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at RHIC and LHC
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with Berges, Mazeliauskas & Venugopalan

time

the quark-gluon plasma is the most
perfect liquid known in the universe:

( η
s )

QGP
= 𝒪 ( 1

4 π )

this talk:
what does theory tells up in 2022

about its emergence in experiment?
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<latexit sha1_base64="dGWu4CPdHA6aqUVppnaVkYU7c+Y="></latexit>

�A ⇠ e�#w · (. . .)

<latexit sha1_base64="Y1KYD5EHPGm+iJN3lRlhmXRIyJs="></latexit>

A ⇠ w�1 + . . .
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(here: holography)
heavy-ion collisions 
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with Berges, Mazeliauskas & Venugopalan 1103.3452 with Janik & Witaszczyk
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⌧ = 0

⌧ > 0

time <latexit sha1_base64="UaRX3qXG6RB6HNO+BhOusySDKuo=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4TMA9IljA7mU2GzM4uM71CCAHvXvUXvIlXf8U/8DOcTfagiQUNRVU33V1BIoVB1/1yChubW9s7xd3S3v7B4VH5+KRt4lQz3mKxjHU3oIZLoXgLBUreTTSnUSB5J5jcZX7nkWsjYvWA04T7ER0pEQpG0UpNHJQrbtVdgKwTLycVyNEYlL/7w5ilEVfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM9SRSNu/Nni0Dm5sMqQhLG2pZAs1N8TMxoZM40C2xlRHJtVLxP/9TJFm9Cs7Mew5s+ESlLkii3Xh6kkGJMsCzIUmjOUU0so08J+QNiYasrQJlay0XirQayT9lXVu6m6zetKvZaHVIQzOIdL8OAW6nAPDWgBAw7P8AKvzpPz5rw7H8vWgpPPnMIfOJ8/mUKWVg==</latexit>

t

collision axis <latexit sha1_base64="ZMsEWU6yZMK0AjJXANn6CCa07TE=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2FZoQ9lsJ+3SzSbsbsRSCt696l/wJl79K/4Df4abNgdtfTDweG+GmXlBIrg2rvvlFNbWNza3itulnd29/YPy4VFbx6li2GKxiNV9QDUKLrFluBF4nyikUSCwE4xvMr/zgErzWN6ZSYJ+RIeSh5xRY6XmY79ccavuHGSVeDmpQI5Gv/zdG8QsjVAaJqjWXc9NjD+lynAmcFbqpRoTysZ0iF1LJY1Q+9P5oTNyZpUBCWNlSxoyV39PTGmk9SQKbGdEzUgve5n4r5cpSod6ab8Ja/6UyyQ1KNlifZgKYmKSZUEGXCEzYmIJZYrbDwgbUUWZsYmVbDTechCrpH1R9a6qbvOyUq/lIRXhBE7hHDy4hjrcQgNawADhGV7g1Xly3px352PRWnDymWP4A+fzB5+qllo=</latexit>x

Bjorken’s simplification: physics is the same in all longitudinally boosted 
reference frame; this is Lorentzian analogue of rotational invariance. 

+ two transverse coordinates

analogue of the radius: 
<latexit sha1_base64="hCwkwZt+QXNGO6hPrusIKvPFLqA=">AAACFnicbVC7SgNBFJ31GeNr1cLCZjAINobdIJpGCNhYRjAPyG7C7GQ2GTL7cOauGJb9D3tb/QU7sbX1D/wMZ5MUmnjgwuGceznc48WCK7CsL2NpeWV1bb2wUdzc2t7ZNff2mypKJGUNGolItj2imOAhawAHwdqxZCTwBGt5o+vcbz0wqXgU3sE4Zm5ABiH3OSWgpZ556ABJ8BV21L2EFLoVfIYfu5WsZ5assjUBXiT2jJTQDPWe+e30I5oELAQqiFId24rBTYkETgXLik6iWEzoiAxYR9OQBEy56eSBDJ9opY/9SOoJAU/U3xcpCZQaB57eDAgM1byXi/96uSKVr+bywa+6KQ/jBFhIp/F+IjBEOO8I97lkFMRYE0Il1x9gOiSSUNBNFnU19nwRi6RZKdsXZev2vFSrzkoqoCN0jE6RjS5RDd2gOmogijL0jF7Qq/FkvBnvxsd0dcmY3RygPzA+fwBCUZ6p</latexit>

⌧ =
p

t2 � x2 analogue of the angle: 
<latexit sha1_base64="AxYnVxpErbWHMv/asewlaMvagNk=">AAACGHicbVDLSgMxFM3UV62vUVfiJliEuqkzItqNUHDjsoJ9QDuUTJppQ5PMkGTEMhT/w71b/QV34tadf+BnmJnOQlsPBA7n3Efu8SNGlXacL6uwtLyyulZcL21sbm3v2Lt7LRXGEpMmDlkoOz5ShFFBmppqRjqRJIj7jLT98XXqt++JVDQUd3oSEY+joaABxUgbqW8fTOAV7HGkR5InSGIcqtG0ok8fTvp22ak6GeAicXNSBjkaffu7NwhxzInQmCGluq4Tac8M1RQzMi31YkUihMdoSLqGCsSJ8pLshCk8NsoABqE0T2iYqb87EsSVmnDfVKafVfNeKv7rZaepQM3t10HNS6iIYk0Enq0PYgZ1CNOU4IBKgjWbGIKwpOYCiEdIIqxNliUTjTsfxCJpnVXdi6pze16u1/KQiuAQHIEKcMElqIMb0ABNgMEjeAYv4NV6st6sd+tjVlqw8p598AfW5w/iiqAl</latexit>

y = arccosh(t/x)

