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Signatures of chaos



Universal aspect of quantum chaos: RMT energy level repulsion
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GOE matrix eigenvalues Poisson random numbers



Symmetries obscure chaotic statistics

single GOE matrix 10  GOE blocks
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With symmetries: focus on fixed “charge sector” to see chaos



Chaos in 2d CFT



Problem: huge amount of symmetry/constraints! 
How to extract RMT universality?

“linear ramp”
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RMT universality:

Important in holography (black holes, SYK, …) [Cotler + 8][Garcia-Garcia/Verbaarschot]  
[Saad/Shenker/Stanford][Stanford/Witten]…  

What about 2d CFT? [Cotler/Jensen] [Belin/de Boer] [Chandra/Collier/Hartman/Maloney] … 
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<latexit sha1_base64="B/hZgYIu9OU58/msQjgFehfrTRs=">AAACGHicbVBLSwMxGMzWV62vqkcvwSJ4kLpr37eiF48V7AN2l5JN0zY0myxJVihLf4YX/4oXD4p47c1/Y/o4aOtAYJiZL/kyQcSo0rb9baU2Nre2d9K7mb39g8Oj7PFJS4lYYtLEggnZCZAijHLS1FQz0okkQWHASDsY3c389hORigr+qMcR8UM04LRPMdJG6mavE29+iSsHgZ/YebtYrdWqV3a+UKkVyiVDypWiXahNPNwTWk262ZwJzQHXibMkObBEo5udej2B45BwjRlSynXsSPsJkppiRiYZL1YkQniEBsQ1lKOQKD+Z7zSBF0bpwb6Q5nAN5+rviQSFSo3DwCRDpIdq1ZuJ/3lurPtVP6E8ijXhePFQP2ZQCzhrCfaoJFizsSEIS2p2hXiIJMLadJkxJTirX14nrZu8U8yXHoq5+u2yjjQ4A+fgEjigAurgHjRAE2DwDF7BO/iwXqw369P6WkRT1nLmFPyBNf0B8wmclg==</latexit>

··
·

<latexit sha1_base64="B/hZgYIu9OU58/msQjgFehfrTRs=">AAACGHicbVBLSwMxGMzWV62vqkcvwSJ4kLpr37eiF48V7AN2l5JN0zY0myxJVihLf4YX/4oXD4p47c1/Y/o4aOtAYJiZL/kyQcSo0rb9baU2Nre2d9K7mb39g8Oj7PFJS4lYYtLEggnZCZAijHLS1FQz0okkQWHASDsY3c389hORigr+qMcR8UM04LRPMdJG6mavE29+iSsHgZ/YebtYrdWqV3a+UKkVyiVDypWiXahNPNwTWk262ZwJzQHXibMkObBEo5udej2B45BwjRlSynXsSPsJkppiRiYZL1YkQniEBsQ1lKOQKD+Z7zSBF0bpwb6Q5nAN5+rviQSFSo3DwCRDpIdq1ZuJ/3lurPtVP6E8ijXhePFQP2ZQCzhrCfaoJFizsSEIS2p2hXiIJMLadJkxJTirX14nrZu8U8yXHoq5+u2yjjQ4A+fgEjigAurgHjRAE2DwDF7BO/iwXqw369P6WkRT1nLmFPyBNf0B8wmclg==</latexit>

h ⌘ c� 1

24
+ P 2

<latexit sha1_base64="KRrRtr6hf3m+lOPOI8WkSkl5XA8=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAyCIIbdENFj0IvHCOYB2RhmJ73JkNmHM7OBsOzJi7/ixYMiXv0Gb/6Nk2QPmljQUFR1093lRpxJZVnfRm5peWV1Lb9e2Njc2t4xd/caMowFhToNeShaLpHAWQB1xRSHViSA+C6Hpju8nvjNEQjJwuBOjSPo+KQfMI9RorTUNQ8H2IGHmI2w4wlCE3pmp0m5kuJTXLsvd82iVbKmwIvEzkgRZah1zS+nF9LYh0BRTqRs21akOgkRilEOacGJJUSEDkkf2poGxAfZSaZvpPhYKz3shUJXoPBU/T2REF/Kse/qTp+ogZz3JuJ/XjtW3mUnYUEUKwjobJEXc6xCPMkE95gAqvhYE0IF07diOiA6DqWTK+gQ7PmXF0mjXLIrpfPbSrF6lcWRRwfoCJ0gG12gKrpBNVRHFD2iZ/SK3own48V4Nz5mrTkjm9lHf2B8/gC67Zdd</latexit>

Consider part of 2d CFT spectrum unconstrained by symmetries

Remove states below threshold 
and their ‘modular completion’

<latexit sha1_base64="6SG8iE2EjaDDuD9imDfWEfwk2E8="></latexit>

eZP = ZP � Ẑlight

e.g.:
<latexit sha1_base64="ia0zc4peTdyPrNN/4rVu82RAwr4="></latexit>

Ẑlight =
X

�2SL(2,Z)/�1

Zlight(�⌧) , Zlight =
X

h,h̄:
min(h,h̄) c�1

24

qh�
c�1
24 q̄h̄�

c�1
24

[Benjamin/Collier/Fitzpatrick/Maloney/Perlmutter ’21] 

3.   Fix spin                    :
<latexit sha1_base64="Uve/Z97ZE7vntn2aN5a9tNzb0yg=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4sSRS1ItQ9OKxgv2ANJTNdtMs3eyG3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6aCG3Ddb2dldW19Y7O0Vd7e2d3brxwcto3KNGUtqoTS3ZAYJrhkLeAgWDfVjCShYJ1wdDf1O09MG67kI4xTFiRkKHnEKQEr+clNfN4Lic7jSb9SdWvuDHiZeAWpogLNfuWrN1A0S5gEKogxvuemEOREA6eCTcq9zLCU0BEZMt9SSRJmgnx28gSfWmWAI6VtScAz9fdEThJjxkloOxMCsVn0puJ/np9BdB3kXKYZMEnni6JMYFB4+j8ecM0oiLElhGpub8U0JppQsCmVbQje4svLpH1R8y5r9Yd6tXFbxFFCx+gEnSEPXaEGukdN1EIUKfSMXtGbA86L8+58zFtXnGLmCP2B8/kDEO2RIQ==</latexit>

m = h� h̄

<latexit sha1_base64="Owm7bYfNpaPPhpYj/eJXbRvYEhY="></latexit>

eZm
P (y) ⌘

Z 1
2

� 1
2

dx eZP(x+ iy) e2⇡imx

1. Primary partition function:
<latexit sha1_base64="YT7jw42jaiC9K76eGrlIs7SeF68="></latexit>

ZP(⌧ ⌘ x+ iy) = y1/2|⌘(⌧)|2 Z(⌧)

