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Introduction

2005.12299 with Berges, Mazeliauskas and Venugopalan



Why I got interested in quantum tech?

2005.12299 with Berges, Mazeliauskas and Venugopalan
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No general purpose first principle tool for dynamics akin to what lattice is for 
QCD thermodynamics at low baryon chemical potential

Why I got interested in quantum tech?

2005.12299 with Berges, Mazeliauskas and Venugopalan
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One motivation: holographic heavy-ion collisions
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transient oscillation
in a holographic CFT

~ time
⇠

hT
µ
⌫
i

holographic studies of
heavy-ion collisions 

=
studies of local thermalization in
(1+3)D strongly-coupled gauge 

theories in the `t Hooft limit

The approach to hydrodynamics in strongly-coupled QFTs was empirically 
seen to be governed by a set of exponentially decaying oscillatory modes

1103.3452 with Janik and Witaszczyk



The key question behind 1912.08836
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Motivating question: what is the singularity structure of                in genuine 
interacting QFTs that do not have a large number of dofs & strong coupling?

Such modes arise in linear response theory on top of                   :⇢� ⇠ e��H

<latexit sha1_base64="OrqQieyWvRxsEvOS3ex13Xm9Hdc=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0Gw0LArAbWRgE3KCOYB2RhmJ3eTITO7y8ysEJbUNv6KjYUitn6BnX/jJNlCEw9cOHPOvcy9x485U9pxvq3c0vLK6lp+vbCxubW9Y+/uNVSUSAp1GvFItnyigLMQ6pppDq1YAhE+h6Y/vJn4zQeQikXhnR7F0BGkH7KAUaKN1LUPPTmIuqnngyZj7CkmMNynZ9M39k5xddy1i07JmQIvEjcjRZSh1rW/vF5EEwGhppwo1XadWHdSIjWjHMYFL1EQEzokfWgbGhIBqpNOTxnjY6P0cBBJU6HGU/X3REqEUiPhm05B9EDNexPxP6+d6OCyk7IwTjSEdPZRkHCsIzzJBfeYBKr5yBBCJTO7YjogklBt0iuYENz5kxdJ47zklktXt+Vi5TqLI48O0BE6QS66QBVURTVURxQ9omf0it6sJ+vFerc+Zq05K5vZR39gff4A8+qZxg==</latexit>

GO

R(t, x) = i ✓(t) tr (⇢� [O(t, x),O(0, 0)])

<latexit sha1_base64="vhFKBstDdQo0uOQxUzdQ2mOck1M="></latexit>
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<latexit sha1_base64="4Uh7KLwS1qVQBiIL6nBLSUZ2Ktg="></latexit>

with

GO

R(!, p)

<latexit sha1_base64="03jfGpYl3V1hxkOOlljzeYqDI/0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJpKBupOBCd1axD2himEwn7dCZJMxMhBLixl9x40IRt/6FO//GaZuFVg9cOJxzL/fe48eMSmVZX0Zhbn5hcam4XFpZXVvfMDe3WjJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2h+djv31PhKRReKtGMXE56oc0oBgpLXnmzoWX3mR3qYMRg1dZxYk46aPD+MAzy1bVmgD+JXZOyiBHwzM/nV6EE05ChRmSsmtbsXJTJBTFjGQlJ5EkRniI+qSraYg4kW46+SCD+1rpwSASukIFJ+rPiRRxKUfc150cqYGc9cbif143UcGJm9IwThQJ8XRRkDCoIjiOA/aoIFixkSYIC6pvhXiABMJKh1bSIdizL/8lraOqXaueXtfK9bM8jiLYBXugAmxwDOrgEjRAE2DwAJ7AC3g1Ho1n4814n7YWjHxmG/yC8fENZKeWNg==</latexit>

�Re!

<latexit sha1_base64="p+k+klF9cfNvXjmdVh65xlx3GFU=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNy4rGIf0Cklk962oUlmSDJCGbpz46+4caGIW3/BnX9j2s5CWw8ETs65l3vvCWPOtPG8bye3tLyyupZfL2xsbm3vuLt7dR0likKNRjxSzZBo4ExCzTDDoRkrICLk0AiH1xO/8QBKs0jem1EMbUH6kvUYJcZKHfcwCMEQHJziQBAzUCK9g+kvEtAn445b9EreFHiR+BkpogzVjvsVdCOaCJCGcqJ1y/di006JMoxyGBeCRENM6JD0oWWpJAJ0O53eMcbHVuniXqTskwZP1d8dKRFaj0RoKyfL6nlvIv7ntRLTu2inTMaJAUlng3oJxybCk1Bwlymgho8sIVQxuyumA6IINTa6gg3Bnz95kdTPSn65dHlbLlausjjy6AAdoRPko3NUQTeoimqIokf0jF7Rm/PkvDjvzsesNOdkPfvoD5zPH1+CmGA=</latexit>

�
Im

!

<latexit sha1_base64="qrkczIA8DCj1/A9KvZU8Su4vosU=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNzoroJ9QKeUTHrbhiaZIckIZejOjb/ixoUibv0Fd/6NmbYLbT0QODnnXu69J4w508bzvp3c0vLK6lp+vbCxubW94+7u1XWUKAo1GvFINUOigTMJNcMMh2asgIiQQyMcXmd+4wGUZpG8N6MY2oL0JesxSoyVOu5hEIIhODjFgSBmoER6Kya/SECfjDtu0St5E+BF4s9IEc1Q7bhfQTeiiQBpKCdat3wvNu2UKMMoh3EhSDTEhA5JH1qWSiJAt9PJHWN8bJUu7kXKPmnwRP3dkRKh9UiEtjJbVs97mfif10pM76KdMhknBiSdDuolHJsIZ6HgLlNADR9ZQqhidldMB0QRamx0BRuCP3/yIqmflfxy6fKuXKxczeLIowN0hE6Qj85RBd2gKqohih7RM3pFb86T8+K8Ox/T0pwz69lHf+B8/gBd6phf</latexit>

� p = 0.1

<latexit sha1_base64="If92VcRxeF0twsdpf6usR5VG+mQ=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwISGRgrpQCm5cVrAPaEKZTCft0MkkzNwUSuifuHGhiFv/xJ1/46St4PPA5R7OuZe5c8JUcA2u+26VlpZXVtfK65WNza3tHXt3r6WTTFHWpIlIVCckmgkuWRM4CNZJFSNxKFg7HF0XfnvMlOaJvINJyoKYDCSPOCVgpJ5t+yEDgv0TnOJL7Dpez666Ts0tgH8Tz5l1t4oWaPTsN7+f0CxmEqggWnc9N4UgJwo4FWxa8TPNUkJHZMC6hkoSMx3ks8un+MgofRwlypQEPFO/buQk1noSh2YyJjDUP71C/MvrZhCdBzmXaQZM0vlDUSYwJLiIAfe5YhTExBBCFTe3YjokilAwYVVMCJ8/xf+T1qnj1ZyL21q1frWIo4wO0CE6Rh46Q3V0gxqoiSgao3v0iJ6s3Hqwnq2X+WjJWuzso2+wXj8Ad1SRmw==</latexit>

� p = 1

<latexit sha1_base64="RUhFYKs9CBL/Hd+hadvOyN23i84=">AAAB9XicdVBNS8NAEN3Ur1q/qh69LBbBg4SktrQ5KAUvHivYVmhi2Wwn7dLNB7sbpZT+Dy8eFPHqf/Hmv3HTVlDRBwOP92aYmecnnEllWR9Gbml5ZXUtv17Y2Nza3inu7rVlnAoKLRrzWNz4RAJnEbQUUxxuEgEk9Dl0/NFF5nfuQEgWR9dqnIAXkkHEAkaJ0tKt64Mi2D3BCT7Ddq9YskynXq2e1rFlWpZTdmqaOI5j12xsayVDCS3Q7BXf3X5M0xAiRTmRsmtbifImRChGOUwLbiohIXREBtDVNCIhSG8yu3qKj7TSx0EsdEUKz9TvExMSSjkOfd0ZEjWUv71M/MvrpiqoexMWJamCiM4XBSnHKsZZBLjPBFDFx5oQKpi+FdMhEYQqHVRBh/D1Kf6ftMumXTGdq0qpcb6II48O0CE6RjaqoQa6RE3UQhQJ9ICe0LNxbzwaL8brvDVnLGb20Q8Yb5+f35FR</latexit>

� p = 10

<latexit sha1_base64="v6y8860zZseNTRhSjry87HFcXVM=">AAAB+HicdVBNSwMxEM3Wr1o/uurRS7AIHqQkpdj2oBS8eKxgW6G7lGyabUOz2SXJCrX0l3jxoIhXf4o3/43ZtoKKPhh4vDfDzLwgEVwbhD6c3Mrq2vpGfrOwtb2zW3T39js6ThVlbRqLWN0GRDPBJWsbbgS7TRQjUSBYNxhfZn73jinNY3ljJgnzIzKUPOSUGCv13aIXMEOgdwoTeA4x6rslVEYIYYxhRnDtDFnSaNQruA5xZlmUwBKtvvvuDWKaRkwaKojWPYwS40+JMpwKNit4qWYJoWMyZD1LJYmY9qfzw2fw2CoDGMbKljRwrn6fmJJI60kU2M6ImJH+7WXiX14vNWHdn3KZpIZJulgUpgKaGGYpwAFXjBoxsYRQxe2tkI6IItTYrAo2hK9P4f+kUynjarlxXS01L5Zx5MEhOAInAIMaaIIr0AJtQEEKHsATeHbunUfnxXldtOac5cwB+AHn7RND7ZGN</latexit>

O = Tµ⌫

<latexit sha1_base64="NJsYGVUdmLdGkuDtbbZvnsFOaz4=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIQV0oBTfurNAXNCFMppN26MwkzEyEErPwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JE0aVdpxva2l5ZXVtvbRR3tza3tm19/bbKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSjm4nfeSBS0Vg09TghPkcDQSOKkTZSYB9mHkYM3uXwCjaDzOMp9ESaB3bFqTpTwEXiFqQCCjQC+8vrxzjlRGjMkFI910m0nyGpKWYkL3upIgnCIzQgPUMF4kT52fT+HJ4YpQ+jWJoSGk7V3xMZ4kqNeWg6OdJDNe9NxP+8XqqjCz+jIkk1EXi2KEoZ1DGchAH7VBKs2dgQhCU1t0I8RBJhbSIrmxDc+ZcXSfus6taql/e1Sv26iKMEjsAxOAUuOAd1cAsaoAUweATP4BW8WU/Wi/Vufcxal6xi5gD8gfX5A7ZUlUc=</latexit>

in a hCFT*:



What does it have to do with gravity?