<latexit sha1_base64="QdIoN9adq8k3g5gAJjqNV7AY/aQ=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqkxEtBuh4MZlRfuANpTJdNIOnUzCzEQIoRv3bvUX3Ilb/8Q/8DOctFlo9cCFwzn3cu89fiy4Nhh/OqWV1bX1jfJmZWt7Z3evun/Q0VGiKGvTSESq5xPNBJesbbgRrBcrRkJfsK4/vc797gNTmkfy3qQx80IyljzglBgr3aVXeFit4TqeA/0lbkFqUKA1rH4NRhFNQiYNFUTrvotj42VEGU4Fm1UGiWYxoVMyZn1LJQmZ9rL5qTN0YpURCiJlSxo0V39OZCTUOg192xkSM9HLXi7+6+WK0oFe2m+ChpdxGSeGSbpYHyQCmQjlaaARV4wakVpCqOL2A0QnRBFqbGYVG427HMRf0jmruxd1fHteazaKkMpwBMdwCi5cQhNuoAVtoDCGJ3iGF+fReXXenPdFa8kpZg7hF5yPb5sKltw=</latexit>

y = 0

<latexit sha1_base64="xGzZ+PWcZMbwix4upFaIFjMdhf4=">AAACFHicbVDLSsNAFJ3UV62vqLhyM1gEN5ZERLssuHFZwT6gKWUynbRDJ5Mwc6OE0N9w71Z/wZ24de8f+BlO2iy09cCFwzn3cu89fiy4Bsf5skorq2vrG+XNytb2zu6evX/Q1lGiKGvRSESq6xPNBJesBRwE68aKkdAXrONPbnK/88CU5pG8hzRm/ZCMJA84JWCkgX2UYk/x0RiIUtEjPve4DCAd2FWn5syAl4lbkCoq0BzY394woknIJFBBtO65Tgz9jCjgVLBpxUs0iwmdkBHrGSpJyHQ/m50/xadGGeIgUqYk4Jn6eyIjodZp6JvOkMBYL3q5+K+XK0oHemE/BPV+xmWcAJN0vj5IBIYI5wnhIVeMgkgNIVRx8wGmY6IIBZNjxUTjLgaxTNoXNfeq5txdVhv1IqQyOkYn6Ay56Bo10C1qohaiKEPP6AW9Wk/Wm/VufcxbS1Yxc4j+wPr8AXs5nuw=</latexit>y !
�1

<latexit sha1_base64="dcLJpb5mjFxjCvvTR5XrO7XEtv0=">AAACE3icbVDLSsNAFJ3UV62v+Ni5GSyCq5KIaJcFNy4r2Ac0oUymk3boZBJmbpRY+hnu3eovuBO3foB/4Gc4abPQ1gMXDufcy733BIngGhznyyqtrK6tb5Q3K1vbO7t79v5BW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wvs79zj1TmsfyDrKE+REZSh5ySsBIffsow57iwxEQpeIH7HEZQta3q07NmQEvE7cgVVSg2be/vUFM04hJoIJo3XOdBPwJUcCpYNOKl2qWEDomQ9YzVJKIaX8yu36KT40ywGGsTEnAM/X3xIREWmdRYDojAiO96OXiv16uKB3qhf0Q1v0Jl0kKTNL5+jAVGGKcB4QHXDEKIjOEUMXNB5iOiCIUTIwVE427GMQyaZ/X3Muac3tRbdSLkMroGJ2gM+SiK9RAN6iJWoiiR/SMXtCr9WS9We/Wx7y1ZBUzh+gPrM8fB3yetQ==</latexit> y
!
1

Bjorken 1982
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In relativistic systems like nuclear matter at RHIC and LHC energy and 
momentum are encoded in the energy-momentum tensor

General energy-momentum tensor has 10 components subject to 4 
conservation equations 

<latexit sha1_base64="Wy5tYlyzcbsVylQB823hS1+O0IM=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclUREuyy4cVmhL2himUwn7dDJTJiZCCX0B9y71V9wJ279C//Az3DSZqGtBy4czrmXe+8JE860cd0vZ219Y3Nru7RT3t3bPzisHB13tEwVoW0iuVS9EGvKmaBtwwynvURRHIecdsPJbe53H6nSTIqWmSY0iPFIsIgRbKzUbz1kfpwiX6SzQaXq1tw50CrxClKFAs1B5dsfSpLGVBjCsdZ9z01MkGFlGOF0VvZTTRNMJnhE+5YKHFMdZPOTZ+jcKkMUSWVLGDRXf09kONZ6Goe2M8ZmrJe9XPzXyxWlI72030T1IGMiSQ0VZLE+SjkyEuWpoCFTlBg+tQQTxewHiIyxwsTY7Mo2Gm85iFXSuax51zX3/qraqBchleAUzuACPLiBBtxBE9pAQMIzvMCr8+S8Oe/Ox6J1zSlmTuAPnM8fQHSajQ==</latexit>

Tµ⌫

<latexit sha1_base64="4BvKMKaONhRP3xgIXrArHgbMS0I=">AAACHnicbZDLSsNAFIYnXmu9RV26cLAILqQkItqNUHDjskJv0MQwmU7aoTOTMDMRSujS93DvVl/BnbjVN/AxnLRZaOsPA9/85xwO5w8TRpV2nC9raXlldW29tFHe3Nre2bX39tsqTiUmLRyzWHZDpAijgrQ01Yx0E0kQDxnphKObvN55IFLRWDT1OCE+RwNBI4qRNlZgH3kChQwFmcfTCfTOYPM+R+gJ872GTmBXnKozFVwEt4AKKNQI7G+vH+OUE6ExQ0r1XCfRfoakppiRSdlLFUkQHqEB6RkUiBPlZ9NDJvDEOH0YxdI8oeHU/T2RIa7UmIemkyM9VPO13Py3ljtSRWpuv45qfkZFkmoi8Gx9lDKoY5hnBftUEqzZ2ADCkpoLIB4iibA2iZZNNO58EIvQPq+6l1Xn7qJSrxUhlcAhOAanwAVXoA5uQQO0AAaP4Bm8gFfryXqz3q2PWeuSVcwcgD+yPn8Adz2h6g==</latexit>

rµ T
µ⌫ = 0

Relativistic hydrodynamics is built on an assumption that if we wait long 
enough the number of degrees of freedom (independent components of     ) 
reduces to these specifying a local equilibrium state

