR6pXevL0kaUwGEY627VTcBP8cKGOHULEs1TTAZ4gHtGipwTLWfT/4ZOQdG6TuhVKYEOBN1fiLHsdZZHJjOGEOkf3pj8S+vm0J45udMJClQQaaLwpQ7IJ1xOE6fKUqAZ4Zgopi51SERVpiAidCeD+F/0jquVE8qtatauX4+i6OI9tA+OkJVdIrq6BI1UBMRdIce0BN6tu6tR+vFep22FqzZzC76BuvtE/5+nUs=</latexit>

r ! 1



Kerr/CFT Correspondence
<latexit sha1_base64="bEmtJYRYhmU+6HP7qrnEZLGWDYg=">AAACEHicdZDLSgMxGIUz9VbrbdSlm2ARXZVpqW3dFSviskIvQqeUTCZtQ5PMkGSUMswjuPFV3LhQxK1Ld76N6UWoogcCh3P+nySfFzKqtON8Wqml5ZXVtfR6ZmNza3vH3t1rqSCSmDRxwAJ54yFFGBWkqalm5CaUBHGPkbY3qk369i2Rigaiocch6XI0ELRPMdIm6tnHriB3OOAcCT92fT+JY1dy6CdJpnAB8ZBKxGDtstGzs/mcMxV0ck7xrOJUZqZUPoXfVRbMVe/ZH64f4IgToTFDSnXyTqi7MZKaYkaSjBspEiI8QgPSMVYgTlQ3nn4ogUcm8WE/kOYIDafp4kaMuFJj7plJjvRQ/e4m4V9dJ9L9SjemIow0EXh2UT9iUAdwQgf6VBKs2dgYhCU1bzUMkERYG4aZRQj/m1Yhly/liteFbPV8jiMNDsAhOAF5UAZVcAXqoAkwuAeP4Bm8WA/Wk/Vqvc1GU9Z8Zx/8kPX+BXNBnNU=</latexit>

2D chiral CFT

<latexit sha1_base64="5bOnu/bh68lRRc2t4YAlSx+1adk=">AAACD3icdVDLSsNAFJ3UV42vqks3waK4KqkUdVl047KCfUATymQ6aYZOZsLMjRJC/8CNv+LGhSJu3brzb5w+hPo6cOFwzr3ce0+QcKbBdT+swsLi0vJKcdVeW9/Y3Cpt77S0TBWhTSK5VJ0Aa8qZoE1gwGknURTHAaftYHgx9ts3VGkmxTVkCfVjPBAsZASDkXqlQ69PQ0/m8ciesEEejWzlKTaIACslbz0mQsh6pXK14k7guL/Il1VGMzR6pXevL0kaUwGEY627VTcBP8cKGOHULEs1TTAZ4gHtGipwTLWfT/4ZOQdG6TuhVKYEOBN1fiLHsdZZHJjOGEOkf3pj8S+vm0J45udMJClQQaaLwpQ7IJ1xOE6fKUqAZ4Zgopi51SERVpiAidCeD+F/0jquVE8qtatauX4+i6OI9tA+OkJVdIrq6BI1UBMRdIce0BN6tu6tR+vFep22FqzZzC76BuvtE/5+nUs=</latexit>

r ! 1

<latexit sha1_base64="YIf4aRvdtNjQNy8QB6djisoYal8="></latexit>

T (z) ! T (w) = (@zw)
2
⇣
T (z)� c

12
{w; z}

⌘
<latexit sha1_base64="s8ZT5HhqTQmjQOCp6Ji7UPXUYMY=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqSqgLGChYGhSH1JTYkc12mtOnZkO1Ql6sDCr7AwgBArH8HG3+C2GaDlSFc6Oude3XtPEDOqtON8Wyura+sbm7mt/PbO7t6+fXDYVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGV1O/dU+kooLX9Tgm3Qj1OQ0pRtpIvl148CTtDzSSUowguUvLXkxh3b+Bo4lvF52SMwNcJm5GiiBDzbe/vJ7ASUS4xgwp1XGdWHdTJDXFjEzyXqJIjPAQ9UnHUI4iorrp7IkJPDFKD4ZCmuIaztTfEymKlBpHgemMkB6oRW8q/ud1Eh1edFPK40QTjueLwoRBLeA0EdijkmDNxoYgLKm5FeIBkghrk1vehOAuvrxMmuWSe1aq3FaK1cssjhwogGNwClxwDqrgGtRAA2DwCJ7BK3iznqwX6936mLeuWNnMEfgD6/MHRGmX2Q==</latexit>

z ! e2⇡TLw

<latexit sha1_base64="C2mA8EETRw3tvfKjBpAPRa5a3fg="></latexit>

hT (z1)T (z2)T (z3)i =
1

(2⇡)3
c

z221 z
2
32 z

2
13

<latexit sha1_base64="vVW6lBlroaZfiVg1lSpzcVRzxms="></latexit>

hT (z1)T (z2)i =
1

(2⇡)2
c/2

z421

<latexit sha1_base64="Hixo8HSyHyFdnDxjE5iKL5SELL0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6l9Uz+/OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5QJkXY=</latexit>)