4/22

QNMs are not only smoking guns for black holes at LIGO, but in the future 
maybe also in quantum simulators of holographic spacetimes

The Xmas tree structure is sensitive to higher curvature corrections

2303.09974 by Biggs and Maldacena, 2303.11534 by Maldacena

1605.02173 by Grozdanov, Kaplis & Starinets
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Setup



Tensor networks
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Ground states, low lying excited states and high-  thermal states of local 
Hamiltonians are generically characterized by area-law entanglement entropy

�

<latexit sha1_base64="tOyi8FPM3fnhFLIY7bYlnw5yM0o=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxgmkLbSib7aZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0tr6xuVXeruzs7u0fVA+PWibJNOM+S2SiOyE1XArFfRQoeSfVnMah5O1wfDfz209cG5GoR5ykPIjpUIlIMIpW8nshR9qv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKPrIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LureZf3m4bLWuC3iKMMJnMI5eHAFDbiHJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwBxoKOrA==</latexit>

Tensor networks: building many-body states from smaller building blocks 
(tensors) in a way dictated by anticipated or proven entanglement structure:

Hilbert space of quantum systems with dimension   is beyond capacities of 
classical computers, but interesting physics lies mostly* in its tiny corner

eV

<latexit sha1_base64="sEndE9vpL6KFTZ8agGGUOMgs40M=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNfExa0375Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n82On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwys+4TFKDki0WhakgJiazz8mAK2RGTCyhTHF7K2EjqigzNp+SDcFbfnmVtC6qXq16fV+r1G/yOIpwAqdwDh5cQh3uoAFNYMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AOyMjsU=</latexit>

Tensor networks are actual tools for numerical modelling and our ability to 
simulate depends on sizes of tensors needed to reach convergence and D 

see, e.g., 1306.2164 by Orus

PEPS,  MERA,  cMPS,  cMPO,  cMERA

+ TEBD
= 200

<latexit sha1_base64="q08UzwPndBiQ1cJlTjzCHyJAhOE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK5i20Iay2U7apZtN2N0IpfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEquDau++0UNja3tneKu6W9/YPDo/LxSUsnmWLos0QkqhNSjYJL9A03AjupQhqHAtvh+G7ut59QaZ7IRzNJMYjpUPKIM2qs5N+Smuv2yxW36i5A1omXkwrkaPbLX71BwrIYpWGCat313NQEU6oMZwJnpV6mMaVsTIfYtVTSGHUwXRw7IxdWGZAoUbakIQv198SUxlpP4tB2xtSM9Ko3F//zupmJroMpl2lmULLloigTxCRk/jkZcIXMiIkllClubyVsRBVlxuZTsiF4qy+vk1at6tWrNw/1SqOex1GEMziHS/DgChpwD03wgQGHZ3iFN0c6L86787FsLTj5zCn8gfP5Ay/hjZk=</latexit>

2 =

<latexit sha1_base64="gWwZ+yy76AQNiuImh3mGGHiO/Hg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK9gPaEPZbDft0t1N2N0IJfQvePGgiFf/kDf/jZs0B219MPB4b4aZeUHMmTau++2UNja3tnfKu5W9/YPDo+rxSVdHiSK0QyIeqX6ANeVM0o5hhtN+rCgWAae9YHaX+b0nqjSL5KOZx9QXeCJZyAg2mdRAt2hUrbl1NwdaJ15BalCgPap+DccRSQSVhnCs9cBzY+OnWBlGOF1UhommMSYzPKEDSyUWVPtpfusCXVhljMJI2ZIG5erviRQLrecisJ0Cm6le9TLxP2+QmPDaT5mME0MlWS4KE45MhLLH0ZgpSgyfW4KJYvZWRKZYYWJsPBUbgrf68jrpNupes37z0Ky1mkUcZTiDc7gED66gBffQhg4QmMIzvMKbI5wX5935WLaWnGLmFP7A+fwBqRONTw==</latexit>

2 =

<latexit sha1_base64="gWwZ+yy76AQNiuImh3mGGHiO/Hg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQT0IBS8eK9gPaEPZbDft0t1N2N0IJfQvePGgiFf/kDf/jZs0B219MPB4b4aZeUHMmTau++2UNja3tnfKu5W9/YPDo+rxSVdHiSK0QyIeqX6ANeVM0o5hhtN+rCgWAae9YHaX+b0nqjSL5KOZx9QXeCJZyAg2mdRAt2hUrbl1NwdaJ15BalCgPap+DccRSQSVhnCs9cBzY+OnWBlGOF1UhommMSYzPKEDSyUWVPtpfusCXVhljMJI2ZIG5erviRQLrecisJ0Cm6le9TLxP2+QmPDaT5mME0MlWS4KE45MhLLH0ZgpSgyfW4KJYvZWRKZYYWJsPBUbgrf68jrpNupes37z0Ky1mkUcZTiDc7gED66gBffQhg4QmMIzvMKbI5wX5935WLaWnGLmFP7A+fwBqRONTw==</latexit>

= O(13)

<latexit sha1_base64="o5/Dvwi/H4V6WrrxqyworgeDDk8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexqQD0IAS/ejGAekCxhdjKbDJmdXWZ6hRDyEV48KOLV7/Hm3zhJ9qCJBQ1FVTfdXUEihUHX/XZWVtfWNzZzW/ntnd29/cLBYcPEqWa8zmIZ61ZADZdC8ToKlLyVaE6jQPJmMLyd+s0nro2I1SOOEu5HtK9EKBhFKzVvyH3JuzjrFopu2Z2BLBMvI0XIUOsWvjq9mKURV8gkNabtuQn6Y6pRMMkn+U5qeELZkPZ521JFI2788ezcCTm1So+EsbalkMzU3xNjGhkzigLbGVEcmEVvKv7ntVMMr/yxUEmKXLH5ojCVBGMy/Z30hOYM5cgSyrSwtxI2oJoytAnlbQje4svLpHFe9irl64dKsVrJ4sjBMZxACTy4hCrcQQ3qwGAIz/AKb07ivDjvzse8dcXJZo7gD5zPHykBjh8=</latexit>

see J. Zakrzewski talk from Thu
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We will look at the quantum Ising model:         

H = �J
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<latexit sha1_base64="2RiQ1LvCOFWHI4KSQFYwdKP7LjE="></latexit>

Ising CFT (free Majorana fermions)

fermion mass

interaction (fermionic string)

For             ,           and          , the IR is described by a QFT:L ! 1

<latexit sha1_base64="KRpeYABEZzIVlMoA9GLTOept6Ns=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIQd1IwY0LFxXsA5pSJtNJO3QyCTM3SgzFX3HjQhG3/oc7/8Zpm4W2HrhwOOde7r3HjwXX4DjfVmFpeWV1rbhe2tjc2t6xd/eaOkoUZQ0aiUi1faKZ4JI1gINg7VgxEvqCtfzR1cRv3TOleSTvII1ZNyQDyQNOCRipZx/cYE/xwRCIUtED9rgMIO3ZZafiTIEXiZuTMspR79lfXj+iScgkUEG07rhODN2MKOBUsHHJSzSLCR2RAesYKknIdDebXj/Gx0bp4yBSpiTgqfp7IiOh1mnom86QwFDPexPxP6+TQHDezbiME2CSzhYFicAQ4UkUuM8VoyBSQwhV3NyK6ZAoQsEEVjIhuPMvL5LmacWtVi5uq+XaZR5HER2iI3SCXHSGauga1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QNhiZUy</latexit>

h ⇡ 1

<latexit sha1_base64="gF3sdKZBkQCo4J/0jFWId+lvq/g=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnqRghePFewHtEvJptk2NJuEJCuWpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLSNTTWiTSC51J8KGciZo0zLLaUdpipOI03Y0vp357UeqDZPiwU4UDRM8FCxmBFsndUeoh5XS8gkF/XLFr/pzoFUS5KQCORr98ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNRLDVWYjPGQdh0VOKEmzOYnT9GZUwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+CrMmFCppYIsFsUpR1ai2f9owDQllk8cwUQzdysiI6wxsS6lkgshWH55lbQuqkGten1fq9Rv8jiKcAKncA4BXEId7qABTSAg4Rle4c2z3ov37n0sWgtePnMMf+B9/gB+GJC/</latexit>

g ⇡ 0

<latexit sha1_base64="c8PZKxTSG5GYunVivpOj1b6X+4k=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnqRghePFewHtEvJptk2NJuEJCuWpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLSNTTWiTSC51J8KGciZo0zLLaUdpipOI03Y0vp357UeqDZPiwU4UDRM8FCxmBFsndYeoh5XS8gn5/XLFr/pzoFUS5KQCORr98ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNRLDVWYjPGQdh0VOKEmzOYnT9GZUwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+CrMmFCppYIsFsUpR1ai2f9owDQllk8cwUQzdysiI6wxsS6lkgshWH55lbQuqkGten1fq9Rv8jiKcAKncA4BXEId7qABTSAg4Rle4c2z3ov37n0sWgtePnMMf+B9/gB7BpC9</latexit>