<latexit sha1_base64="Wy5tYlyzcbsVylQB823hS1+O0IM=">AAACCHicbVDLSsNAFL3xWeur6tLNYBFclUREuyy4cVmhL2himUwn7dDJTJiZCCX0B9y71V9wJ279C//Az3DSZqGtBy4czrmXe+8JE860cd0vZ219Y3Nru7RT3t3bPzisHB13tEwVoW0iuVS9EGvKmaBtwwynvURRHIecdsPJbe53H6nSTIqWmSY0iPFIsIgRbKzUbz1kfpwiX6SzQaXq1tw50CrxClKFAs1B5dsfSpLGVBjCsdZ9z01MkGFlGOF0VvZTTRNMJnhE+5YKHFMdZPOTZ+jcKkMUSWVLGDRXf09kONZ6Goe2M8ZmrJe9XPzXyxWlI72030T1IGMiSQ0VZLE+SjkyEuWpoCFTlBg+tQQTxewHiIyxwsTY7Mo2Gm85iFXSuax51zX3/qraqBchleAUzuACPLiBBtxBE9pAQMIzvMCr8+S8Oe/Ox6J1zSlmTuAPnM8fQHSajQ==</latexit>

Tµ⌫

<latexit sha1_base64="1JGnLNix2qLga28zYKdJBmyoxic="></latexit>

Tµ⌫ = E(T )uµu⌫ + P(T ) (gµ⌫ + uµu⌫) + . . . with u↵ u↵ = �1

This stress tensor defines perfect fluid hydrodynamics: <latexit sha1_base64="POIPiHXnviJCEWtRxgq6X2HJ47E=">AAACHnicbVDLSsNAFJ3UV62vqEsXDhah3ZRERLsRCm5cVugLTAyT6aQdOpmEmYlQQpf+h3u3+gvuxK3+gZ/hJM1CWw9cOPece7nc48eMSmVZX0ZpZXVtfaO8Wdna3tndM/cPejJKBCZdHLFIDHwkCaOcdBVVjAxiQVDoM9L3J9eZ338gQtKId9Q0Jm6IRpwGFCOlJc88djjyGfJSJ0xmsCZrnTpM7vOuDq+g5ZlVq2HlgMvELkgVFGh75rczjHASEq4wQ1Le2Vas3BQJRTEjs4qTSBIjPEEjcqcpRyGRbpo/MoOnWhnCIBK6uIK5+nsjRaGU09DXkyFSY7noZeK/XqYIGciF+ypouinlcaIIx/PzQcKgimCWFRxSQbBiU00QFlR/APEYCYSVTrSio7EXg1gmvbOGfdGwbs+rrWYRUhkcgRNQAza4BC1wA9qgCzB4BM/gBbwaT8ab8W58zEdLRrFzCP7A+PwB3sehjQ==</latexit>

rµ(s(T )u
µ) = 0

e.g. 1205.5040 by Kovtun; 1707.02282 with Spaliński & Florkowski; 1712.05815 by Romatschke2
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Relativistic hydrodynamics: dissipation

Realistic fluids dissipate and in hydrodynamics this is encapsulated by some of 
the corrections to the perfect fluid description

<latexit sha1_base64="QBbkDBm69GwpE9iTD2O1wDgGOlc="></latexit>

Tµ⌫ = E(T )uµu⌫ + P(T ) (gµ⌫ + uµu⌫) + ⇡µ⌫

<latexit sha1_base64="yjUdQdjhdHXPN/fpT8UA10ej5/k="></latexit>

⇡µ⌫ = �⌘(T )rhµu⌫i
� ⇣(T )(gµ⌫ + uµu⌫)r↵u

↵ +O(r2)

To the leading order in derivatives, the dissipative terms are

shear term bulk term

Such corrections

allow for dissipation

influence properties of solutions of hydrodynamics

therefore of interest to pheno at RHIC/LHC

this talks considers conformal fluids

e.g. 1205.5040 by Kovtun; 1707.02282 with Spaliński & Florkowski; 1712.05815 by Romatschke2

@ conformality:
2 order: 5 terms

0712.2451 by Baier et al.
3 order: ~20 terms

1507.02461 by Grozdanov & Kaplis
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Bjorken flow and relativistic hydrodynamics

Bjorken flow is a comoving flow in Minkowski:

<latexit sha1_base64="WT/2KV5Fq5I4qGBRfw54iLpODUw="></latexit>

uµ@µ = @⌧ and ds2 = �d⌧2 + ⌧2dy2 + dx2
?

For conformal fluids                         and 
<latexit sha1_base64="C6HcgomR7cuClxKoCgQm1OC8EFE=">AAACIHicbVDLSsNAFJ3UV62vqEs3o0VwISXRom6UggguK/QFTSyT6aQdOpOEmYlQQtb+h3u3+gvuxKV+gZ/hpM1CWw9cOPece7nc40WMSmVZn0ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdDwkCaMBaSqqGOlEgiDuMdL2RteZ334gQtIwaKhxRFyOBgH1KUZKSz1zP3EwYvAmhZfwFDrHcNrXU+hIymHjvtozy1bFmgDOEzsnZZCj3jO/nX6IY04ChRmSsmtbkXITJBTFjKQlJ5YkQniEBqSraYA4kW4yeSWFh1rpQz8UugIFJ+rvjQRxKcfc05McqaGc9TLxXy9ThPTlzH3lX7gJDaJYkQBPz/sxgyqEWVqwTwXBio01QVhQ/QHEQyQQVjrTko7Gng1inrROKvZZxbqrlmtXeUhFsAcOwBGwwTmogVtQB02AwSN4Bi/g1Xgy3ox342M6WjDynV3wB8bXD9uloXk=</latexit>