1. Primary partition function:

2. Consider states above “black hole 
threshold”:

<latexit sha1_base64="PrOV+h1qvCW52dIGRlsSerSVQJ0=">AAACD3icbVDLSgNBEJz1GeMr6tHLYFAiaNgNQT1J0IvHCOYB2RBmJ7PJkNnZZaZXDMv+gRd/xYsHRbx69ebfOHkcNLGgoajqprvLiwTXYNvf1sLi0vLKamYtu76xubWd29mt6zBWlNVoKELV9IhmgktWAw6CNSPFSOAJ1vAG1yO/cc+U5qG8g2HE2gHpSe5zSsBIndyRC+wBkoDLtNA/cT2ikn56jC+x6ytCE3rqpEmpnHZyebtoj4HniTMleTRFtZP7crshjQMmgQqidcuxI2gnRAGngqVZN9YsInRAeqxlqCQB0+1k/E+KD43SxX6oTEnAY/X3REICrYeBZzoDAn09643E/7xWDP5FO+EyioFJOlnkxwJDiEfh4C5XjIIYGkKo4uZWTPvEBAEmwqwJwZl9eZ7US0XnrFi+LecrV9M4MmgfHaACctA5qqAbVEU1RNEjekav6M16sl6sd+tj0rpgTWf20B9Ynz/qa5vw</latexit>

min(h, h̄) >
c� 1

24



What about modular invariance?                    not invariant… :(

-1/2     0     1/2

Express spectrum in basis where modular invariance is manifest!

Spanned by eigenfunctions of Laplacian on                           
<latexit sha1_base64="xNanP+6+R9EtZ8Ukmyqenn8Lapc=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoIDUpRd0IRUG6cFHRPrAJZTKdtEMnD2YmQgn5BTf+ihsXirh1586/cdJG0OqBC4dz7uXee5yQUSEN41PLzc0vLC7llwsrq2vrG/rmVksEEcekiQMW8I6DBGHUJ01JJSOdkBPkOYy0ndF56rfvCBc08G/kOCS2hwY+dSlGUkk9vRRbGDF4kcBTaHlIDh0nrifwEF5flioH38ptst/Ti0bZmAD+JWZGiiBDo6d/WP0ARx7xJWZIiK5phNKOEZcUM5IUrEiQEOERGpCuoj7yiLDjyUcJ3FNKH7oBV+VLOFF/TsTIE2LsOaozPVHMeqn4n9eNpHtix9QPI0l8PF3kRgzKAKbxwD7lBEs2VgRhTtWtEA8RR1iqEAsqBHP25b+kVSmbR+XqVbVYO8viyIMdsAtKwATHoAbqoAGaAIN78AiewYv2oD1pr9rbtDWnZTPb4Be09y96cJuO</latexit>

F = H/SL(2,Z)

<latexit sha1_base64="1Vg6RUDWAEWKl+Bfba3qfIFPnX4=">AAACEnicbVC7SgNBFJ31GeNr1dJmMAhJYdgNQW2EoIUWFhHMA7Ix3J1MkiEzu8vMrBCXfIONv2JjoYitlZ1/4+RRaOKBgcM553LnHj/iTGnH+bYWFpeWV1ZTa+n1jc2tbXtnt6rCWBJaISEPZd0HRTkLaEUzzWk9khSEz2nN71+M/No9lYqFwa0eRLQpoBuwDiOgjdSyc961Cbchq3L4DHsRu0uO1BB7lyDEWPQeqIZsQeVadsbJO2PgeeJOSQZNUW7ZX147JLGggSYclGq4TqSbCUjNCKfDtBcrGgHpQ5c2DA1AUNVMxicN8aFR2rgTSvMCjcfq74kEhFID4ZukAN1Ts95I/M9rxLpz2kxYEMWaBmSyqBNzrEM86ge3maRE84EhQCQzf8WkBxKINi2mTQnu7MnzpFrIu8f54k0xUzqf1pFC++gAZZGLTlAJXaEyqiCCHtEzekVv1pP1Yr1bH5PogjWd2UN/YH3+ALcum6A=</latexit>

⇤(s) = ⇡�s�(s)⇣(2s)

completed zeta-function

<latexit sha1_base64="mnO9oOFSpRZGbu9MtU7qnNtg8fY="></latexit>

⌫n =
X

m>0

cos(2⇡mx) a(n)m
p
yKiRn(2⇡my)

<latexit sha1_base64="uVxGsm8cGubA//d0UK161XJQIZc="></latexit>

Es= 1
2+i↵ =

p
y

✓
yi↵ +

⇤(i↵)

⇤(�i↵)
y�i↵

◆
+

X

m>0

cos(2⇡mx)
2 a(↵)m

⇤(�i↵)

p
yKi↵(2⇡my)

Fourier coefficients eigenvalues<latexit sha1_base64="Fo8xkD71Ht+6hA9c2Ep7A2dmryk="></latexit>

n 2 Z+

“cusp form data” 
(not known analytically;

interesting math conjectures)

<latexit sha1_base64="0PuHBu1EbfDmKYhytMOodZsyjRM="></latexit>

s 2 1

2
+ iR

2. Maass cusp forms (“bound states”):

1. Real-analytic Eisenstein series (“scattering states”): <latexit sha1_base64="TyC7+XEUafv5k+QC1kLXy0EEua8="></latexit>

�FEs = s(1� s)Es

<latexit sha1_base64="uR3vt8OQrt4Z/GbtXkcgszst1Xo="></latexit>

�F ⌫n =

✓
1

4
+R2

n

◆
⌫n

<latexit sha1_base64="ERy5ypnIAe9lRUOlzYD6fFzs5/0=">AAAB9XicbVBNS8NAEN34WetX1aOXxSIISkmkqMeiFDxWsB+QxrLZTNqlm03Y3Sgl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsKZ0rb9bS0tr6yurRc2iptb2zu7pb39lopTSaFJYx7Ljk8UcCagqZnm0EkkkMjn0PaHNxO//QhSsVjc61ECXkT6goWMEm2kB7d+Vj/tBsA1wXWvVyrbFXsKvEicnJRRjkav9NUNYppGIDTlRCnXsRPtZURqRjmMi91UQULokPTBNVSQCJSXTa8e42OjBDiMpSmh8VT9PZGRSKlR5JvOiOiBmvcm4n+em+rwysuYSFINgs4WhSnHOsaTCHDAJFDNR4YQKpm5FdMBkYRqE1TRhODMv7xIWucV56JSvauWa9d5HAV0iI7QCXLQJaqhW9RATUSRRM/oFb1ZT9aL9W59zFqXrHzmAP2B9fkD1wGRcw==</latexit>