H =

Z 1

�1
dx

� i
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
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2
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 @x �  ̄@x ̄

�
�Mh ̄ 

�
+ 0.062M15/8

g �(x)
 

<latexit sha1_base64="zsPtNdMU5ZyQkZEiJFMjMjbmx9g="></latexit>

Mh ⌘ 2J |1� h|

<latexit sha1_base64="rc/Y072rcWv+3DIq5BiyBWxX3yM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5akFNSNFNyIIFSwD2hDmEwnzdDJJM5MCiUtbvwVNy4UcetXuPNvnLZZaOuBC4dz7uXee7yYUaks69vILS2vrK7l1wsbm1vbO+buXkNGicCkjiMWiZaHJGGUk7qiipFWLAgKPUaaXv9q4jcHREga8Xs1jIkToh6nPsVIack1D27dNBjDDnlI6ACW4Q0cQfsUBnDkmkWrZE0BF4mdkSLIUHPNr043wklIuMIMSdm2rVg5KRKKYkbGhU4iSYxwH/VIW1OOQiKddPrCGB5rpQv9SOjiCk7V3xMpCqUchp7uDJEK5Lw3Ef/z2onyz52U8jhRhOPZIj9hUEVwkgfsUkGwYkNNEBZU3wpxgATCSqdW0CHY8y8vkka5ZFdKF3eVYvUyiyMPDsEROAE2OANVcA1qoA4weATP4BW8GU/Gi/FufMxac0Y2sw/+wPj8ASqIlVk=</latexit>

�j
x ⇠ i ̄ = O�=1

<latexit sha1_base64="xL/HTTpKMdEna/LgVUfIBj59f4U="></latexit>

where                             and
Mg ⌘ 5.416 J |g|8/15

<latexit sha1_base64="CjSu0fTUhuyp5IZ/LwBgX0IBiHs=">AAACDnicbVDLSgMxFM34rPVVdekmWAouZJyRVutGCm5EECrYB3TGIZOmbWjmYZIplOl8gRt/xY0LRdy6duffmLaz0NYD93I4516Se9yQUSEN41tbWFxaXlnNrGXXNza3tnM7u3URRByTGg5YwJsuEoRRn9QklYw0Q06Q5zLScPuXY78xIFzQwL+Tw5DYHur6tEMxkkpycoUbJ+4m0CIPER3Akl40T6F1BK/HbdQd3cflY7OUOLm8oRsTwHlipiQPUlSd3JfVDnDkEV9ihoRomUYo7RhxSTEjSdaKBAkR7qMuaSnqI48IO56ck8CCUtqwE3BVvoQT9fdGjDwhhp6rJj0ke2LWG4v/ea1Idsp2TP0wksTH04c6EYMygONsYJtygiUbKoIwp+qvEPcQR1iqBLMqBHP25HlSP9HNon5+W8xXLtI4MmAfHIBDYIIzUAFXoApqAINH8AxewZv2pL1o79rHdHRBS3f2wB9onz+ic5lQ</latexit>

where                                  and

More precisely, the QFT limit is                  ,                with               fixedMh/J ! 0

<latexit sha1_base64="Tpfq4/nvr/H0nTebVOwoe/J5L0A=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXNVECupGCm5EECrYB7QhTKaTZuhkJsxMlBKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vvCRJGlXacb2thcWl5ZbW0Vl7f2Nzatnd2W0qkEpMmFkzIToAUYZSTpqaakU4iCYoDRtrB8Grstx+IVFTwez1KiBejAachxUgbybf3b/0syuEJvIE9SQeRRlKKR+j4dsWpOhPAeeIWpAIKNHz7q9cXOI0J15ghpbquk2gvQ1JTzEhe7qWKJAgP0YB0DeUoJsrLJg/k8MgofRgKaYprOFF/T2QoVmoUB6YzRjpSs95Y/M/rpjo89zLKk1QTjqeLwpRBLeA4DdinkmDNRoYgLKm5FeIISYS1yaxsQnBnX54nrdOqW6te3NUq9csijhI4AIfgGLjgDNTBNWiAJsAgB8/gFbxZT9aL9W59TFsXrGJmD/yB9fkDFZGVcw==</latexit>

� J � 1

<latexit sha1_base64="WiGHTuGClcGeFQ8065mm/rK21n8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBg5RECupFCl7EUwX7AU0om+0kXbrZhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9IOVPacb6t0tr6xuZWebuys7u3f2AfHrVVkkkKLZrwRHYDooAzAS3NNIduKoHEAYdOMLqb+Z0xSMUS8aQnKfgxiQQLGSXaSH3b9gLQBHsX+AF7UYTdvl11as4ceJW4BamiAs2+/eUNEprFIDTlRKme66Taz4nUjHKYVrxMQUroiETQM1SQGJSfzy+f4jOjDHCYSFNC47n6eyInsVKTODCdMdFDtezNxP+8XqbDaz9nIs00CLpYFGYc6wTPYsADJoFqPjGEUMnMrZgOiSRUm7AqJgR3+eVV0r6sufXazWO92rgt4iijE3SKzpGLrlAD3aMmaiGKxugZvaI3K7derHfrY9FasoqZY/QH1ucPBdiR+A==</latexit>

Mh/Mg

<latexit sha1_base64="7qn40LjcwjDLi6tPwEKZsJx4ULQ=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWekoG6k4MaNUME+oB1KJs20oZnMmGQKZZjvcONCEbd+jDv/xrSdhVYPXO7hnHvJzfFjwbVxnC9UWFldW98obpa2tnd298r7By0dJYqyJo1EpDo+0UxwyZqGG8E6sWIk9AVr++Obmd+eMKV5JB/MNGZeSIaSB5wSYyXvrp+OMnyGbR9m/XLFqTpz4L/EzUkFcjT65c/eIKJJyKShgmjddZ3YeClRhlPBslIv0SwmdEyGrGupJCHTXjo/OsMnVhngIFK2pMFz9edGSkKtp6FvJ0NiRnrZm4n/ed3EBJdeymWcGCbp4qEgEdhEeJYAHnDFqBFTSwhV3N6K6YgoQo3NqWRDcJe//Je0zqturXp1X6vUr/M4inAEx3AKLlxAHW6hAU2g8AhP8AKvaIKe0Rt6X4wWUL5zCL+APr4B5CCRig==</latexit>

�j
z ⇠ � = O�= 1

8

<latexit sha1_base64="+fCzastDtPPs/sQsILnHtR6+LyE="></latexit>



More on Ising QFT
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H =

Z 1

�1
dx

� i

2⇡


1

2

�
 @x �  ̄@x ̄

�
�Mh ̄ 

�
+ CM15/8

g �(x)
 

<latexit sha1_base64="PWXo3kI07S2WUPN4eiI8OLbxoY4="></latexit>

Ising CFT (free Majorana fermions) interaction (fermionic string)

Integrable:       = CFT or       +      = free QFT or      +      = interacting QFT        

Non-integrable:         +       +

fermion mass

Adding arbitrarily small g introduces a confining potential between fermions

Bound states: mesons
integrable case: 8 stable mesons

non-integrable case: a few stable mesons
+ unstable ones

McCoy & Wu, Zamolodchikov, …



Retarded thermal correlator in a (1+1)D CFT
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From here onwards we focus for simiplicity on           p = 0

<latexit sha1_base64="6q1HuSUk2X5EPN9OfCD/Gdodwxc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoB6UghePFUxbaEPZbCft0s0m7G6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKmTTDH0WSIS1Q6pRsEl+oYbge1UIY1Dga1wdDfzW0+oNE/koxmnGMR0IHnEGTVW8lNyQ9xeueJW3TnIKvFyUoEcjV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0ryoerXq9UOtUr/N4yjCCZzCOXhwCXW4hwb4wIDDM7zCmyOdF+fd+Vi0Fpx85hj+wPn8AXltjdE=</latexit>

In 1+1 dimensional CFT, the retarded correlator of a primary operator        
at any    is fixed by conformal invariance; its frequency singularities are�

<latexit sha1_base64="tOyi8FPM3fnhFLIY7bYlnw5yM0o=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S8OKxgmkLbSib7aZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0tr6xuVXeruzs7u0fVA+PWibJNOM+S2SiOyE1XArFfRQoeSfVnMah5O1wfDfz209cG5GoR5ykPIjpUIlIMIpW8nshR9qv1ty6OwdZJV5BalCg2a9+9QYJy2KukElqTNdzUwxyqlEwyaeVXmZ4StmYDnnXUkVjboJ8fuyUnFllQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKPrIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n4oNwVt+eZW0LureZf3m4bLWuC3iKMMJnMI5eHAFDbiHJvjAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwBxoKOrA==</latexit>

O�

<latexit sha1_base64="mFWxjdxnUs+K0FSA0JlbaSvEETc=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRSUDdS0IU7K9gHNCFMppN26OTBzI1SYj7FjQtF3Pol7vwbp20W2nrgwuGce7n3Hj8RXIFlfRulldW19Y3yZmVre2d3z6zud1ScSsraNBax7PlEMcEj1gYOgvUSyUjoC9b1x1dTv/vApOJxdA+ThLkhGUY84JSAljyzmjmUCHybe5lzzQSQ3DNrVt2aAS8TuyA1VKDlmV/OIKZpyCKggijVt60E3IxI4FSwvOKkiiWEjsmQ9TWNSMiUm81Oz/GxVgY4iKWuCPBM/T2RkVCpSejrzpDASC16U/E/r59CcO5mPEpSYBGdLwpSgSHG0xzwgEtGQUw0IVRyfSumIyIJBZ1WRYdgL768TDqndbtRv7hr1JqXRRxldIiO0Amy0RlqohvUQm1E0SN6Rq/ozXgyXox342PeWjKKmQP0B8bnDyBzk+0=</latexit>

�Re!