E = 3P ⇠ T 4
<latexit sha1_base64="KlnslAGcGmkSq5IAW1r9w6seisI=">AAACCnicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqCcJePEYIS/IrmF20psMmZldZ2aFEPIH3r3qL3gTr/6Ef+BnOJvsQaMFDUVVN91dYcKZNq776RSWlldW14rrpY3Nre2d8u5eS8epotCkMY9VJyQaOJPQNMxw6CQKiAg5tMPRdea3H0BpFsuGGScQCDKQLGKUGCsFPhiCfc0Ebtyd9soVt+rOgP8SLycVlKPeK3/5/ZimAqShnGjd9dzEBBOiDKMcpiU/1ZAQOiID6FoqiQAdTGZHT/GRVfo4ipUtafBM/TkxIULrsQhtpyBmqBe9TPzXyxSlI72w30SXwYTJJDUg6Xx9lHJsYpzlgvtMATV8bAmhitkPMB0SRaix6ZVsNN5iEH9J66TqnVfd27NK7SoPqYgO0CE6Rh66QDV0g+qoiSi6R0/oGb04j86r8+a8z1sLTj6zj37B+fgGu7GawA==</latexit>

⌘ ⇠ T 3

<latexit sha1_base64="ZiGQ3smPx60QZnqg/ZL6kG0wtgw=">AAACJ3icbVDLSgNBEJyNrxhfUY9eBoOQU9gVUU8S8OIxgnlANobeyWwyZGZ2mZkVwrK/4H9496q/4E306M3PcDbJQRMLmi6qumm6gpgzbVz30ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQA05UzSpmGG006sKIiA03Ywvs799gNVmkXyzkxi2hMwlCxkBIyV+uWqLyHgcJ/6IslwYru03ddMYD9UQFIvS30DSdYvV9yaOwVeJt6cVNAcjX752x9EJBFUGsJB667nxqaXgjKMcJqV/ETTGMgYhrRrqQRBdS+dfpThE6sMcBgpW9Lgqfp7IwWh9UQEdlKAGelFLxf/9XJF6VAv3DfhZS9lMk4MlWR2Pkw4NhHOQ8MDpigxfGIJEMXsB5iMwMZjbLQlG423GMQyaZ3WvPOae3tWqV/NQyqiI3SMqshDF6iOblADNRFBj+gZvaBX58l5c96dj9lowZnvHKI/cL5+AGwHp1s=</latexit>

rµu⌫ ⇠ 1

⌧
etc

<latexit sha1_base64="OUQM7+uDdZiw0lwOv8MldaWPF5Q="></latexit>

A ⌘
⇡?

? � ⇡y
y

E/3
= 8

⌘

s

1

⌧ T (⌧)
+O(r2)

<latexit sha1_base64="+Bi1gAVtpDbe3G2v8Wu784yBD9I=">AAACCnicbVDLSgNBEOz1GeMr6tHLYBC8GHZF1JMEvHiMYB6QrGF20psMmX1kZjYSlvyBd6/6C97Eqz/hH/gZziY5aGJBQ1HVTXeXFwuutG1/WUvLK6tr67mN/ObW9s5uYW+/pqJEMqyySESy4VGFgodY1VwLbMQSaeAJrHv9m8yvD1EqHoX3ehSjG9BuyH3OqDaS28JBwofk8SE9dcbtQtEu2ROQReLMSBFmqLQL361OxJIAQ80EVarp2LF2Uyo1ZwLH+VaiMKasT7vYNDSkASo3nRw9JsdG6RA/kqZCTSbq74mUBkqNAs90BlT31LyXif96mSKVr+b2a//KTXkYJxpDNl3vJ4LoiGS5kA6XyLQYGUKZ5OYDwnpUUqZNenkTjTMfxCKpnZWci5J9d14sX89CysEhHMEJOHAJZbiFClSBwQCe4QVerSfrzXq3PqatS9Zs5gD+wPr8AXL8mzE=</latexit>

⌘ w
�1

<latexit sha1_base64="UaRX3qXG6RB6HNO+BhOusySDKuo=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKaI4BLx4TMA9IljA7mU2GzM4uM71CCAHvXvUXvIlXf8U/8DOcTfagiQUNRVU33V1BIoVB1/1yChubW9s7xd3S3v7B4VH5+KRt4lQz3mKxjHU3oIZLoXgLBUreTTSnUSB5J5jcZX7nkWsjYvWA04T7ER0pEQpG0UpNHJQrbtVdgKwTLycVyNEYlL/7w5ilEVfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM9SRSNu/Nni0Dm5sMqQhLG2pZAs1N8TMxoZM40C2xlRHJtVLxP/9TJFm9Cs7Mew5s+ESlLkii3Xh6kkGJMsCzIUmjOUU0so08J+QNiYasrQJlay0XirQayT9lXVu6m6zetKvZaHVIQzOIdL8OAW6nAPDWgBAw7P8AKvzpPz5rw7H8vWgpPPnMIfOJ8/mUKWVg==</latexit>

t

⌧ = 0

⌧ > 0

time

collision axis <latexit sha1_base64="ZMsEWU6yZMK0AjJXANn6CCa07TE=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2FZoQ9lsJ+3SzSbsbsRSCt696l/wJl79K/4Df4abNgdtfTDweG+GmXlBIrg2rvvlFNbWNza3itulnd29/YPy4VFbx6li2GKxiNV9QDUKLrFluBF4nyikUSCwE4xvMr/zgErzWN6ZSYJ+RIeSh5xRY6XmY79ccavuHGSVeDmpQI5Gv/zdG8QsjVAaJqjWXc9NjD+lynAmcFbqpRoTysZ0iF1LJY1Q+9P5oTNyZpUBCWNlSxoyV39PTGmk9SQKbGdEzUgve5n4r5cpSod6ab8Ja/6UyyQ1KNlifZgKYmKSZUEGXCEzYmIJZYrbDwgbUUWZsYmVbDTechCrpH1R9a6qbvOyUq/lIRXhBE7hHDy4hjrcQgNawADhGV7g1Xly3px352PRWnDymWP4A+fzB5+qllo=</latexit>x