[E,E + �E]



Cusp forms are “random” linear combination of Bessel functions
<latexit sha1_base64="mnO9oOFSpRZGbu9MtU7qnNtg8fY="></latexit>

⌫n =
X

m>0

cos(2⇡mx) a(n)m
p
yKiRn(2⇡my)

Eigenvalues      : sporadic numbers, Poisson distributed<latexit sha1_base64="TaJjx8/fw8+LFGIZiLiTEopVUsc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/c91StX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8xLo3A</latexit>

Rn

<latexit sha1_base64="vIzcdk+O2GgJwAxNDb1xfUE0azs="></latexit>

Rn = 13.7798.., 17.7386.., 19.4235.., 21.3158.., 22.7859.., 24.1124.., 25.8262.., . . .
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“Arithmetic chaos”
Random, but subject to infinitely many constraints (Hecke relations)

[Sarnak ’93] [Hejhal/Arno ’93] [Steil ’94] 

Cusp forms are “random” linear combination of Bessel functions
<latexit sha1_base64="mnO9oOFSpRZGbu9MtU7qnNtg8fY="></latexit>

⌫n =
X

m>0

cos(2⇡mx) a(n)m
p
yKiRn(2⇡my)

Fourier coefficients       :  also erratic, Poisson
<latexit sha1_base64="kpoRWAZaPGWrfzQCiS7DQPa6nIs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9RpVkk780kpr7AQ8lCRrCx0gPui8e0LM+n/WLJrbhzoFXiZaQEGRr94ldvEJFEUGkIx1p3PTc2foqVYYTTaaGXaBpjMsZD2rVUYkG1n84PnqIzqwxQGClb0qC5+nsixULriQhsp8BmpJe9mfif101MeOWnTMaJoZIsFoUJRyZCs+/RgClKDJ9Ygoli9lZERlhhYmxGBRuCt/zyKmldVLxapXpXLdWvszjycAKnUAYPLqEOt9CAJhAQ8Ayv8OYo58V5dz4WrTknmzmGP3A+fwBYb5Af</latexit>

a(n)m

Eigenvalues      : sporadic numbers, Poisson distributed<latexit sha1_base64="TaJjx8/fw8+LFGIZiLiTEopVUsc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/c91StX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8xLo3A</latexit>

Rn

[T
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n 
’0

4]
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23
09

.0
06

11
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<latexit sha1_base64="41OfD9eswiC0E3I/8Y8tmFcYH7A="></latexit>

a(n)m=11 = �0.954.., �0.621.., +1.154.., +0.678.., +1.575.., �0.533.., . . .
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e.g.: cusp form with <latexit sha1_base64="lSsk23qX86+VKBLL3NvG8YftokM=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgKjQSqhuh6MZlFfuANpTJdNIOnUzCzESoofgrblwo4tb/cOffOG2z0NYDF86ccy/3zgkSzpQul7+tpeWV1bX1wkZxc2t7Z9fe22+oOJWE1knMY9kKsKKcCVrXTHPaSiTFUcBpMxheT/zmA5WKxeJejxLqR7gvWMgI1kbq2od3XYEukVc2cEy5Fc9xunZp+jBAi8TNSQly1Lr2V6cXkzSiQhOOlWq75UT7GZaaEU7HxU6qaILJEPdp21CBI6r8bHr9GJ0YpYfCWJoSGk3V3xMZjpQaRYHpjLAeqHlvIv7ntVMdXvgZE0mqqSCzRWHKkY7RJArUY5ISzUeGYCKZuRWRAZaYaBNY0YTgzn95kTTOHLfieLdeqXqVx1GAIziGU3DhHKpwAzWoA4FHeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QMPuJHB</latexit>

Rn = 40000.000164..

-1/2     0     1/2
[H. Then, Math. Comp. 74 (2004)] 

Cusp forms are “random” linear combination of Bessel functions
<latexit sha1_base64="mnO9oOFSpRZGbu9MtU7qnNtg8fY="></latexit>

⌫n =
X

m>0

cos(2⇡mx) a(n)m
p
yKiRn(2⇡my)



Spectral decomposition



Can expand in modular invariant basis:

<latexit sha1_base64="oCoWyPwSl9Hc95+WtuTFe1NalyE=">AAACF3icbZBNS8MwGMdTX+d8q3r0Eh2Cp9HKUC/C0IvHCe4F1lLSLN3C0rQkqTC6fgsvfhUvHhTxqje/jWnXg24+EPjl/38ekufvx4xKZVnfxtLyyuraemWjurm1vbNr7u13ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPb3K/+0CEpBG/V5OYuCEachpQjJSWPLPuRNrOp1OHJ5nH4RV0AoFwfvV4lk6do2mBOWSeWbPqVlFwEewSaqCslmd+OYMIJyHhCjMkZd+2YuWmSCiKGcmqTiJJjPAYDUlfI0chkW5a7JXBE60MYBAJfbiChfp7IkWhlJPQ150hUiM57+Xif14/UcGlm1IeJ4pwPHsoSBhUEcxDggMqCFZsogFhQfVfIR4hnYrSUVZ1CPb8yovQOavb5/XGXaPWvC7jqIBDcAxOgQ0uQBPcghZoAwwewTN4BW/Gk/FivBsfs9Ylo5w5AH/K+PwBV8egqw==</latexit>

⌫n =
⌫n
||⌫n||

<latexit sha1_base64="O8ZW+yuZvVUTu5OlMygimC+n+Ok="></latexit>

eZP(⌧) = h eZPi+
1

4⇡i

Z

s⌘ 1
2+iR

ds
� eZP, Es

�
Es(⌧) +

X

n�1

� eZP, ⌫n
�
⌫n(⌧)