<latexit sha1_base64="hxhnjVU2r89WmMcbWJUEHuoLJQk=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNy4rGIf0Cklk962oUlmSDJCGbpz46+4caGIW3/BnX9j2s5CWw8ETs65l3vvCWPOtPG8bye3tLyyupZfL2xsbm3vuLt7dR0likKNRjxSzZBo4ExCzTDDoRkrICLk0AiH1xO/8QBKs0jem1EMbUH6kvUYJcZKHfcwCMEQHJziQBAzUCK9g/H0Gwnok45b9EreFHiR+BkpogzVjvsVdCOaCJCGcqJ1y/di006JMoxyGBeCRENM6JD0oWWpJAJ0O53eMcbHVuniXqTskwZP1d8dKRFaj0RoKyfL6nlvIv7ntRLTu2inTMaJAUlng3oJxybCk1Bwlymgho8sIVQxuyumA6IINTa6gg3Bnz95kdTPSn65dHlbLlausjjy6AAdoRPko3NUQTeoimqIokf0jF7Rm/PkvDjvzsesNOdkPfvoD5zPH2E3mGA=</latexit>

� Im!

<latexit sha1_base64="xyW3VaELplBx77GKU8qX8sT/N2Y=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNzoroJ9QKeUTHrbhiaZIckIZejOjb/ixoUibv0Fd/6NmbYLbT0QODnnXu69J4w508bzvp3c0vLK6lp+vbCxubW94+7u1XWUKAo1GvFINUOigTMJNcMMh2asgIiQQyMcXmd+4wGUZpG8N6MY2oL0JesxSoyVOu5hEIIhODjFgSBmoER6K8aTbySgTzpu0St5E+BF4s9IEc1Q7bhfQTeiiQBpKCdat3wvNu2UKMMoh3EhSDTEhA5JH1qWSiJAt9PJHWN8bJUu7kXKPmnwRP3dkRKh9UiEtjJbVs97mfif10pM76KdMhknBiSdDuolHJsIZ6HgLlNADR9ZQqhidldMB0QRamx0BRuCP3/yIqmflfxy6fKuXKxczeLIowN0hE6Qj85RBd2gKqohih7RM3pFb86T8+K8Ox/T0pwz69lHf+B8/gBfn5hf</latexit>

!(p = 0) = �2⇡

�
(�+ 2n) i

<latexit sha1_base64="cCAh9aVL2LaoIOzd8ee14JytsUA="></latexit>

n = 0, 1, . . .

<latexit sha1_base64="/u+Y6bohx2Z7hKxhQpbTlLrVQu8=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwUUJSW9oshIIblxXsA9pQJpNJO3QyCTOTQgn9EzcuFHHrn7jzb5y0FVT0wIXDOfdy7z1+wqhUtv1hFDY2t7Z3irulvf2DwyPz+KQr41Rg0sExi0XfR5IwyklHUcVIPxEERT4jPX96k/u9GRGSxvxezRPiRWjMaUgxUloamSaH19CuQKcChyyIlRyZZdtym/X6VRPalm27Vbehieu6TsOBjlZylMEa7ZH5PgxinEaEK8yQlAPHTpSXIaEoZmRRGqaSJAhP0ZgMNOUoItLLlpcv4IVWAhjGQhdXcKl+n8hQJOU88nVnhNRE/vZy8S9vkKqw6WWUJ6kiHK8WhSmDKoZ5DDCggmDF5pogLKi+FeIJEggrHVZJh/D1KfyfdKuWU7Pcu1q5VVvHUQRn4BxcAgc0QAvcgjboAAxm4AE8gWcjMx6NF+N11Vow1jOn4AeMt08qpJIU</latexit>

with

Since characteristic decay scale is             and TN can only evolve for limited 
time due to the growth of entanglement, we focus on         over     :

⇠ 1/�

<latexit sha1_base64="hDAmF5yhz8kwXvxvDPrA3UizWZA=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe5KQb1IQQ8eK9gP6C4lm2bb0CS7JrOFsvR3ePGgiFd/jDf/jWm7B60+GHi8N8PMvDAR3IDrfjmFldW19Y3iZmlre2d3r7x/0DJxqilr0ljEuhMSwwRXrAkcBOskmhEZCtYORzczvz1m2vBYPcAkYYEkA8UjTglYKfANl9g782+ZANIrV9yqOwf+S7ycVFCORq/86fdjmkqmgApiTNdzEwgyooFTwaYlPzUsIXREBqxrqSKSmSCbHz3FJ1bp4yjWthTgufpzIiPSmIkMbackMDTL3kz8z+umEF0GGVdJCkzRxaIoFRhiPEsA97lmFMTEEkI1t7diOiSaULA5lWwI3vLLf0nrvOrVqlf3tUr9Oo+jiI7QMTpFHrpAdXSHGqiJKHpET+gFvTpj59l5c94XrQUnnzlEv+B8fAO61ZFv</latexit>

i ̄ 

<latexit sha1_base64="i4NCsPmpgzfJiJN6nI95KSk0eWM=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmkoG6k4MZlBfuAJpTJdNIOnUzCzEQpsZ/ixoUibv0Sd/6NkzYLbT1wL4dz7mXunCDhTGnH+bZKa+sbm1vl7crO7t7+gV097Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveBSsVica+nCfUjPBIsZARrIw3sKkNegGXmJYrNUN4Hds2pO3OgVeIWpAYFWgP7yxvGJI2o0IRjpfquk2g/w1Izwums4qWKJphM8Ij2DRU4osrP5qfP0KlRhiiMpSmh0Vz9vZHhSKlpFJjJCOuxWvZy8T+vn+rw0s+YSFJNBVk8FKYc6RjlOaAhk5RoPjUEE8nMrYiMscREm7QqJgR3+curpHNedxv1q7tGrXldxFGGYziBM3DhAppwCy1oA4FHeIZXeLOerBfr3fpYjJasYucI/sD6/AEKVJPf</latexit>

�

<latexit sha1_base64="SvB86VQgTrVQMtzQlUPvWVLtK/8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL1IwIvHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nb2d++4lqw5R8sJOEhgIPJYsZwdZJrZ5hQ4H75Ypf9edAqyTISQVyNPrlr95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2Yza+dojOnDFCstCtp0Vz9PZFhYcxERK5TYDsyy95M/M/rpja+CjMmk9RSSRaL4pQjq9DsdTRgmhLLJ45gopm7FZER1phYF1DJhRAsv7xKWhfVoFa9vq9V6jd5HEU4gVM4hwAuoQ530IAmEHiEZ3iFN095L96797FoLXj5zDH8gff5A58Ljys=</latexit>

GO�=1
R (t > 0, p = 0) = �4⇡

�
e�

2⇡
� t

⇣
1� e�

4⇡
� t

⌘�1

<latexit sha1_base64="aUdT4baxWatGmGz7IWcGsg+kF9I="></latexit>



Retarded thermal correlator for free fermion QFT
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                       can be thought of as a sum of exchanges of fermionic pairs of 
vanishing net momentum, but arbitrary relative momentum within each pair

�Re!

<latexit sha1_base64="hxhnjVU2r89WmMcbWJUEHuoLJQk=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNy4rGIf0Cklk962oUlmSDJCGbpz46+4caGIW3/BnX9j2s5CWw8ETs65l3vvCWPOtPG8bye3tLyyupZfL2xsbm3vuLt7dR0likKNRjxSzZBo4ExCzTDDoRkrICLk0AiH1xO/8QBKs0jem1EMbUH6kvUYJcZKHfcwCMEQHJziQBAzUCK9g/H0Gwnok45b9EreFHiR+BkpogzVjvsVdCOaCJCGcqJ1y/di006JMoxyGBeCRENM6JD0oWWpJAJ0O53eMcbHVuniXqTskwZP1d8dKRFaj0RoKyfL6nlvIv7ntRLTu2inTMaJAUlng3oJxybCk1Bwlymgho8sIVQxuyumA6IINTa6gg3Bnz95kdTPSn65dHlbLlausjjy6AAdoRPko3NUQTeoimqIokf0jF7Rm/PkvDjvzsesNOdkPfvoD5zPH2E3mGA=</latexit>

� Im!