It is an intrinsically nonlinear phenomenon 

e.g. 1707.02282 with Spaliński & Florkowski
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co
llis

io
n 

ax
is

time

“time”    <latexit sha1_base64="v73xhb3OvrjbxO69Vsz9mBfy+k8=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCcJePGYgHlAsoTZSW8yZHZ2mZlVQgh496q/4E28+iv+gZ/hbLIHjRY0FFXddHcFieDauO6nU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvMr99j0rzWN6ZSYJ+RIeSh5xRY6XGQ79ccavuHOQv8XJSgRz1fvmrN4hZGqE0TFCtu56bGH9KleFM4KzUSzUmlI3pELuWShqh9qfzQ2fkxCoDEsbKljRkrv6cmNJI60kU2M6ImpFe9jLxXy9TlA710n4TXvlTLpPUoGSL9WEqiIlJlgUZcIXMiIkllCluPyBsRBVlxiZWstF4y0H8Ja2zqndRdRvnldp1HlIRjuAYTsGDS6jBLdShCQwQnuAZXpxH59V5c94XrQUnnzmEX3A+vgGf3pZf</latexit>w

pr
es

su
re

 d
iffe

re
nc

e
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-5

0

5

10

<latexit sha1_base64="rNM9ac93eBZAyoFwTlAMB5LJkTc=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzTHixWME84BkCbOT3mTM7OwyMyuEkKN3r/oL3sSrH+If+BnOJnvQxIKGoqqb7q4gEVwb1/1yVlbX1jc2C1vF7Z3dvf3SwWFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaObzG89otI8lvdmnKAf0YHkIWfUWKnZZVSQ616p7FbcGcgy8XJShhz1Xum7249ZGqE0TFCtO56bGH9CleFM4LTYTTUmlI3oADuWShqh9ieza6fk1Cp9EsbKljRkpv6emNBI63EU2M6ImqFe9DLxXy9TlA71wn4TVv0Jl0lqULL5+jAVxMQkC4T0uUJmxNgSyhS3HxA2pIoyY2Mr2mi8xSCWSfO84l1W3LuLcq2ah1SAYziBM/DgCmpwC3VoAIMHeIYXeHWenDfn3fmYt644+cwR/IHz+QOzopgB</latexit> A

<latexit sha1_base64="dGWu4CPdHA6aqUVppnaVkYU7c+Y="></latexit>

�A ⇠ e�#w · (. . .)

<latexit sha1_base64="Y1KYD5EHPGm+iJN3lRlhmXRIyJs="></latexit>

A ⇠ w�1 + . . .

behaviour in
of theoretical models

heavy-ion collisions 
at RHIC and LHC

2005.12299 
with Berges, Mazeliauskas & Venugopalan 1103.3452 with Janik & Witaszczyk
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Bjorken flow as a tool
Asymptotics* of hydrodynamic gradient expansion

The key simplifying feature that triggered progress on this problem is the fact 
that velocity in Bjorken flow is entirely fixed by the symmetry: 

This allows to define a version of on-shell gradient expansion of the form

which is soluble among a whole class of models giving rise to hydrodynamics

<latexit sha1_base64="/QsAWbxqt/qnJmb5FPeTPIkcPVg="></latexit>

⇡µ⌫ = �⌘(T )rhµu⌫i +O(r2)

is a question with a foundational, as well as a phenomenological component

<latexit sha1_base64="nAFX6lmQGBZ0RGbLrUgr6EFAxqU="></latexit>

A =
1X

n=1

anw
�n + . . .

<latexit sha1_base64="OUQM7+uDdZiw0lwOv8MldaWPF5Q="></latexit>

A ⌘
⇡?

? � ⇡y
y

E/3
= 8

⌘

s

1

⌧ T (⌧)
+O(r2)

<latexit sha1_base64="+Bi1gAVtpDbe3G2v8Wu784yBD9I=">AAACCnicbVDLSgNBEOz1GeMr6tHLYBC8GHZF1JMEvHiMYB6QrGF20psMmX1kZjYSlvyBd6/6C97Eqz/hH/gZziY5aGJBQ1HVTXeXFwuutG1/WUvLK6tr67mN/ObW9s5uYW+/pqJEMqyySESy4VGFgodY1VwLbMQSaeAJrHv9m8yvD1EqHoX3ehSjG9BuyH3OqDaS28JBwofk8SE9dcbtQtEu2ROQReLMSBFmqLQL361OxJIAQ80EVarp2LF2Uyo1ZwLH+VaiMKasT7vYNDSkASo3nRw9JsdG6RA/kqZCTSbq74mUBkqNAs90BlT31LyXif96mSKVr+b2a//KTXkYJxpDNl3vJ4LoiGS5kA6XyLQYGUKZ5OYDwnpUUqZNenkTjTMfxCKpnZWci5J9d14sX89CysEhHMEJOHAJZbiFClSBwQCe4QVerSfrzXq3PqatS9Zs5gD+wPr8AXL8mzE=</latexit>

⌘ w �1
~ Knudsen number: 

✓
`micro

`macro

◆n

<latexit sha1_base64="/hJqFdwv9IngBBu+hJS5dAagJvw=">AAACLXicbVBNS8NAEN34bf2qevSyWAS9lEQK1pugB48KthWaWjbbSbu4m4TdiVBC/pAX/4oIHhTx6t9w0+ag1QcLj/dmZmdekEhh0HXfnLn5hcWl5ZXVytr6xuZWdXunbeJUc2jxWMb6NmAGpIighQIl3CYamAokdIL788LvPIA2Io5ucJxAT7FhJELBGVqpX73wJYR4SP1QM575IGU/8xXDkVaZElzHeZ7PymwqU1+L4QiP7uyYmlt3J6B/iVeSGilx1a+++IOYpwoi5JIZ0/XcBHsZ0yi4hLzipwYSxu/ZELqWRkyB6WWTa3N6YJUBDWNtX4R0ov7syJgyZqwCW1lsbGa9QvzP66YYNnuZiJIUIeLTj8JUUoxpER0dCA0c5dgSG4Gwu1I+YjY3tAFXbAje7Ml/Sfu47jXqp9eN2lmzjGOF7JF9ckg8ckLOyCW5Ii3CySN5Jm/k3XlyXp0P53NaOueUPbvkF5yvb72wquE=</latexit>