Spectral form factor: correlations in spectral overlap coefficients

<latexit sha1_base64="TFFITFhI7XKK5fgzNCY++vghnMM="></latexit>⌦ eZP(⌧1) eZP(⌧2)
↵
c
=

1

(4⇡i)2

ZZ

1
2+iR

ds1ds2
⌦
zs1zs2

↵
Es1(⌧1)Es2(⌧2) +

X

n1,n2�1

⌦
zn1zn2

↵
⌫n1(⌧1) ⌫n2(⌧2)

What does the universal ‘ramp’ look like in this basis?
                       : unconstrained by modular invariance

<latexit sha1_base64="OpZi7G3H+jdMho7zJnESOkYPYWE="></latexit>

hzs1zs2i, hzn1zn2i

[Rankin ’39] [Selberg ’40] … 

[Benjamin/Collier/Fitzpatrick/ 
Maloney/Perlmutter ’21] 

<latexit sha1_base64="9X5VbuCr484Z97vCuj34wWXuU8s=">AAACF3icbZC7TsMwFIYdrqXcCowsERUSA4qc0AvdKlgYi0QvUhpVjuu2Vh0nsh2kEuUtWHgVFgYQYoWNt8FNO0DLkSx9+v9z7OPfjxiVCsJvY2V1bX1jM7eV397Z3dsvHBy2ZBgLTJo4ZKHo+EgSRjlpKqoY6USCoMBnpO2Pr6d++54ISUN+pyYR8QI05HRAMVJa6hWspJtd4oqh7yXQchynapfOoVWBFzWnpqFWLttlmD70Ep6mvUIRWjArcxnsORTBvBq9wle3H+I4IFxhhqR0bRgpL0FCUcxImu/GkkQIj9GQuBo5Coj0kmyl1DzVSt8chEIfrsxM/T2RoEDKSeDrzgCpkVz0puJ/nhurwaWXUB7FinA8e2gQM1OF5jQks08FwYpNNCAsqN7VxCMkEFY6yrwOwV788jK0HMuuWKXbUrF+NY8jB47BCTgDNqiCOrgBDdAEGDyCZ/AK3own48V4Nz5mrSvGfOYI/Cnj8wc8d5w3</latexit>zn
<latexit sha1_base64="yRUBb2RdXbn0pCw5ASUcsfHJzt4="></latexit>zs⌘ 1

2+i↵

<latexit sha1_base64="9HYniZNYaWK9NqKSoPrFYUlkzTw=">AAAB/3icbVDJSgNBEO1xjXEbFbx4GQyCpzAjQT0GvXiMYBZMhqGnp5I06VnorlHDOAd/xYsHRbz6G978GzvLQRMfFDzeq6Kqnp8IrtC2v42FxaXlldXCWnF9Y3Nr29zZbag4lQzqLBaxbPlUgeAR1JGjgFYigYa+gKY/uBz5zTuQisfRDQ4TcEPai3iXM4pa8sz9zj0PALkIILvNvQ7CA2a13DNLdtkew5onzpSUyBQ1z/zqBDFLQ4iQCapU27ETdDMqkTMBebGTKkgoG9AetDWNaAjKzcb359aRVgKrG0tdEVpj9fdERkOlhqGvO0OKfTXrjcT/vHaK3XM341GSIkRssqibCgtjaxSGFXAJDMVQE8ok17darE8lZagjK+oQnNmX50njpOyclivXlVL1YhpHgRyQQ3JMHHJGquSK1EidMPJInskreTOejBfj3fiYtC4Y05k98gfG5w8C35bB</latexit>

eZP

<latexit sha1_base64="QZAcAz7HMHOl060nAb66ClQpsVM="></latexit>

L2(F) = C� L2
cont.(Eisenstein) � L2

disc.(cuspidal)
<latexit sha1_base64="PkPFxh6E7uFio5x0BYSe8LUUPkM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55Q/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP0+cjdQ=</latexit>2



Spectral decomposition 
of the ‘ramp’



Start with spin 0 ramp:

<latexit sha1_base64="0bEvifsxvemnyBS4zKAuUnzgTKE="></latexit>

h eZm=0
P (y1) eZm=0

P (y2)i ⇠
1

⇡

y1y2
y1 + y2

+ . . .

✓
yi � 1 ,

y1
y2

= fix

◆

[… analog of
<latexit sha1_base64="bvIyVrbkyO7P47gUlAGBz/BffH4="></latexit>

hZ(� + iT )Z(� � iT )i ⇠ T

2⇡�
(T � � � 1) ]

[… recall 
<latexit sha1_base64="M1wddiFXtN3m//qIlVEpCjwGou8=">AAACJnicbVDJSgNBEO2Je9yiHr00BiEejDNB1IsgevEYwcRgJg49nUps0rPQXSOGMV/jxV/x4iEi4s1PsbOB24OC1+9V0VXPj6XQaNsfVmZqemZ2bn4hu7i0vLKaW1uv6ihRHCo8kpGq+UyDFCFUUKCEWqyABb6EK79zNvCv7kBpEYWX2I2hEbB2KFqCMzSSlzu+9lyEe0zLvYKLLPHEDnW1CGjXEzfprrNX6tEHF5BN3IebEr2ePLxc3i7aQ9C/xBmTPBmj7OX6bjPiSQAhcsm0rjt2jI2UKRRcQi/rJhpixjusDXVDQxaAbqTDM3t02yhN2oqUqRDpUP0+kbJA627gm86A4a3+7Q3E/7x6gq2jRirCOEEI+eijViIpRnSQGW0KBRxl1xDGlTC7Un7LFONoks2aEJzfJ/8l1VLROSjuX+znT07HccyTTbJFCsQhh+SEnJMyqRBOHskz6ZNX68l6sd6s91FrxhrPbJAfsD6/AEnWpGg=</latexit>

ZP(⌧i) ⇠ y�1/2
i |⌘(⌧i)|2Z(⌧i) ]



Start with spin 0 ramp:

<latexit sha1_base64="0bEvifsxvemnyBS4zKAuUnzgTKE="></latexit>

h eZm=0
P (y1) eZm=0

P (y2)i ⇠
1

⇡

y1y2
y1 + y2

+ . . .