<latexit sha1_base64="xyW3VaELplBx77GKU8qX8sT/N2Y=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNzoroJ9QKeUTHrbhiaZIckIZejOjb/ixoUibv0Fd/6NmbYLbT0QODnnXu69J4w508bzvp3c0vLK6lp+vbCxubW94+7u1XWUKAo1GvFINUOigTMJNcMMh2asgIiQQyMcXmd+4wGUZpG8N6MY2oL0JesxSoyVOu5hEIIhODjFgSBmoER6K8aTbySgTzpu0St5E+BF4s9IEc1Q7bhfQTeiiQBpKCdat3wvNu2UKMMoh3EhSDTEhA5JH1qWSiJAt9PJHWN8bJUu7kXKPmnwRP3dkRKh9UiEtjJbVs97mfif10pM76KdMhknBiSdDuolHJsIZ6HgLlNADR9ZQqhidldMB0QRamx0BRuCP3/yIqmflfxy6fKuXKxczeLIowN0hE6Qj85RBd2gKqohih7RM3pFb86T8+K8Ox/T0pwz69lHf+B8/gBfn5hf</latexit>

Gi ̄ 
R (!, p = 0)

<latexit sha1_base64="k4oxErJFpn6CaG3wrdjw7VI0Q4I=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoICWRgrpQCi50WcU+oIlhMp22Q2eSMDMRSsgvuPFX3LhQxK07d/6N0zQLbT1wL4dz7mXmHj9iVCrL+jYKC4tLyyvF1dLa+sbmlrm905JhLDBp4pCFouMjSRgNSFNRxUgnEgRxn5G2P7qc+O0HIiQNgzs1jojL0SCgfYqR0pJnVq685Da9Tyh0fCQSJ5I0hVmvOCEnA3QEI3gOrUPPLFtVKwOcJ3ZOyiBHwzO/nF6IY04ChRmSsmtbkXITJBTFjKQlJ5YkQniEBqSraYA4kW6SXZTCA630YD8UugIFM/X3RoK4lGPu60mO1FDOehPxP68bq/6pm9AgihUJ8PShfsygCuEkHtijgmDFxpogLKj+K8RDJBBWOsSSDsGePXmetI6rdq16dlMr1y/yOIpgD+yDCrDBCaiDa9AATYDBI3gGr+DNeDJejHfjYzpaMPKdXfAHxucPjKacKg==</latexit>

This leads to the following structure of singularities:

But branch-cut is a choice how we connect branch points; other choice:

�Re!

<latexit sha1_base64="hxhnjVU2r89WmMcbWJUEHuoLJQk=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNy4rGIf0Cklk962oUlmSDJCGbpz46+4caGIW3/BnX9j2s5CWw8ETs65l3vvCWPOtPG8bye3tLyyupZfL2xsbm3vuLt7dR0likKNRjxSzZBo4ExCzTDDoRkrICLk0AiH1xO/8QBKs0jem1EMbUH6kvUYJcZKHfcwCMEQHJziQBAzUCK9g/H0Gwnok45b9EreFHiR+BkpogzVjvsVdCOaCJCGcqJ1y/di006JMoxyGBeCRENM6JD0oWWpJAJ0O53eMcbHVuniXqTskwZP1d8dKRFaj0RoKyfL6nlvIv7ntRLTu2inTMaJAUlng3oJxybCk1Bwlymgho8sIVQxuyumA6IINTa6gg3Bnz95kdTPSn65dHlbLlausjjy6AAdoRPko3NUQTeoimqIokf0jF7Rm/PkvDjvzsesNOdkPfvoD5zPH2E3mGA=</latexit>

� Im!

<latexit sha1_base64="xyW3VaELplBx77GKU8qX8sT/N2Y=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNzoroJ9QKeUTHrbhiaZIckIZejOjb/ixoUibv0Fd/6NmbYLbT0QODnnXu69J4w508bzvp3c0vLK6lp+vbCxubW94+7u1XWUKAo1GvFINUOigTMJNcMMh2asgIiQQyMcXmd+4wGUZpG8N6MY2oL0JesxSoyVOu5hEIIhODjFgSBmoER6K8aTbySgTzpu0St5E+BF4s9IEc1Q7bhfQTeiiQBpKCdat3wvNu2UKMMoh3EhSDTEhA5JH1qWSiJAt9PJHWN8bJUu7kXKPmnwRP3dkRKh9UiEtjJbVs97mfif10pM76KdMhknBiSdDuolHJsIZ6HgLlNADR9ZQqhidldMB0QRamx0BRuCP3/yIqmflfxy6fKuXKxczeLIowN0hE6Qj85RBd2gKqohih7RM3pFb86T8+K8Ox/T0pwz69lHf+B8/gBfn5hf</latexit>

2Mh

<latexit sha1_base64="hCH7vgeje2FKQeygpG96ImdB8tc=">AAAB8XicdVBNSwMxEJ31s9avqkcvwSJ4kLIpxba3ghcvQgX7ge1Ssmm2Dc1mlyQrlKX/wosHRbz6b7z5b8y2FVT0wcDjvRlm5vmx4Nq47oezsrq2vrGZ28pv7+zu7RcODts6ShRlLRqJSHV9opngkrUMN4J1Y8VI6AvW8SeXmd+5Z0rzSN6aacy8kIwkDzglxkp3ZdQ/R9eDdDwbFIpuyXVdjDHKCK5euJbU67UyriGcWRZFWKI5KLz3hxFNQiYNFUTrHnZj46VEGU4Fm+X7iWYxoRMyYj1LJQmZ9tL5xTN0apUhCiJlSxo0V79PpCTUehr6tjMkZqx/e5n4l9dLTFDzUi7jxDBJF4uCRCAToex9NOSKUSOmlhCquL0V0TFRhBobUt6G8PUp+p+0yyVcKdVvKsVGZRlHDo7hBM4AQxUacAVNaAEFCQ/wBM+Odh6dF+d10briLGeO4Aect09pVJAY</latexit>

�2Mh

<latexit sha1_base64="7/0Jh/OXUbOQnt3LDMAzDP9zqxo=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8aJgJwSS3gBcvQgTzgOwSZieTZMjsg5lZISz5DS8eFPHqz3jzb5xNIqhoQUNR1U13lx9LoQ3GH87K6tr6xmZuK7+9s7u3Xzg4bOsoUYy3WCQj1fWp5lKEvGWEkbwbK04DX/KOP7nK/M49V1pE4Z2ZxtwL6CgUQ8GosZJ7gcrIPUc3/XQ86xeKuIQxJoSgjJDqJbakXq+VSQ2RzLIowhLNfuHdHUQsCXhomKRa9wiOjZdSZQSTfJZ3E81jyiZ0xHuWhjTg2kvnN8/QqVUGaBgpW6FBc/X7REoDraeBbzsDasb6t5eJf3m9xAxrXirCODE8ZItFw0QiE6EsADQQijMjp5ZQpoS9FbExVZQZG1PehvD1KfqftMslUinVbyvFRmUZRw6O4QTOgEAVGnANTWgBgxge4AmencR5dF6c10XrirOcOYIfcN4+ASs0kHk=</latexit>

2Mh

<latexit sha1_base64="hCH7vgeje2FKQeygpG96ImdB8tc=">AAAB8XicdVBNSwMxEJ31s9avqkcvwSJ4kLIpxba3ghcvQgX7ge1Ssmm2Dc1mlyQrlKX/wosHRbz6b7z5b8y2FVT0wcDjvRlm5vmx4Nq47oezsrq2vrGZ28pv7+zu7RcODts6ShRlLRqJSHV9opngkrUMN4J1Y8VI6AvW8SeXmd+5Z0rzSN6aacy8kIwkDzglxkp3ZdQ/R9eDdDwbFIpuyXVdjDHKCK5euJbU67UyriGcWRZFWKI5KLz3hxFNQiYNFUTrHnZj46VEGU4Fm+X7iWYxoRMyYj1LJQmZ9tL5xTN0apUhCiJlSxo0V79PpCTUehr6tjMkZqx/e5n4l9dLTFDzUi7jxDBJF4uCRCAToex9NOSKUSOmlhCquL0V0TFRhBobUt6G8PUp+p+0yyVcKdVvKsVGZRlHDo7hBM4AQxUacAVNaAEFCQ/wBM+Odh6dF+d10briLGeO4Aect09pVJAY</latexit>

�2Mh

<latexit sha1_base64="7/0Jh/OXUbOQnt3LDMAzDP9zqxo=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8aJgJwSS3gBcvQgTzgOwSZieTZMjsg5lZISz5DS8eFPHqz3jzb5xNIqhoQUNR1U13lx9LoQ3GH87K6tr6xmZuK7+9s7u3Xzg4bOsoUYy3WCQj1fWp5lKEvGWEkbwbK04DX/KOP7nK/M49V1pE4Z2ZxtwL6CgUQ8GosZJ7gcrIPUc3/XQ86xeKuIQxJoSgjJDqJbakXq+VSQ2RzLIowhLNfuHdHUQsCXhomKRa9wiOjZdSZQSTfJZ3E81jyiZ0xHuWhjTg2kvnN8/QqVUGaBgpW6FBc/X7REoDraeBbzsDasb6t5eJf3m9xAxrXirCODE8ZItFw0QiE6EsADQQijMjp5ZQpoS9FbExVZQZG1PehvD1KfqftMslUinVbyvFRmUZRw6O4QTOgEAVGnANTWgBgxge4AmencR5dF6c10XrirOcOYIfcN4+ASs0kHk=</latexit>

�2⇡ i

<latexit sha1_base64="HSecXZ0fD+I1eO7KU0Lg1g06Oec=">AAAB83icdVDLSgMxFM3UV62vqks3wSK40JKUYttdwY3LCvYBnaFk0rQNzWRCkhHK0N9w40IRt/6MO//GTFtBRQ9cOJxzL/feEyrBjUXow8utrW9sbuW3Czu7e/sHxcOjjokTTVmbxiLWvZAYJrhkbcutYD2lGYlCwbrh9Drzu/dMGx7LOztTLIjIWPIRp8Q6yb+EFegrDv0LyAfFEiojhDDGMCO4doUcaTTqFVyHOLMcSmCF1qD47g9jmkRMWiqIMX2MlA1Soi2ngs0LfmKYInRKxqzvqCQRM0G6uHkOz5wyhKNYu5IWLtTvEymJjJlFoeuMiJ2Y314m/uX1EzuqBymXKrFM0uWiUSKgjWEWABxyzagVM0cI1dzdCumEaEKti6ngQvj6FP5POpUyrpYbt9VSs7qKIw9OwCk4BxjUQBPcgBZoAwoUeABP4NlLvEfvxXtdtua81cwx+AHv7RO2T5Ar</latexit>