<latexit sha1_base64="WkO7zFtrY25gGlAR0cgkh4710fQ=">AAACGXicdZBLSwMxFIUzPmt9jbp0EyyCIJYZKeqmUHTjsoJ9QGdaMmnahmYeJHds69C/4ca/4saFIi515b8xfQj1dSBw+M69JDleJLgCy/ow5uYXFpeWUyvp1bX1jU1za7uswlhSVqKhCGXVI4oJHrAScBCsGklGfE+wite9GOWVGyYVD4NrGETM9Uk74C1OCWjUMK1bR/J2B4iUYQ/38v26fcgdIPEs1vCoX7fyTtThDTNjZ62xsPXLfEUZNFWxYb45zZDGPguACqJUzbYicBMigVPBhmknViwitEvarKZtQHym3GT8syHe16SJW6HUJwA8prMbCfGVGvienvQJdNTPbAT/ymoxtM7chAdRDCygk4tascAQ4lFNuMkloyAG2hAquX4rph0iCQVdZnq2hP9N+Thrn2RzV7lM4XxaRwrtoj10gGx0igroEhVRCVF0hx7QE3o27o1H48V4nYzOGdOdHfRNxvsnkWCgog==</latexit>

z ! w = x1 + i⌧ ! x1 � x0 = �

finite 

temperature   



1. Calculate correlators of the 2D energy momentum tensor  at finite temperature   

Prescription

<latexit sha1_base64="aNmwQa9/XRX8n72C8dSHbz0LmS8="></latexit>

hTm1Tm2i0 =
c

24

(2⇡TL)3

(2⇡)2
em1/(2TL)

�����
✓
2 + i

m1

2⇡TL

◆����
2

<latexit sha1_base64="xE+QDdGb6kDl8TYSGpd7vXLTfqE="></latexit>

hTm1Tm2Tm3i0 = � c

2
p
2

(2⇡TL)4

(2⇡)3
e�(m1+m2)/(2TL)G3,3

3,3

 
�i m1

2⇡TL
, 0, i m2

2⇡TL

1� i m1
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2. Find find the gravitational strain correlators on the boundary   
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3. Integrate over the remaining part of the spin-with spherical harmonics along 
    the polar angle   
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Results
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BH Static Love Number



<latexit sha1_base64="7r5kDol6Sn3khu2xhm+ViL5SXM0="></latexit>

Eij ⇠ E` r` ) hij ⇠ E` r` +
L`

r`+1
(= static Love number)   

The Love number enters at the fifth PN order order

At  the linear order the Love number of the Schwarzschild BH vanishes
because of ladder symmetries   

L. Hui et al. (2021), P. Charalambous (2021), M. Ivanov et al. (2022)



The static  Love number of the Schwarzschild BH vanishes
at any order in perturbation theory due to a non-linear ladder symmetry   

A. Kehagias and A.R., gr-qc/2410.11014 

The static axisymmetric vacuum spacetime in Weyl coordinates   
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⇥
(@⇢U)2 + (@zU)2

⇤
, @zk = 2⇢ @⇢U@zU.
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In prolate spheroidal coordinates   
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Ladder 
operators   

<latexit sha1_base64="GUu+WKRZbr0pbuhwbxBU6kgRpVs=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CjMSosegF49RzALJEHo6NUmTnp6hu0cIQ/7AiwdFvPpH3vwbO4sQtwcFj/eqqKoXJIJr47ofTm5ldW19I79Z2Nre2d0r7h80dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mvqte1Sax/LOjBP0IzqQPOSMGivddrNeseSV3RmI+4t8WSVYoN4rvnf7MUsjlIYJqnXHcxPjZ1QZzgROCt1UY0LZiA6wY6mkEWo/m106ISdW6ZMwVrakITN1eSKjkdbjKLCdETVD/dObin95ndSEF37GZZIalGy+KEwFMTGZvk36XCEzYmwJZYrbWwkbUkWZseEUlkP4nzTPyl61XLmplGqXizjycATHcAoenEMNrqEODWAQwgM8wbMzch6dF+d13ppzFjOH8A3O2yef8o1v</latexit>

{



Very far from and very close to the BH   

<latexit sha1_base64="V7eY/RIPUxF1ZFyOQIV6KVKoN2k="></latexit>

U`(x ! 1) ⇠ L`

x`+1
) P` 6= 0 ) U`(x ! 1) ⇠ ln(x� 1)

The decaying mode diverges at the horizon and is unphysical

The full non-linear Love number vanishes because of 
symmetry arguments:

The ladder operators are part of the generators of 
the Geroch group



• Symmetries play a fundamental role in BH physics

•  Related observables will be measured in the next future

Conclusions