<latexit sha1_base64="rukI7SQJUulmLYRaShsqV2V2IPg=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0XoqiQi2o1QcOOygn1AG8NkOmmHziRhHkIJ+QX/w71b/QV3okt3foaTNovaemDgzDn3wT1BwqhUjvNlldbWNza3ytuVnd29/QP78KgjYy0waeOYxaIXIEkYjUhbUcVILxEE8YCRbjC5yf3uIxGSxtG9mibE42gU0ZBipIzk2zX9kA64zuAgQUJRxPz593pRUEhnvl116s4McJW4BamCAi3f/hkMY6w5iRRmSMq+6yTKS/OhmJGsMtCSJAhP0Ij0DY0QJ9JLZxdl8MwoQxjGwrxIwZm62JEiLuWUB6aSIzWWy14u/uvlipChXNqvwoaX0ijRikR4vj7UDKoY5qHBIRUEKzY1BGFBzQUQj5FAWJloKyYadzmIVdI5r7uXdefuotpsFCGVwQk4BTXggivQBLegBdoAgyfwAl7Bm/VsvVsf1ue8tGQVPcfgD6zvX4Lfp2M=</latexit>

uµ@µ = @⌧

O(rn!1)

<latexit sha1_base64="QNcFLV3fKzwz4pNOnGtZsSW+0m4=">AAACD3icbVA9SwNBEN3z2/gVtbRZDEpswp1EtJKAjZ0KxgRyMcxt9pIle3vH7pwSjvwDG/+KjYUitrZ2/hs3MYUmPhh4vDfDzLwgkcKg6345M7Nz8wuLS8u5ldW19Y385taNiVPNeJXFMtb1AAyXQvEqCpS8nmgOUSB5LeidDf3aHddGxOoa+wlvRtBRIhQM0Eqt/H7mM5D0YlD0FQQSbjPla9HpImgd31NfqBD7g4NWvuCW3BHoNPHGpEDGuGzlP/12zNKIK2QSjGl4boLNDDQKJvkg56eGJ8B60OENSxVE3DSz0T8DumeVNg1jbUshHam/JzKIjOlHge2MALtm0huK/3mNFMOTZiZUkiJX7GdRmEqKMR2GQ9tCc4aybwkwLeytlHVBA0MbYc6G4E2+PE1uDkteuXR0VS5UTsdxLJEdskuKxCPHpELOySWpEkYeyBN5Ia/Oo/PsvDnvP60zznhmm/yB8/ENUauc2A==</latexit>
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The main Bjorken flow result
In all but one example of a microscopic model*, one gets that           <latexit sha1_base64="Ps9GFgC0GViJjFcWyXO2BUi1yxY=">AAACCnicbVDLSgNBEOyNrxhfUY9eRoPgKeyKaI4BLx4jmAckS5idzCZDZmY3M7NCWPIH3r3qL3gTr/6Ef+BnOJvsQRMLGoqqbrq7gpgzbVz3yymsrW9sbhW3Szu7e/sH5cOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Dbz249UaRbJBzONqS/wULKQEWys5ON+Kmeop5lA8rRfrrhVdw60SrycVCBHo1/+7g0ikggqDeFY667nxsZPsTKMcDor9RJNY0zGeEi7lkosqPbT+dEzdG6VAQojZUsaNFd/T6RYaD0Vge0U2Iz0speJ/3qZonSol/absOanTMaJoZIs1ocJRyZCWS5owBQlhk8twUQx+wEiI6wwMTa9ko3GWw5ilbQuq9511b2/qtRreUhFOIEzuAAPbqAOd9CAJhCYwDO8wKvz5Lw5787HorXg5DPH8AfO5w8Y9pr0</latexit>

an ⇠ n!

Therefore hydrodynamic gradient expansion can diverge factorially on-shell

A standard tool in asymptotic series is a sequence

R(w) ⇡
1X

n=1

rn
wn

BR(⇠) =
1X

n=1

rn
n!

⇠n ⇡ a0 ++ . . .+ a100⇠100

b0 ++ . . .+ b100⇠100Borel trafo.
A

<latexit sha1_base64="OWYSSh3+UEs9UFTLd0pRIWZAtaY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EkiXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7BLM0U2vVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJs1oJzivV+4ty7TqPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+ANnPjqM=</latexit>

A
<latexit sha1_base64="OWYSSh3+UEs9UFTLd0pRIWZAtaY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EkiXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7BLM0U2vVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJs1oJzivV+4ty7TqPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+ANnPjqM=</latexit>

an
<latexit sha1_base64="2t2imDR8eFJbWcNmECjDlODRnJI=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nY3Nre2d3dJeef/g8Oi4cnLa1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5m/udJ1SaJ/LRTFMMYjqSPOKMGiv5dJDL2aBSdWvuAmSdeAWpQoHWoPLVHyYsi1EaJqjWPc9NTZBTZTgTOCv3M40pZRM6wp6lksaog3xx7IxcWmVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IEBh2d4hTdHOi/Ou/OxbN1wipkz+APn8wcG5o7I</latexit>

an
<latexit sha1_base64="2t2imDR8eFJbWcNmECjDlODRnJI=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nY3Nre2d3dJeef/g8Oi4cnLa1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5m/udJ1SaJ/LRTFMMYjqSPOKMGiv5dJDL2aBSdWvuAmSdeAWpQoHWoPLVHyYsi1EaJqjWPc9NTZBTZTgTOCv3M40pZRM6wp6lksaog3xx7IxcWmVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IEBh2d4hTdHOi/Ou/OxbN1wipkz+APn8wcG5o7I</latexit> ⇡ b0 + . . .+ b100 ⇠100

c0 + . . .+ c100 ⇠100
<latexit sha1_base64="SrTo+TH+Rj8o3IOLMtHsStqzQqo="></latexit>

which in holography reveals

A(1)
�

2A(1)
�

3A(1)
�

3A(1)
+

2A(1)
+

A(1)
+

A(2)
+

A(2)
�

2A(2)
�

2A(2)
+

A(3)
+

A(3)
�

1302.0697 with Janik and Witaszczyk
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The main Bjorken flow result
A standard tool in asymptotic series is a sequence

R(w) ⇡
1X

n=1

rn
wn

BR(⇠) =
1X

n=1

rn
n!