�4⇡ i

<latexit sha1_base64="wOAfIofsLlB0XDJ6xg4bUZ72okk=">AAAB83icdVDLSgMxFM3UV62vqks3wSK40JKUwba7ghuXFewDOkPJpJk2NDMTkoxQhv6GGxeKuPVn3Pk3ZtoKKnrgwuGce7n3nkAKrg1CH05hbX1jc6u4XdrZ3ds/KB8edXWSKso6NBGJ6gdEM8Fj1jHcCNaXipEoEKwXTK9zv3fPlOZJfGdmkvkRGcc85JQYK3mX0IWe5NC7gHxYrqAqQghjDHOC61fIkmazUcMNiHPLogJWaA/L794ooWnEYkMF0XqAkTR+RpThVLB5yUs1k4ROyZgNLI1JxLSfLW6ewzOrjGCYKFuxgQv1+0RGIq1nUWA7I2Im+reXi395g9SEDT/jsUwNi+lyUZgKaBKYBwBHXDFqxMwSQhW3t0I6IYpQY2Mq2RC+PoX/k26tit1q89attNxVHEVwAk7BOcCgDlrgBrRBB1AgwQN4As9O6jw6L87rsrXgrGaOwQ84b5+5aZAt</latexit>

�6⇡ i

<latexit sha1_base64="skrzUNuJEFBxY5rRfkP604ZCtY8=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXWpJS+tgV3LisYB/QGUomTdvQTCYkGaEM/Q03LhRx68+482/MtBVU9MCFwzn3cu89oRLcWIQ+vLX1jc2t7dxOfndv/+CwcHTcMXGiKWvTWMS6FxLDBJesbbkVrKc0I1EoWDecXmd+955pw2N5Z2eKBREZSz7ilFgn+VewCn3FoX8J+aBQRCWEEMYYZgTXqsiRRqNexnWIM8uhCFZoDQrv/jCmScSkpYIY08dI2SAl2nIq2DzvJ4YpQqdkzPqOShIxE6SLm+fw3ClDOIq1K2nhQv0+kZLImFkUus6I2In57WXiX14/saN6kHKpEsskXS4aJQLaGGYBwCHXjFoxc4RQzd2tkE6IJtS6mPIuhK9P4f+kUy7hSqlxWyk2K6s4cuAUnIELgEENNMENaIE2oECBB/AEnr3Ee/RevNdl65q3mjkBP+C9fQK8g5Av</latexit>

one can think of them as
arising from Fermi-Dirac

distribution as single poles
(Matsubara frequencies):

Z
dk e�i 2!(k) t 1

1 + e� !(k)
. . .

<latexit sha1_base64="7yUJQAZYSao/rjhOWoMDJr2S+Xs="></latexit>



Signal analysis

10/22

TNs are going to give us a correlator over a finite range of time bounded by 
the growth of entanglement and the signal is not periodic

Perfect tool: Prony analysis, which assumes the signal has the form 

Uniformly sampled signal:

X

n

cn e
!n t

<latexit sha1_base64="KZh+5GG+pszwKWPAPBll3CwF7Y8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjBXUjBTcuK9gHdMaSSW/b0CQzJBmhDP0AN/6KGxeKuPUD3Pk3pu0I2nogcDjnXG7uCWPOtHHdLye3tLyyupZfL2xsbm3vFHf3GjpKFIU6jXikWiHRwJmEumGGQytWQETIoRkOryZ+8x6UZpG8NaMYAkH6kvUYJcZKnWLJ14noSEw7qRxj/wTDXepHAvrkRzBjm3LL7hR4kXgZKaEMtU7x0+9GNBEgDeVE67bnxiZIiTKMchgX/ERDTOiQ9KFtqSQCdJBOjxnjI6t0cS9S9kmDp+rviZQIrUcitElBzEDPexPxP6+dmN55kDIZJwYknS3qJRybCE+awV2mgBo+soRQxexfMR0QRaix/RVsCd78yYukcVr2KuWLm0qpepnVkUcH6BAdIw+doSq6RjVURxQ9oCf0gl6dR+fZeXPeZ9Gck83soz9wPr4BrZuawA==</latexit>

We first find frequencies       and then fit amplitudes!n

<latexit sha1_base64="BbQ2/bOByDwDGSufGOdyoza1BLc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL1IwIvHCOaByRJmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nb2d++4lqw5R8sJOEhgIPJYsZwdZJjz0l6BD3Mzntlyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr94is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4KsyYTFJLJVksilOOrEKz99GAaUosnziCiWbuVkRGWGNiXUglF0Kw/PIqaV1Ug1r1+r5Wqd/kcRThBE7hHAK4hDrcQQOaQEDCM7zCm2e8F+/d+1i0Frx85hj+wPv8AeF3kRA=</latexit>

Features that stay stable on many windows are not noise
QFT physics

artefacts



Benchmarks



Benchmark for                    and  
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�Mh = 0.2

<latexit sha1_base64="+A8HeUeOTii/2YDpozozkEYU5Pw=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCCynTOvaxEApuuhEq2Ae0pWTS2zY0kxmSjFCH4q+4caGIW//DnX9j+hBU9MCFk3PuJfceL+RMacf5sBJLyyura8n11Mbm1vaOvbtXV0EkKdRowAPZ9IgCzgTUNNMcmqEE4nscGt7ocuo3bkEqFogbPQ6h45OBYH1GiTZS1z5oe6AJbp/iq248nOAL7GRyXTvtZJz8eb6QM0+3VCqeFQxxnHyh6OKsIVOk0QLVrv3e7gU08kFoyolSrawT6k5MpGaUwyTVjhSEhI7IAFqGCuKD6sSz7Sf42Cg93A+kKaHxTP0+ERNfqbHvmU6f6KH67U3Fv7xWpPvFTsxEGGkQdP5RP+JYB3gaBe4xCVTzsSGESmZ2xXRIJKHaBJYyIXxdiv8n9Vwm62ZK1266XFnEkUSH6AidoCwqoDKqoCqqIYru0AN6Qs/WvfVovViv89aEtZjZRz9gvX0CC5KTuQ==</latexit>

Mg = 0

<latexit sha1_base64="J7L+A5g9MfgYcXT79f5VrkN67LM=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6aOnXYhFNx0I1SwD2mHkknTNjSZGZKMUIZ+hRsXirj1c9z5N2baCip64MLhnHu5954g5kxphD6sldW19Y3N3FZ+e2d3b79wcNhSUSIJbZKIR7ITYEU5C2lTM81pJ5YUi4DTdjC5yvz2PZWKReGtnsbUF3gUsiEjWBvp7rqfjmbwEqJ+oYhsVL4oeyWIbLdarZx7hiBU9ioudAzJUARLNPqF994gIomgoSYcK9V1UKz9FEvNCKezfC9RNMZkgke0a2iIBVV+Oj94Bk+NMoDDSJoKNZyr3ydSLJSaisB0CqzH6reXiX953UQPK37KwjjRNCSLRcOEQx3B7Hs4YJISzaeGYCKZuRWSMZaYaJNR3oTw9Sn8n7RKtuPa1Ru3WKsv48iBY3ACzoADPFADddAATUCAAA/gCTxb0nq0XqzXReuKtZw5Aj9gvX0CDQ6P+Q==</latexit>

free fermions
via Jordan-Wigner: MPO:

Can one claim victory in this case?

�Re!

<latexit sha1_base64="hxhnjVU2r89WmMcbWJUEHuoLJQk=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNy4rGIf0Cklk962oUlmSDJCGbpz46+4caGIW3/BnX9j2s5CWw8ETs65l3vvCWPOtPG8bye3tLyyupZfL2xsbm3vuLt7dR0likKNRjxSzZBo4ExCzTDDoRkrICLk0AiH1xO/8QBKs0jem1EMbUH6kvUYJcZKHfcwCMEQHJziQBAzUCK9g/H0Gwnok45b9EreFHiR+BkpogzVjvsVdCOaCJCGcqJ1y/di006JMoxyGBeCRENM6JD0oWWpJAJ0O53eMcbHVuniXqTskwZP1d8dKRFaj0RoKyfL6nlvIv7ntRLTu2inTMaJAUlng3oJxybCk1Bwlymgho8sIVQxuyumA6IINTa6gg3Bnz95kdTPSn65dHlbLlausjjy6AAdoRPko3NUQTeoimqIokf0jF7Rm/PkvDjvzsesNOdkPfvoD5zPH2E3mGA=</latexit>

� Im!