✓
yi � 1 ,

y1
y2

= fix

◆

Only Eisenstein series have a spin 0 component  —>  encode spin 0 ‘ramp’

<latexit sha1_base64="cP5aVlFs/9uNzLgaAj4biq058xg="></latexit>⌦
zs1⌘ 1

2+i↵1
zs2⌘ 1

2+i↵2

↵
ramp

⇠ 1

2 cosh(⇡↵1)
⇥ 4⇡ �(↵1 + ↵2) + (subleading) (↵i ! 1)

Can check:

spin 0 ‘ramp’

<latexit sha1_base64="yklZ5aqNLbd0xY5stAypnftaSBk="></latexit>

1

(4⇡i)2

ZZ

1
2+iR

ds1ds2
⌦
zs1 zs2

↵
ramp

Es1(⌧1)Es2(⌧2) ⇠
1

⇡

y1y2
y1 + y2

+
X

m>0

cos(2⇡mx)⇥ (subleading)

“imprint” of spin 0 ramp
onto other spin sectors

“diagonal” [2302.14482] 
[Di Ubaldo/Perlmutter ’23] 

Importantly, the imprint of the spin 0 ramp onto spin m  is not a ramp!                      
Otherwise chaos in different spin sectors wouldn’t be independent.



Ramp for arbitrary spins              :              [Di Ubaldo/Perlmutter ’23] 
[2309.00611] 
[2309.02533]

encodes ramp 
for spin 0

encodes ramp 
for spins > 0

subleading 
corrections 

schematically:

<latexit sha1_base64="FBluemdaYM+sLOv3vwtbCBsz0x8="></latexit>

[ramp] + [subleading] = TrL2(F)

0

B@

1
2 cosh(⇡↵) 0 · · ·

0 1
2 cosh(⇡↵)

...
. . .

1

CA

<latexit sha1_base64="QZAcAz7HMHOl060nAb66ClQpsVM="></latexit>

L2(F) = C� L2
cont.(Eisenstein) � L2

disc.(cuspidal)

<latexit sha1_base64="TCd4nKJ2cqvGs0/Rbg5Jbv4S/Do="></latexit>

�m1m2

⇡

y1y2
y1 + y2

e�2⇡|m1|(y1+y2) + Gm1m2=
1

4⇡i

Z

s= 1
2+iR

ds


1

2 cosh(⇡↵)
+ . . .

�
Em1

s (y1)E
m2
s (y2)

<latexit sha1_base64="P2/30Dbv/Zj8aDHsKiMRIMKrZXE="></latexit>

+
X

n�1


1

2 cosh(⇡Rn)
+ . . .

�
⌫m1
n (y1)

||⌫n||
⌫m2
n (y2)

||⌫n||

<latexit sha1_base64="EQR2KD5cT0yA343R1vFZn79lvGs=">AAACGXicbZBNS8MwGMdTX+d8q3r0UhyChzHS0dV5G3rxOMG9wFZKmmVbWNKWJBVG2dfw4lfx4kERj3ry25h1PejmA4Ef///zJE/+QcyoVBB+G2vrG5tb24Wd4u7e/sGheXTcllEiMGnhiEWiGyBJGA1JS1HFSDcWBPGAkU4wuZn7nQciJI3CezWNicfRKKRDipHSkm/CtJ9d0hOjwEthxXFcWKuVYQXa0K05GdhXdXfGfbvM/erMN0tay8paBTuHEsir6Zuf/UGEE05ChRmSsmfDWHkpEopiRmbFfiJJjPAEjUhPY4g4kV6aLTWzzrUysIaR0CdUVqb+nkgRl3LKA93JkRrLZW8u/uf1EjWseykN40SREC8eGibMUpE1j8kaUEGwYlMNCAuqd7XwGAmElQ6zqEOwl7+8Cu1qxXYrzp1TalzncRTAKTgDF8AGl6ABbkETtAAGj+AZvII348l4Md6Nj0XrmpHPnIA/ZXz9AHAGnCw=</latexit>m1,m2



[Bruggeman ’78]

This spectral decomposition follows from Kuznetsov trace formula 

 [Kuznetsov ’81] 

<latexit sha1_base64="zdFtPe3iJjM6bg5KSySXlbNPxYo="></latexit>

�m1m2

p
y1y2
⇡2

Z

R
d↵↵ tanh(⇡↵) g(↵)Ki↵(2⇡m1y1)Ki↵(2⇡m2y2) + G+

m1m2
[g]

=

Z

R

d↵

4⇡

g(↵)

2 cosh(⇡↵)
Em1

1
2+i↵

(y1)E
m2
1
2+i↵

(y2) +
X

n�1

g(Rn)

2 cosh(⇡Rn)

⌫m1
n (y1)

||⌫n||
⌫m2
n (y2)

||⌫n||

[2309.02533] 

<latexit sha1_base64="PeQnbSA55mzD130kuXklznnSKag="></latexit>

�m1m2

Z
d↵ g(↵)(· · · ) + Gm1m2 [g] = TrL2(F)

0

BBB@

g(↵)
2 cosh(⇡↵) 0 · · ·

... g(↵)
2 cosh(⇡↵)

. . .

1

CCCA

schematically:

spectral decompositiongeometric decomposition
(related to Poincare sum over 
SL(2,Z) images of some seed)



[Bruggeman ’78]

“Remainder”           : matches corrections found in 
the [torus]x[interval] AdS3 wormhole amplitude 

Gravity amplitude = simplest (minimal) completion of the 
‘bare ramp’ into a SFF consistent with modular invariance

[Di Ubaldo/Perlmutter ’23] 
“MaxRMT” principle

[Cotler/Jensen ’20] 
<latexit sha1_base64="1ksA+M7XD48WpTI2Gt35tlDkOgI="></latexit>

Gm1m2 [g(↵) = 1] = G(AdS3 wormhole)
m1m2

<latexit sha1_base64="mErTvc1l1QVZrx4xGV1czxrPnhM=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KUoh6LHvRYwX5AG8Jmu22X7iZhd6OUmJ/ixYMiXv0l3vw3btsctPXBwOO9GWbmBTFnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW0WJJLRFIh7JboAV5SykLc00p91YUiwCTjvB5Hrmdx6oVCwK7/U0pp7Ao5ANGcHaSL5dTvsEc3ST+anwXeHXMt+uOFVnDrRK3JxUIEfTt7/6g4gkgoaacKxUz3Vi7aVYakY4zUr9RNEYkwke0Z6hIRZUeen89AydGmWAhpE0FWo0V39PpFgoNRWB6RRYj9WyNxP/83qJHl56KQvjRNOQLBYNE450hGY5oAGTlGg+NQQTycytiIyxxESbtEomBHf55VXSrlXd82r9rl5pXOVxFOEYTuAMXLiABtxCE1pA4BGe4RXerCfrxXq3PhatBSufOYI/sD5/AKJRk5s=</latexit>