⇠n ⇡ a0 ++ . . .+ a100⇠100

b0 ++ . . .+ b100⇠100Borel trafo.
A

<latexit sha1_base64="OWYSSh3+UEs9UFTLd0pRIWZAtaY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EkiXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7BLM0U2vVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJs1oJzivV+4ty7TqPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+ANnPjqM=</latexit>

A
<latexit sha1_base64="OWYSSh3+UEs9UFTLd0pRIWZAtaY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EkiXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3U7BLM0U2vVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJs1oJzivV+4ty7TqPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+ANnPjqM=</latexit>

an
<latexit sha1_base64="2t2imDR8eFJbWcNmECjDlODRnJI=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nY3Nre2d3dJeef/g8Oi4cnLa1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5m/udJ1SaJ/LRTFMMYjqSPOKMGiv5dJDL2aBSdWvuAmSdeAWpQoHWoPLVHyYsi1EaJqjWPc9NTZBTZTgTOCv3M40pZRM6wp6lksaog3xx7IxcWmVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IEBh2d4hTdHOi/Ou/OxbN1wipkz+APn8wcG5o7I</latexit>

an
<latexit sha1_base64="2t2imDR8eFJbWcNmECjDlODRnJI=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF0xbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nY3Nre2d3dJeef/g8Oi4cnLa1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5m/udJ1SaJ/LRTFMMYjqSPOKMGiv5dJDL2aBSdWvuAmSdeAWpQoHWoPLVHyYsi1EaJqjWPc9NTZBTZTgTOCv3M40pZRM6wp6lksaog3xx7IxcWmVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7YheKsvr5N2veZd1+oPjWqzUcRRgnO4gCvw4AaacA8t8IEBh2d4hTdHOi/Ou/OxbN1wipkz+APn8wcG5o7I</latexit> ⇡ b0 + . . .+ b100 ⇠100

c0 + . . .+ c100 ⇠100
<latexit sha1_base64="SrTo+TH+Rj8o3IOLMtHsStqzQqo="></latexit>

which in holography reveals

A(1)
�

2A(1)
�

3A(1)
�

3A(1)
+

2A(1)
+

A(1)
+

A(2)
+

A(2)
�

2A(2)
�

2A(2)
+

A(3)
+

A(3)
�

<latexit sha1_base64="v73xhb3OvrjbxO69Vsz9mBfy+k8=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCcJePGYgHlAsoTZSW8yZHZ2mZlVQgh496q/4E28+iv+gZ/hbLIHjRY0FFXddHcFieDauO6nU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvMr99j0rzWN6ZSYJ+RIeSh5xRY6XGQ79ccavuHOQv8XJSgRz1fvmrN4hZGqE0TFCtu56bGH9KleFM4KzUSzUmlI3pELuWShqh9qfzQ2fkxCoDEsbKljRkrv6cmNJI60kU2M6ImpFe9jLxXy9TlA710n4TXvlTLpPUoGSL9WEqiIlJlgUZcIXMiIkllCluPyBsRBVlxiZWstF4y0H8Ja2zqndRdRvnldp1HlIRjuAYTsGDS6jBLdShCQwQnuAZXpxH59V5c94XrQUnnzmEX3A+vgGf3pZf</latexit>w
0.0 0.2 0.4 0.6 0.8 1.0
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<latexit sha1_base64="rNM9ac93eBZAyoFwTlAMB5LJkTc=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzTHixWME84BkCbOT3mTM7OwyMyuEkKN3r/oL3sSrH+If+BnOJnvQxIKGoqqb7q4gEVwb1/1yVlbX1jc2C1vF7Z3dvf3SwWFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaObzG89otI8lvdmnKAf0YHkIWfUWKnZZVSQ616p7FbcGcgy8XJShhz1Xum7249ZGqE0TFCtO56bGH9CleFM4LTYTTUmlI3oADuWShqh9ieza6fk1Cp9EsbKljRkpv6emNBI63EU2M6ImqFe9DLxXy9TlA71wn4TVv0Jl0lqULL5+jAVxMQkC4T0uUJmxNgSyhS3HxA2pIoyY2Mr2mi8xSCWSfO84l1W3LuLcq2ah1SAYziBM/DgCmpwC3VoAIMHeIYXeHWenDfn3fmYt644+cwR/IHz+QOzopgB</latexit> A

<latexit sha1_base64="dGWu4CPdHA6aqUVppnaVkYU7c+Y="></latexit>

�A ⇠ e�#w · (. . .)

<latexit sha1_base64="Y1KYD5EHPGm+iJN3lRlhmXRIyJs="></latexit>

A ⇠ w�1 + . . .

<latexit sha1_base64="R7eWdFLNSrT8ylgINL6OGhon2F4=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQlKtaXeFblxWsA9oQplMJ+3QySTMTIQS8gXu3eovuBO3foV/4Gc4SSto0QMXDufcy733+DGjUlnWh7G2vrG5tV3aKe/u7R8cVo6OezJKBCZdHLFIDHwkCaOcdBVVjAxiQVDoM9L3Z+3c798TIWnE79Q8Jl6IJpwGFCOlJTd1MWKwnY1SOxtVqpZZbzZqjgMLctm0F6RWd6BtWgWqYInOqPLpjiOchIQrzJCUQ9uKlZcioShmJCu7iSQxwjM0IUNNOQqJ9NLi5gyea2UMg0jo4goW6s+JFIVSzkNfd4ZITeWql4t/erkiZCBX9qug4aWUx4kiHC/WBwmDKoJ5LHBMBcGKzTVBWFD9AcRTJBBWOryyjub7f/g/6dVM+9q0bq+qrcYypBI4BWfgAtjAAS1wAzqgCzCIwSN4As/Gg/FivBpvi9Y1YzlzAn7BeP8CUNSbLA==</latexit>