<latexit sha1_base64="xyW3VaELplBx77GKU8qX8sT/N2Y=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNzoroJ9QKeUTHrbhiaZIckIZejOjb/ixoUibv0Fd/6NmbYLbT0QODnnXu69J4w508bzvp3c0vLK6lp+vbCxubW94+7u1XWUKAo1GvFINUOigTMJNcMMh2asgIiQQyMcXmd+4wGUZpG8N6MY2oL0JesxSoyVOu5hEIIhODjFgSBmoER6K8aTbySgTzpu0St5E+BF4s9IEc1Q7bhfQTeiiQBpKCdat3wvNu2UKMMoh3EhSDTEhA5JH1qWSiJAt9PJHWN8bJUu7kXKPmnwRP3dkRKh9UiEtjJbVs97mfif10pM76KdMhknBiSdDuolHJsIZ6HgLlNADR9ZQqhidldMB0QRamx0BRuCP3/yIqmflfxy6fKuXKxczeLIowN0hE6Qj85RBd2gKqohih7RM3pFb86T8+K8Ox/T0pwz69lHf+B8/gBfn5hf</latexit>

2Mh

<latexit sha1_base64="hCH7vgeje2FKQeygpG96ImdB8tc=">AAAB8XicdVBNSwMxEJ31s9avqkcvwSJ4kLIpxba3ghcvQgX7ge1Ssmm2Dc1mlyQrlKX/wosHRbz6b7z5b8y2FVT0wcDjvRlm5vmx4Nq47oezsrq2vrGZ28pv7+zu7RcODts6ShRlLRqJSHV9opngkrUMN4J1Y8VI6AvW8SeXmd+5Z0rzSN6aacy8kIwkDzglxkp3ZdQ/R9eDdDwbFIpuyXVdjDHKCK5euJbU67UyriGcWRZFWKI5KLz3hxFNQiYNFUTrHnZj46VEGU4Fm+X7iWYxoRMyYj1LJQmZ9tL5xTN0apUhCiJlSxo0V79PpCTUehr6tjMkZqx/e5n4l9dLTFDzUi7jxDBJF4uCRCAToex9NOSKUSOmlhCquL0V0TFRhBobUt6G8PUp+p+0yyVcKdVvKsVGZRlHDo7hBM4AQxUacAVNaAEFCQ/wBM+Odh6dF+d10briLGeO4Aect09pVJAY</latexit>

�2Mh

<latexit sha1_base64="7/0Jh/OXUbOQnt3LDMAzDP9zqxo=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8aJgJwSS3gBcvQgTzgOwSZieTZMjsg5lZISz5DS8eFPHqz3jzb5xNIqhoQUNR1U13lx9LoQ3GH87K6tr6xmZuK7+9s7u3Xzg4bOsoUYy3WCQj1fWp5lKEvGWEkbwbK04DX/KOP7nK/M49V1pE4Z2ZxtwL6CgUQ8GosZJ7gcrIPUc3/XQ86xeKuIQxJoSgjJDqJbakXq+VSQ2RzLIowhLNfuHdHUQsCXhomKRa9wiOjZdSZQSTfJZ3E81jyiZ0xHuWhjTg2kvnN8/QqVUGaBgpW6FBc/X7REoDraeBbzsDasb6t5eJf3m9xAxrXirCODE8ZItFw0QiE6EsADQQijMjp5ZQpoS9FbExVZQZG1PehvD1KfqftMslUinVbyvFRmUZRw6O4QTOgEAVGnANTWgBgxge4AmencR5dF6c10XrirOcOYIfcN4+ASs0kHk=</latexit>

QFT:

or
�Re!

<latexit sha1_base64="hxhnjVU2r89WmMcbWJUEHuoLJQk=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNy4rGIf0Cklk962oUlmSDJCGbpz46+4caGIW3/BnX9j2s5CWw8ETs65l3vvCWPOtPG8bye3tLyyupZfL2xsbm3vuLt7dR0likKNRjxSzZBo4ExCzTDDoRkrICLk0AiH1xO/8QBKs0jem1EMbUH6kvUYJcZKHfcwCMEQHJziQBAzUCK9g/H0Gwnok45b9EreFHiR+BkpogzVjvsVdCOaCJCGcqJ1y/di006JMoxyGBeCRENM6JD0oWWpJAJ0O53eMcbHVuniXqTskwZP1d8dKRFaj0RoKyfL6nlvIv7ntRLTu2inTMaJAUlng3oJxybCk1Bwlymgho8sIVQxuyumA6IINTa6gg3Bnz95kdTPSn65dHlbLlausjjy6AAdoRPko3NUQTeoimqIokf0jF7Rm/PkvDjvzsesNOdkPfvoD5zPH2E3mGA=</latexit>

� Im!

<latexit sha1_base64="xyW3VaELplBx77GKU8qX8sT/N2Y=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFNSNFNzoroJ9QKeUTHrbhiaZIckIZejOjb/ixoUibv0Fd/6NmbYLbT0QODnnXu69J4w508bzvp3c0vLK6lp+vbCxubW94+7u1XWUKAo1GvFINUOigTMJNcMMh2asgIiQQyMcXmd+4wGUZpG8N6MY2oL0JesxSoyVOu5hEIIhODjFgSBmoER6K8aTbySgTzpu0St5E+BF4s9IEc1Q7bhfQTeiiQBpKCdat3wvNu2UKMMoh3EhSDTEhA5JH1qWSiJAt9PJHWN8bJUu7kXKPmnwRP3dkRKh9UiEtjJbVs97mfif10pM76KdMhknBiSdDuolHJsIZ6HgLlNADR9ZQqhidldMB0QRamx0BRuCP3/yIqmflfxy6fKuXKxczeLIowN0hE6Qj85RBd2gKqohih7RM3pFb86T8+K8Ox/T0pwz69lHf+B8/gBfn5hf</latexit>

2Mh

<latexit sha1_base64="hCH7vgeje2FKQeygpG96ImdB8tc=">AAAB8XicdVBNSwMxEJ31s9avqkcvwSJ4kLIpxba3ghcvQgX7ge1Ssmm2Dc1mlyQrlKX/wosHRbz6b7z5b8y2FVT0wcDjvRlm5vmx4Nq47oezsrq2vrGZ28pv7+zu7RcODts6ShRlLRqJSHV9opngkrUMN4J1Y8VI6AvW8SeXmd+5Z0rzSN6aacy8kIwkDzglxkp3ZdQ/R9eDdDwbFIpuyXVdjDHKCK5euJbU67UyriGcWRZFWKI5KLz3hxFNQiYNFUTrHnZj46VEGU4Fm+X7iWYxoRMyYj1LJQmZ9tL5xTN0apUhCiJlSxo0V79PpCTUehr6tjMkZqx/e5n4l9dLTFDzUi7jxDBJF4uCRCAToex9NOSKUSOmlhCquL0V0TFRhBobUt6G8PUp+p+0yyVcKdVvKsVGZRlHDo7hBM4AQxUacAVNaAEFCQ/wBM+Odh6dF+d10briLGeO4Aect09pVJAY</latexit>

�2Mh

<latexit sha1_base64="7/0Jh/OXUbOQnt3LDMAzDP9zqxo=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8aJgJwSS3gBcvQgTzgOwSZieTZMjsg5lZISz5DS8eFPHqz3jzb5xNIqhoQUNR1U13lx9LoQ3GH87K6tr6xmZuK7+9s7u3Xzg4bOsoUYy3WCQj1fWp5lKEvGWEkbwbK04DX/KOP7nK/M49V1pE4Z2ZxtwL6CgUQ8GosZJ7gcrIPUc3/XQ86xeKuIQxJoSgjJDqJbakXq+VSQ2RzLIowhLNfuHdHUQsCXhomKRa9wiOjZdSZQSTfJZ3E81jyiZ0xHuWhjTg2kvnN8/QqVUGaBgpW6FBc/X7REoDraeBbzsDasb6t5eJf3m9xAxrXirCODE8ZItFw0QiE6EsADQQijMjp5ZQpoS9FbExVZQZG1PehvD1KfqftMslUinVbyvFRmUZRw6O4QTOgEAVGnANTWgBgxge4AmencR5dF6c10XrirOcOYIfcN4+ASs0kHk=</latexit>

�2⇡ i

<latexit sha1_base64="HSecXZ0fD+I1eO7KU0Lg1g06Oec=">AAAB83icdVDLSgMxFM3UV62vqks3wSK40JKUYttdwY3LCvYBnaFk0rQNzWRCkhHK0N9w40IRt/6MO//GTFtBRQ9cOJxzL/feEyrBjUXow8utrW9sbuW3Czu7e/sHxcOjjokTTVmbxiLWvZAYJrhkbcutYD2lGYlCwbrh9Drzu/dMGx7LOztTLIjIWPIRp8Q6yb+EFegrDv0LyAfFEiojhDDGMCO4doUcaTTqFVyHOLMcSmCF1qD47g9jmkRMWiqIMX2MlA1Soi2ngs0LfmKYInRKxqzvqCQRM0G6uHkOz5wyhKNYu5IWLtTvEymJjJlFoeuMiJ2Y314m/uX1EzuqBymXKrFM0uWiUSKgjWEWABxyzagVM0cI1dzdCumEaEKti6ngQvj6FP5POpUyrpYbt9VSs7qKIw9OwCk4BxjUQBPcgBZoAwoUeABP4NlLvEfvxXtdtua81cwx+AHv7RO2T5Ar</latexit>

�4⇡ i

<latexit sha1_base64="wOAfIofsLlB0XDJ6xg4bUZ72okk=">AAAB83icdVDLSgMxFM3UV62vqks3wSK40JKUwba7ghuXFewDOkPJpJk2NDMTkoxQhv6GGxeKuPVn3Pk3ZtoKKnrgwuGce7n3nkAKrg1CH05hbX1jc6u4XdrZ3ds/KB8edXWSKso6NBGJ6gdEM8Fj1jHcCNaXipEoEKwXTK9zv3fPlOZJfGdmkvkRGcc85JQYK3mX0IWe5NC7gHxYrqAqQghjDHOC61fIkmazUcMNiHPLogJWaA/L794ooWnEYkMF0XqAkTR+RpThVLB5yUs1k4ROyZgNLI1JxLSfLW6ewzOrjGCYKFuxgQv1+0RGIq1nUWA7I2Im+reXi395g9SEDT/jsUwNi+lyUZgKaBKYBwBHXDFqxMwSQhW3t0I6IYpQY2Mq2RC+PoX/k26tit1q89attNxVHEVwAk7BOcCgDlrgBrRBB1AgwQN4As9O6jw6L87rsrXgrGaOwQ84b5+5aZAt</latexit>