Gm1m2

This spectral decomposition follows from Kuznetsov trace formula 

 [Kuznetsov ’81] 

<latexit sha1_base64="zdFtPe3iJjM6bg5KSySXlbNPxYo="></latexit>

�m1m2

p
y1y2
⇡2

Z

R
d↵↵ tanh(⇡↵) g(↵)Ki↵(2⇡m1y1)Ki↵(2⇡m2y2) + G+

m1m2
[g]

=

Z

R

d↵

4⇡

g(↵)

2 cosh(⇡↵)
Em1

1
2+i↵

(y1)E
m2
1
2+i↵

(y2) +
X

n�1

g(Rn)

2 cosh(⇡Rn)

⌫m1
n (y1)

||⌫n||
⌫m2
n (y2)

||⌫n||

[2309.02533] ‘Bare ramp’:
<latexit sha1_base64="WpnUzGuKp/otVxMrn/bSFC3Kz/U="></latexit>

g(↵) = 1
<latexit sha1_base64="StVcm7bXuyEOvmVtkYYOsmGAPaI="></latexit>

) LHS = [ramp] + Gm1m2



Ramp is encoded in “random sum of cusp forms”!  How??

‘ramp’
(quantum chaos)

‘arithmetic chaos’
<latexit sha1_base64="57On1svYyDMVnuDUGNgMpFNqf/8="></latexit>

1

⇡

y1y2
y1 + y2

e�2⇡m(y1+y2) + . . . =
X

n�1

1

2 cosh(⇡Rn)

⌫mn (y1)⌫mn (y2)

||⌫n||2

<latexit sha1_base64="tJvlUai2pO7sRrNXNB7/qOsKhx0="></latexit>

⇡ 2

p
y1y2
⇡2

Z 1

0
d↵↵ tanh(⇡↵)Ki↵(2⇡my1)Ki↵(2⇡my2)

?



<latexit sha1_base64="/3v8y0Kjec2EWVxF7moFVJR2bNs="></latexit>

L(n)
⌫⇥⌫(s) =

⇣(2s)

⇣(s)

X

m�1

�
a(n)m

�2

ms

<latexit sha1_base64="Y5afp1sR5VpPU4QrPE9VRVG+EpI="></latexit>

=
Y

p prime

1

1�
�
a(n)p

�2�
p�s � p�2s

�
+ (p�s � p�2s � p�3s)

<latexit sha1_base64="7hCEmjb+dJ/qyhXMQH5GFE5DyZA="></latexit>

=
X

n�1

4

L(n)
⌫⇥⌫(1)

⌫mn (y1)⌫
m
n (y2)

<latexit sha1_base64="1e8bUQw01+CDy4f7mxyZht19vuU="></latexit>

=
X

n�1

4
Y

p prime

h
1�

�
a(n)p

�2�
p�1 � p�2

�
+

�
p�1 � p�2 � p�3

�i

<latexit sha1_base64="jvZ4xvbyGi60PIEVPfOlIifGEdI="></latexit>

⇥
�
a(n)m

�2 p
y1y2 KiRn(2⇡my1)KiRn(2⇡my2)

‘ramp’
(quantum chaos)

‘arithmetic chaos’
<latexit sha1_base64="57On1svYyDMVnuDUGNgMpFNqf/8="></latexit>

1

⇡

y1y2
y1 + y2

e�2⇡m(y1+y2) + . . . =
X

n�1

1

2 cosh(⇡Rn)

⌫mn (y1)⌫mn (y2)

||⌫n||2

Ramp is encoded in “random sum of cusp forms”!  How??



<latexit sha1_base64="57On1svYyDMVnuDUGNgMpFNqf/8="></latexit>

1

⇡

y1y2
y1 + y2

e�2⇡m(y1+y2) + . . . =
X

n�1

1

2 cosh(⇡Rn)

⌫mn (y1)⌫mn (y2)

||⌫n||2

Large        : larger        dominate, which are also more dense (                )<latexit sha1_base64="UuWyg6IUiP1ulfPk1wR/dV0EvMQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJKUoh6LXjxWsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dtbWNza3tgs7xd29/YPD0tFxy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv57SeujYjVI04S7kd0qEQoGEUrtSf9zLusTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteJdVWoPtXL9No+jAKdwBhfgwTXU4R4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4AsK+PKA==</latexit>y1,2
<latexit sha1_base64="obvwclAWJIbNYjLMixMFHLFKMYY="></latexit>

)
X

n

f(Rn)
⇡�!

Z 1

R0

dR µ̄(R) f(R)

<latexit sha1_base64="TaJjx8/fw8+LFGIZiLiTEopVUsc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD/c91StX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w8xLo3A</latexit>

Rn
<latexit sha1_base64="5YPQLVNgRJMgE9ooYvgjenlPMGE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWomzIjRV0W3bisxT6gM5RMmmlDM0lIMoUy9E/cuFDErX/izr8xbWehrQcuHM65l3vviSSj2njet1PY2Nza3inulvb2Dw6P3OOTthapwqSFBROqGyFNGOWkZahhpCsVQUnESCca38/9zoQoTQV/MlNJwgQNOY0pRsZKfdcNkrTSvISBVEIaAZt9t+xVvQXgOvFzUgY5Gn33KxgInCaEG8yQ1j3fkybMkDIUMzIrBakmEuExGpKepRwlRIfZ4vIZvLDKAMZC2eIGLtTfExlKtJ4mke1MkBnpVW8u/uf1UhPfhhnlMjWE4+WiOGXQvjiPAQ6oItiwqSUIK2pvhXiEFMLGhlWyIfirL6+T9lXVv67WHmvl+l0eRxGcgXNQAT64AXXwABqgBTCYgGfwCt6czHlx3p2PZWvByWdOwR84nz9AhpLH</latexit>

µ(R) / R

Statistical average over sum of cusp forms! In particular:

This is exact! Contains full information about statistical distribution 
of Fourier coefficients        for all spins