C1

<latexit sha1_base64="58Rth+WqJkVj9kxq5sj6TR3ZkUw=">AAACCXicdVDLSsNAFJ34rPVVdelmsAiuQlKtaXeFblxWsA9oQplMJ+3QySTMTIQS8gXu3eovuBO3foV/4Gc4SSto0QMXDufcy733+DGjUlnWh7G2vrG5tV3aKe/u7R8cVo6OezJKBCZdHLFIDHwkCaOcdBVVjAxiQVDoM9L3Z+3c798TIWnE79Q8Jl6IJpwGFCOlJTd1MWKwnY3SWjaqVC2z3mzUHAcW5LJpL0it7kDbtApUwRKdUeXTHUc4CQlXmCEph7YVKy9FQlHMSFZ2E0lihGdoQoaachQS6aXFzRk818oYBpHQxRUs1J8TKQqlnIe+7gyRmspVLxf/9HJFyECu7FdBw0spjxNFOF6sDxIGVQTzWOCYCoIVm2uCsKD6A4inSCCsdHhlHc33//B/0quZ9rVp3V5VW41lSCVwCs7ABbCBA1rgBnRAF2AQg0fwBJ6NB+PFeDXeFq1rxnLmBPyC8f4FUm+bLQ==</latexit>

C2

ambiguity in the inverse Borel transform
<latexit sha1_base64="mf+CGQZ2aN1VXabx1iYCRdeWOng="></latexit>✓Z

C1

d⇠ �
Z

C2

d⇠

◆
[e�w ⇠ wBA(⇠)]

reveals that the 1/w expansion diverges due to transient QNM

1302.0697 with Janik and Witaszczyk, …



Thermalization and perturbative expansions
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thermalization  QM with 
expectation value of   ground state energy

      gradient expansion in        perturbative series in 
      transient effects               instanton

1

w
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2
x2 (1�p

g x)2

g

e�1/(3g)(. . .)

Tμν

e−#w(…)

This parallel has allowed to borrow tools developed for perturbative 
expansions in QM and QFT to study thermalization in nuclear collisions

However, the key underlying assumption (the boost invariance) is an 
idealization; does this parallel survives in more realistic setups?

In particular, it led to a paradigm shift from a (n implicitly assumed)  
geometrically convergent hydrodynamic gradient expansion to a factorially 
divergent series governed by the notion of optimal truncations



Yes, it does (2021-)

2110.07621 and 2112.12794 with Serantes, Spaliński, Svensson, Withers
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First results beyond boost invariance
2110.07621 with Serantes, Spaliński, Svensson, Withers
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Introducing singulants

Instead of hunting numerically the behaviour                 , we can postulate it⇧(n) ⇠ �(n)

<latexit sha1_base64="gaxKi4PZSOA2IODZ+APVeCKR/Gk=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbMSMUuCy50WcE+oFPLnTRtQ5PMkGSEMtSNv+LGhSJu/Qt3/o3pY6GtBy6cnHMvufeEMWfaeN63k1lZXVvfyG7mtrZ3dvfc/YO6jhJFaI1EPFLNEDTlTNKaYYbTZqwoiJDTRji8mviNB6o0i+SdGcW0LaAvWY8RMFbquEdBld2nBXk2xoFmAgfXIATYd8fNe0VvCrxM/DnJozmqHfcr6EYkEVQawkHrlu/Fpp2CMoxwOs4FiaYxkCH0actSCYLqdjq9YIxPrdLFvUjZkgZP1d8TKQitRyK0nQLMQC96E/E/r5WYXrmdMhknhkoy+6iXcGwiPIkDd5mixPCRJUAUs7tiMgAFxNjQcjYEf/HkZVI/L/ql4sVtKV8pz+PIomN0ggrIR5eogm5QFdUQQY/oGb2iN+fJeXHenY9Za8aZzxyiP3A+fwCOkpWm</latexit>

⇧(n) ⇠ �(n)

�(t, x)n

<latexit sha1_base64="ZZPPkj3StNQhGOdhHa6+1eKfi9U=">AAACFXicbVDLSgMxFM3UV62vqks3wSK0UMqMVOyy4EKXFewDOm3JpJk2NMkMSUYsw/yEG3/FjQtF3Aru/BszbRfaeuDC4Zx7ufceL2RUadv+tjJr6xubW9nt3M7u3v5B/vCopYJIYtLEAQtkx0OKMCpIU1PNSCeUBHGPkbY3uUr99j2RigbiTk9D0uNoJKhPMdJGGuTLboP246IoJdBVlEPXlwjH7jXiHKVq7OIxLeryQ6kvkkG+YFfsGeAqcRakABZoDPJf7jDAESdCY4aU6jp2qHsxkppiRpKcGykSIjxBI9I1VCBOVC+efZXAM6MMoR9IU0LDmfp7IkZcqSn3TCdHeqyWvVT8z+tG2q/1YirCSBOB54v8iEEdwDQiOKSSYM2mhiAsqbkV4jEyuWgTZM6E4Cy/vEpa5xWnWrm4rRbqtUUcWXACTkEROOAS1MENaIAmwOARPINX8GY9WS/Wu/Uxb81Yi5lj8AfW5w8LWp4b</latexit>

and study  as a standalone object — the singulant. This makes sense, in 
particular we were able to derive and check its equations of motion:

χ

2112.12794 with Serantes, Spaliński, Svensson, Withers
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linearization
at large order of hydro

map to equilibrium
 linear response
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The meaning of singulants
Often upon taking a large number of something, the description simplifies in 
terms of new emergent degrees of freedom (e.g. the ’t Hooft limit)

In fact, the factorial ansatz leads to a linearization and reveals a new duality 
between singulants and the linear response theory:

2112.12794 with Serantes, Spaliński, Svensson, Withers

Here sums of a large number of different grandient terms reorganize 
themselves in terms of a simple singulant description
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Outlook



Summary
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thermalization  QM with 
expectation value of   ground state energy

          gradient expansion in        perturbative series in 
          transient effects               instanton

new: singulants
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Thank you