�6⇡ i

<latexit sha1_base64="skrzUNuJEFBxY5rRfkP604ZCtY8=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXWpJS+tgV3LisYB/QGUomTdvQTCYkGaEM/Q03LhRx68+482/MtBVU9MCFwzn3cu89oRLcWIQ+vLX1jc2t7dxOfndv/+CwcHTcMXGiKWvTWMS6FxLDBJesbbkVrKc0I1EoWDecXmd+955pw2N5Z2eKBREZSz7ilFgn+VewCn3FoX8J+aBQRCWEEMYYZgTXqsiRRqNexnWIM8uhCFZoDQrv/jCmScSkpYIY08dI2SAl2nIq2DzvJ4YpQqdkzPqOShIxE6SLm+fw3ClDOIq1K2nhQv0+kZLImFkUus6I2In57WXiX14/saN6kHKpEsskXS4aJQLaGGYBwCHXjFoxc4RQzd2tkE6IJtS6mPIuhK9P4f+kUy7hSqlxWyk2K6s4cuAUnIELgEENNMENaIE2oECBB/AEnr3Ee/RevNdl65q3mjkBP+C9fQK8g5Av</latexit>
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Benchmark: transients  
The frequencies of transients come okay, but if they represent QFT or the 
lattice model can be checked using the value of associated residue:

free CFT free QFT



Predictions in 
interacting cases



Transients
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Quite puzzlingly, despite trying really hard, we have never seen the leading 
transient frequency to move; we know in (1+3)D RG flows they do change

1503.07114 with Buchel & Myers

Simple argument: consider RG flow interpolating between two (1+1)D CFT;
    has                     ; then the leading transient�UV ! �IR

<latexit sha1_base64="z/lQ/6ZaDrHULgsnll1GJ+ZScPQ=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRIpqBsp6EJ3VUxbaEKZTCft0MmDmRulhHyAG3/FjQtF3PoB7vwbp20EbT0wcDjnXO7c48WCKzDNL6OwsLi0vFJcLa2tb2xulbd3mipKJGU2jUQk2x5RTPCQ2cBBsHYsGQk8wVre8Hzst+6YVDwKb2EUMzcg/ZD7nBLQUrdccS6YANJN7WaGHcn7AyBSRvf4R7+6yXTKrJoT4Hli5aSCcjS65U+nF9EkYCFQQZTqWGYMbkokcCpYVnISxWJCh6TPOpqGJGDKTSfHZPhAKz3sR1K/EPBE/T2RkkCpUeDpZEBgoGa9sfif10nAP3FTHsYJsJBOF/mJwBDhcTO4xyWjIEaaECq5/iumAyIJBd1fSZdgzZ48T5pHVatWPb2uVepneR1FtIf20SGy0DGqo0vUQDai6AE9oRf0ajwaz8ab8T6NFox8Zhf9gfHxDcjim3Y=</latexit>

O

<latexit sha1_base64="a2Zddy0UgreYjTa/KWBdsRfZeuo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4k4MWbEcwDkiXMTmaTMfNYZmaFsOQfvHhQxKv/482/cZLsQRMLGoqqbrq7ooQzY33/2yusrK6tbxQ3S1vbO7t75f2DplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsa3Uz91hPVhin5YMcJDQUeSBYzgq2Tml2CObrrlSt+1Z8BLZMgJxXIUe+Vv7p9RVJBpSUcG9MJ/MSGGdaWEU4npW5qaILJCA9ox1GJBTVhNrt2gk6c0kex0q6kRTP190SGhTFjEblOge3QLHpT8T+vk9r4MsyYTFJLJZkvilOOrELT11GfaUosHzuCiWbuVkSGWGNiXUAlF0Kw+PIyaZ5Vg/Pq1f15pXadx1GEIziGUwjgAmpwC3VoAIFHeIZXePOU9+K9ex/z1oKXzxzCH3ifP/GZjrk=</latexit>

�2⇡�UV

�
i ! �2⇡�IR

�
i

<latexit sha1_base64="iMaxljVwXegVmh/W0RceJJpN+rM="></latexit>



Mesons: positions
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Upon turning on      , non-perturbative meson states appear; in the integrable
case (            ) their masses are known exactly; otherwise approximately:

Mg

<latexit sha1_base64="OGe+hE+Q76+CdohzTayeQ2X3yVA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MWLUMG0hTaUzXbbLt1swu5EKKG/wYsHRbz6g7z5b9y2OWjrg4HHezPMzAsTKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00Tp5pxn8Uy1u2QGi6F4j4KlLydaE6jUPJWOL6d+a0nro2I1SNOEh5EdKjEQDCKVvLve9lw2itX3Ko7B1klXk4qkKPRK391+zFLI66QSWpMx3MTDDKqUTDJp6VuanhC2ZgOecdSRSNugmx+7JScWaVPBrG2pZDM1d8TGY2MmUSh7YwojsyyNxP/8zopDq6CTKgkRa7YYtEglQRjMvuc9IXmDOXEEsq0sLcSNqKaMrT5lGwI3vLLq6R5UfVq1euHWqV+k8dRhBM4hXPw4BLqcAcN8IGBgGd4hTdHOS/Ou/OxaC04+cwx/IHz+QPjKI6/</latexit>

Mh = 0

<latexit sha1_base64="aoVW2V35pjQV6wIo7AZmTQfPZKw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnpQCl68CBXsh7RLyabZNjTJLklWKMv+Ci8eFPHqz/HmvzFt96CtDwYe780wMy+IOdPGdb+dwsrq2vpGcbO0tb2zu1feP2jpKFGENknEI9UJsKacSdo0zHDaiRXFIuC0HYxvpn77iSrNIvlgJjH1BR5KFjKCjZUe7/rpKENXyO2XK27VnQEtEy8nFcjR6Je/eoOIJIJKQzjWuuu5sfFTrAwjnGalXqJpjMkYD2nXUokF1X46OzhDJ1YZoDBStqRBM/X3RIqF1hMR2E6BzUgvelPxP6+bmPDCT5mME0MlmS8KE45MhKbfowFTlBg+sQQTxeytiIywwsTYjEo2BG/x5WXSOqt6terlfa1Sv87jKMIRHMMpeHAOdbiFBjSBgIBneIU3RzkvzrvzMW8tOPnMIfyB8/kDh+WPlQ==</latexit>

low temperature, ferro high temperature, ferro

bdry artefact 2 mesons exchange

In the integrable ~vacuum case we get:



Masses: residues
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Mh/Mg = 0.092

<latexit sha1_base64="G8PwBMDZCscaA4+VXLcBOFtKrB0=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8EiuIpJbWmzUApu3AgV7AXaECbTSTt0cmFmIpQQX8WNC0Xc+iDufBsnbQUVPTDDz/efw5z5vZhRIU3zQyusrK6tbxQ3S1vbO7t7+v5BV0QJx6SDIxbxvocEYTQkHUklI/2YExR4jPS86WXu9+4IFzQKb+UsJk6AxiH1KUZSIVcvX7vpJDtV9ziD59A0TLvq6hXTsJv1+lkzB4rYDSVs27YaFrQUyasCltV29ffhKMJJQEKJGRJiYJmxdFLEJcWMZKVhIkiM8BSNyUDJEAVEOOl8+QweKzKCfsTVCSWc0+8TKQqEmAWe6gyQnIjfXg7/8gaJ9JtOSsM4kSTEi4f8hEEZwTwJOKKcYMlmSiDMqdoV4gniCEuVV0mF8PVT+L/oVg2rZtg3tUrrYhlHERyCI3ACLNAALXAF2qADMJiBB/AEnrV77VF70V4XrQVtOVMGP0p7+wTD7ZOS</latexit>



Do Ising mesons melt?

2206.10528 with Bañuls, Jansen, Knaute, Svensson



We saw a decay of residues of the correlator…

16/22

Mh/Mg = 0.092

<latexit sha1_base64="G8PwBMDZCscaA4+VXLcBOFtKrB0=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8EiuIpJbWmzUApu3AgV7AXaECbTSTt0cmFmIpQQX8WNC0Xc+iDufBsnbQUVPTDDz/efw5z5vZhRIU3zQyusrK6tbxQ3S1vbO7t7+v5BV0QJx6SDIxbxvocEYTQkHUklI/2YExR4jPS86WXu9+4IFzQKb+UsJk6AxiH1KUZSIVcvX7vpJDtV9ziD59A0TLvq6hXTsJv1+lkzB4rYDSVs27YaFrQUyasCltV29ffhKMJJQEKJGRJiYJmxdFLEJcWMZKVhIkiM8BSNyUDJEAVEOOl8+QweKzKCfsTVCSWc0+8TKQqEmAWe6gyQnIjfXg7/8gaJ9JtOSsM4kSTEi4f8hEEZwTwJOKKcYMlmSiDMqdoV4gniCEuVV0mF8PVT+L/oVg2rZtg3tUrrYhlHERyCI3ACLNAALXAF2qADMJiBB/AEnrV77VF70V4XrQVtOVMGP0p7+wTD7ZOS</latexit>

… however, these simulations become unsustainable at higher temperatures 



The key idea of 2206.10528

17/22

While we cannot compute the correlator at high enough temperatures using 
TNs, we can use similar methods to study other quantities in such a regime

statics dynamics

reflected entropy
after a quenchL



Statics — free fermions

18/22

with

high temperaturelow temperature

There are no mesons here, but we this builds for us an intuition what to 
expect in the interacting case



Statics with mesons
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with

low temperature:

high temperature:



Dynamics: setup
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reflected entropy: S(A)

types of quenches:



Dynamics: results
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yes, mesons do melt



Summary



Summary
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1912.08836 with Bañuls, Jansen, Knaute and Svensson

2206.10528 with Bañuls, Jansen, Knaute and Svensson