<latexit sha1_base64="kpoRWAZaPGWrfzQCiS7DQPa6nIs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9RpVkk780kpr7AQ8lCRrCx0gPui8e0LM+n/WLJrbhzoFXiZaQEGRr94ldvEJFEUGkIx1p3PTc2foqVYYTTaaGXaBpjMsZD2rVUYkG1n84PnqIzqwxQGClb0qC5+nsixULriQhsp8BmpJe9mfif101MeOWnTMaJoZIsFoUJRyZCs+/RgClKDJ9Ygoli9lZERlhhYmxGBRuCt/zyKmldVLxapXpXLdWvszjycAKnUAYPLqEOt9CAJhAQ8Ayv8OYo58V5dz4WrTknmzmGP3A+fwBYb5Af</latexit>

a(n)m

<latexit sha1_base64="zh1k1HcMFi+HBZj6WCm980/sn/c="></latexit> Y

p prime

h
1�

�
a(n)p

�2�
p�1 � p�2

�
+ (p�1 � p�2 � p�3)

i
⇥
�
a(n)m

�2
= 1

[2309.00611] 

<latexit sha1_base64="ovfUTZt9fEt7ytf4KzvAvEfZu3M=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlKqW6EohuXFewDmlgm00k7dPJgZqKUmE9x40IRt36JO//GaZuFth64cDjnXu69x4s5k8qyvo3C2vrG5lZxu7Szu7d/YJYPOzJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTa5nfveBCsmi8E5NY+oGeBQynxGstDQwy5fI8QUmaSNLnZjd17KBWbGq1hxoldg5qUCO1sD8coYRSQIaKsKxlH3bipWbYqEY4TQrOYmkMSYTPKJ9TUMcUOmm89MzdKqVIfIjoStUaK7+nkhxIOU08HRngNVYLnsz8T+vnyj/wk1ZGCeKhmSxyE84UhGa5YCGTFCi+FQTTATTtyIyxjoJpdMq6RDs5ZdXSadWtRvV+m290rzK4yjCMZzAGdhwDk24gRa0gcAjPMMrvBlPxovxbnwsWgtGPnMEf2B8/gCjapOe</latexit>

=
6

⇡2

<latexit sha1_base64="1e8bUQw01+CDy4f7mxyZht19vuU="></latexit>

=
X

n�1

4
Y

p prime

h
1�

�
a(n)p

�2�
p�1 � p�2

�
+

�
p�1 � p�2 � p�3

�i

<latexit sha1_base64="jvZ4xvbyGi60PIEVPfOlIifGEdI="></latexit>

⇥
�
a(n)m

�2 p
y1y2 KiRn(2⇡my1)KiRn(2⇡my2)

For large n: “1” is required in order to get the universal ramp 
Corrections to “1”:  theory-dependent subleading corrections

Ramp is encoded in “random sum of cusp forms”!  How??



Statistical average over sum of cusp forms! In particular:
<latexit sha1_base64="zh1k1HcMFi+HBZj6WCm980/sn/c="></latexit> Y

p prime

h
1�

�
a(n)p

�2�
p�1 � p�2

�
+ (p�1 � p�2 � p�3)

i
⇥
�
a(n)m

�2
= 1

<latexit sha1_base64="1vHgBOJdl8966pXT5am8EFsoLRs="></latexit>

m = pk1
1 · · · pkr

r )
�
a(n)m

�2
=

⇣
a(n)
p
k1
1

⌘2
· · ·

⇣
a(n)
pkr
r

⌘2

Proof: • Prime decomposition:

• Hecke algebra:
<latexit sha1_base64="8X84okEscNeQp/AJzV6oViOdFfc="></latexit>

a(n)m a(n)m0 =
X

`|(m,m0)
`>0

a(n)mm0
`2

<latexit sha1_base64="bpQqhXTlgJv3w59viWfsVkfqVHA=">AAACP3icbVBNS8MwGE7n15xfU49egkOYl9HKUC/C0IvHCe4Dtq6kabqFpWlJUmGU/jMv/gVvXr14UMSrN9Otwtx8IfDk+SB5HzdiVCrTfDEKK6tr6xvFzdLW9s7uXnn/oC3DWGDSwiELRddFkjDKSUtRxUg3EgQFLiMdd3yT6Z0HIiQN+b2aRMQO0JBTn2KkNOWU28hJIscaJGPHSvvYC5WEkSOyu0jTQVLlpym8gvOuXzZ3T6WFAHTKFbNmTgcuAysHFZBP0yk/970QxwHhCjMkZc8yI2UnSCiKGUlL/ViSCOExGpKehhwFRNrJdP8UnmjGg34o9OEKTtn5RIICKSeBq50BUiO5qGXkf1ovVv6lnVAexYpwPHvIjxlUIczKhB4VBCs20QBhQfVfIR4hgbDSlZd0CdbiysugfVazzmv1u3qlcZ3XUQRH4BhUgQUuQAPcgiZoAQwewSt4Bx/Gk/FmfBpfM2vByDOH4M8Y3z+Hc6/O</latexit>

a(n)
p
k1
1 ···pkr

r

= a(n)
p
k1
1

· · · a(n)
pkr
re.g.:

• Distributions of prime spin coefficients:

<latexit sha1_base64="GuhUgF0u88h/FvChigoW8GZv07w="></latexit>

a(n)pk = a(n)pk�1 a
(n)
p � (1� �k,1) a

(n)
pk�2

<latexit sha1_base64="igxDJok02P9tVgEZuoBfL1NvQmY="></latexit>

µp(a) =

8
<

:

(p+1)
p
4�a2

2⇡
⇣
(p1/2+p�1/2)2�a2

⌘ if |a| < 2

0 otherwise

E.g. if        prime: only need
<latexit sha1_base64="qc8MHJNc37MgcaNVpOB2NSTPiBA="></latexit>

�
a(n)p

�2
=

p+ 1

p
,

�
a(n)p

�4
=

2p2 + 3p+ 1

p3

For generic       : need all moments of<latexit sha1_base64="p3S6vtT5I9zvgrgQiKUBevrqAhI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2HuM+g==</latexit>m

<latexit sha1_base64="p3S6vtT5I9zvgrgQiKUBevrqAhI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3a3STsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgkfYMtwI7CQKqQwEPgTj25n/8IRK8zi6N5MEfUmHEQ85o8ZKTdkvV9yqOwdZJV5OKpCj0S9/9QYxSyVGhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFraUQlaj+bHzolZ1YZkDBWtiJD5urviYxKrScysJ2SmpFe9mbif143NeG1n/EoSQ1GbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2HuM+g==</latexit>m
<latexit sha1_base64="BGB00WGwxOMfocVY3l1lqGoqtm0=">AAAB/nicbVDNS8MwHE39nPOrKp68BIcwL6OVoR6HXjxOcB+wlpKm6RaWNCVJhVEG/itePCji1b/Dm/+N6daDbj4Iebz3+5GXF6aMKu0439bK6tr6xmZlq7q9s7u3bx8cdpXIJCYdLJiQ/RApwmhCOppqRvqpJIiHjPTC8W3h9x6JVFQkD3qSEp+jYUJjipE2UmAfe6FgkZpwc+Uez6ZBWkfngV1zGs4McJm4JamBEu3A/vIigTNOEo0ZUmrgOqn2cyQ1xYxMq16mSIrwGA3JwNAEcaL8fBZ/Cs+MEsFYSHMSDWfq740ccVUkNJMc6ZFa9ArxP2+Q6fjaz2mSZpokeP5QnDGoBSy6gBGVBGs2MQRhSU1WiEdIIqxNY1VTgrv45WXSvWi4l43mfbPWuinrqIATcArqwAVXoAXuQBt0AAY5eAav4M16sl6sd+tjPrpilTtH4A+szx93HZXQ</latexit>

µp(a) [2309.00611] 

<latexit sha1_base64="ovfUTZt9fEt7ytf4KzvAvEfZu3M=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlKqW6EohuXFewDmlgm00k7dPJgZqKUmE9x40IRt36JO//GaZuFth64cDjnXu69x4s5k8qyvo3C2vrG5lZxu7Szu7d/YJYPOzJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTa5nfveBCsmi8E5NY+oGeBQynxGstDQwy5fI8QUmaSNLnZjd17KBWbGq1hxoldg5qUCO1sD8coYRSQIaKsKxlH3bipWbYqEY4TQrOYmkMSYTPKJ9TUMcUOmm89MzdKqVIfIjoStUaK7+nkhxIOU08HRngNVYLnsz8T+vnyj/wk1ZGCeKhmSxyE84UhGa5YCGTFCi+FQTTATTtyIyxjoJpdMq6RDs5ZdXSadWtRvV+m290rzK4yjCMZzAGdhwDk24gRa0gcAjPMMrvBlPxovxbnwsWgtGPnMEf2B8/gCjapOe</latexit>

=
6

⇡2



Summary



Main assumption: 2d CFT exhibits RMT universality (linear ramp). 
Ramp encodes statistical information about arithmetic chaos of Maass 
cusp forms. For AdS3              wormhole this information is maximal. 
Kuznetsov trace formula determines subleading corrections, required by 
modular invariance 

Spectral correlations proportional to ‘identity matrix’ on 
Minimal corrections:             wormhole

What properties of CFT spectrum imply a ramp?  
EFT (Efetov sigma-model) of the ramp? 
Correlations beyond trace formula. Plateau?

Summary

Questions

<latexit sha1_base64="Y7aDOhR4WN9hELExi3H5whtK008=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUZdFN7qr0Bc0sUym03boZBJmJkIJBX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ4g5U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKkokYQ2ScQj2QmwopwJ2tRMc9qJJcVhwGk7GN9kfvuRSsUi0dCTmPohHgo2YARrI/XsYy/EehQEaWP6UEGeZiFV6K5nl5yyMwNaJm5OSpCj3rO/vH5EkpAKTThWqus6sfZTLDUjnE6LXqJojMkYD2nXUIHNGT+dxZ+iM6P00SCS5gmNZurvjRSHSk3CwExmYdWil4n/ed1ED678lIk40VSQ+aFBwpGOUNYF6jNJieYTQzCRzGRFZIQlJto0VjQluItfXiatStm9KFfvq6XadV5HAU7gFM7BhUuowS3UoQkEUniGV3iznqwX6936mI+uWPnOEfyB9fkDgqyVMw==</latexit>

T2 ⇥ I

<latexit sha1_base64="EJ42Epm0g5POi16aNuejBCkYRAM=">AAACC3icbVA9SwNBEN2LXzF+nVraLAlCbMJdCGoZFMTCIoKJgdwZ9jZ7yZK9D3bnhHCkt/Gv2FgoYusfsPPfuEmuMIkPBh7vzTAzz4sFV2BZP0ZuZXVtfSO/Wdja3tndM/cPWipKJGVNGolItj2imOAhawIHwdqxZCTwBLv3hpcT//6RScWj8A5GMXMD0g+5zykBLXXN4s1DtZw6lAh8NT7BDvCAKTwnds2SVbGmwMvEzkgJZWh0zW+nF9EkYCFQQZTq2FYMbkokcCrYuOAkisWEDkmfdTQNiV7pptNfxvhYKz3sR1JXCHiq/p1ISaDUKPB0Z0BgoBa9ifif10nAP3dTHsYJsJDOFvmJwBDhSTC4xyWjIEaaECq5vhXTAZGEgo6voEOwF19eJq1qxT6t1G5rpfpFFkceHaEiKiMbnaE6ukYN1EQUPaEX9IbejWfj1fgwPmetOSObOURzML5+AbYImPQ=</latexit>

L2(F)⇥ L2(F)
<latexit sha1_base64="Y7aDOhR4WN9hELExi3H5whtK008=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUlKUZdFN7qr0Bc0sUym03boZBJmJkIJBX/FjQtF3Pod7vwbJ20W2npg4HDOvdwzJ4g5U9pxvq2V1bX1jc3CVnF7Z3dv3z44bKkokYQ2ScQj2QmwopwJ2tRMc9qJJcVhwGk7GN9kfvuRSsUi0dCTmPohHgo2YARrI/XsYy/EehQEaWP6UEGeZiFV6K5nl5yyMwNaJm5OSpCj3rO/vH5EkpAKTThWqus6sfZTLDUjnE6LXqJojMkYD2nXUIHNGT+dxZ+iM6P00SCS5gmNZurvjRSHSk3CwExmYdWil4n/ed1ED678lIk40VSQ+aFBwpGOUNYF6jNJieYTQzCRzGRFZIQlJto0VjQluItfXiatStm9KFfvq6XadV5HAU7gFM7BhUuowS3UoQkEUniGV3iznqwX6936mI+uWPnOEfyB9fkDgqyVMw==</latexit>

T2 ⇥ I


