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Quantum systems in extreme conditions

Ultrarelativistic heavy-ion collisions at RHIC (LHC) have provided for the past 
20 (10) years a unique experimental window on quantum fields of the strong 
force under extreme conditions existing otherwise only in the early universe
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The pheno paradigm for these experiments is based on creating a collective 
medium described hydrodynamically from very early times O(0.5 fm/c)

<latexit sha1_base64="4hyhcIYFuDoMmnTW2PHP/mXN3iM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoUGpSFcVVwY07K9gHNKFMppN26EwSZiZCCdm68VfcuFDErX/gzr9x0mahrQcuHM65l3vv8SJGpbKsb6OwtLyyulZcL21sbm3vmLt7bRnGApMWDlkouh6ShNGAtBRVjHQjQRD3GOl44+vM7zwQIWkY3KtJRFyOhgH1KUZKS30TJg5GDN6msGLVzp2qU4UOR2okeOLzE5we982yVbOmgIvEzkkZ5Gj2zS9nEOKYk0BhhqTs2Vak3AQJRTEjacmJJYkQHqMh6WkaIE6km0w/SeGRVgbQD4WuQMGp+nsiQVzKCfd0Z3alnPcy8T+vFyv/0k1oEMWKBHi2yI8ZVCHMYoEDKghWbKIJwoLqWyEeIYGw0uGVdAj2/MuLpF2v2ae1+t1ZuXGVx1EEB+AQVIANLkAD3IAmaAEMHsEzeAVvxpPxYrwbH7PWgpHP7IM/MD5/AIiEmFA=</latexit>
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see Silvia Masciocchi’s talk

see Alexander Kalweit’s talk



AdS/CFT: the strong coupling approach to HIC
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We do not have yet a technology to describe all aspects of HIC using QCD

This talk: replace QCD with certain strongly-coupled quantum field theories,

, and study the pheno paradigm with their ab initio AdS/CFT description*:
                                      and adding matter to make                a constantg2Nc � 1

<latexit sha1_base64="zWUloVOsKTSbYUjrEphMxYu3KVc=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mqoHgqePEkFewHtDFstpt06WYTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpByprTjfFsrq2vrG5ulrfL2zu5exd4/aKskk4S2SMIT2Q2wopwJ2tJMc9pNJcVxwGknGF1P/c4jlYol4l6PU+rFOBIsZARrI/l2JXqoo1s/JxPUjyLk+nbVqTkzoGXiFqQKBZq+/dUfJCSLqdCEY6V6rpNqL8dSM8LppNzPFE0xGeGI9gwVOKbKy2eHT9CJUQYoTKQpodFM/T2R41ipcRyYzhjroVr0puJ/Xi/T4aWXM5FmmgoyXxRmHOkETVNAAyYp0XxsCCaSmVsRGWKJiTZZlU0I7uLLy6Rdr7lntfrdebVxVcRRgiM4hlNw4QIacANNaAGBDJ7hFd6sJ+vFerc+5q0rVjFzCH9gff4A+MKR9w==</latexit>

SU(3)
<latexit sha1_base64="z42OtWnXxZpRIVSCc8BqFPLQQ/w=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXspuKyieCl48VnRtoV1KNs22odlkSbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+Qfnw6FHLVBHqE8ml6oRYU84E9Q0znHYSRXEcctoOxzczv/1ElWZSPJhJQoMYDwWLGMHGSv69X22c98sVt+bOgVaJl5MK5Gj1y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6CjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5LHes1r1Op3F5XmdR5HEU7gFKrgwSU04RZa4AMBBs/wCm+OcF6cd+dj0Vpw8plj+APn8weMd43U</latexit>

SU(Nc � 1)
<latexit sha1_base64="BfT/hYYI/VhF+m3wgENBK5Ucznk=">AAAB+HicbVBNS8NAEJ34WetHox69LBahXkpSBcVTwYsnqWjaQhvCZrtJl24+2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeX7KmVSW9W2srK6tb2yWtsrbO7t7FXP/oC2TTBDqkIQnoutjSTmLqaOY4rSbCoojn9OOP7qe+p1HKiRL4gc1Tqkb4TBmASNYackzK/dO7dbLyQT1wxDZp55ZterWDGiZ2AWpQoGWZ371BwnJIhorwrGUPdtKlZtjoRjhdFLuZ5KmmIxwSHuaxjii0s1nh0/QiVYGKEiErlihmfp7IseRlOPI150RVkO56E3F/7xepoJLN2dxmikak/miIONIJWiaAhowQYniY00wEUzfisgQC0yUzqqsQ7AXX14m7UbdPqs37s6rzasijhIcwTHUwIYLaMINtMABAhk8wyu8GU/Gi/FufMxbV4xi5hD+wPj8AcuIkdk=</latexit>

its gravity
description

certain QFT
(here: certain conformal field theory)

see also Paul Wittmer’s talk



Bjorken 1982
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A model for a heavy-ion collision

Idea: to be able to deal with many different initial non-equilibrium states, focus 
on the simplest setup that keeps the essence of the problem

Expansion only along the collision axis, no dynamics in transverse directions

Still difficult: employ the boost-invariance (“rotation” symmetry between time
and expansion axis)         physics depends only on proper time ⌧ =

q
x2
0 � x2

1
<latexit sha1_base64="COUYUDW84e5qDspoBsoH0u6T9H0=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIbixJFRRBKLhxWcFeoI1hMp20QycXZ07EErJ046u4caGIWx/BnW/jtM1CW38Y+PjPOZw5vxcLrsCyvo25+YXFpeXCSnF1bX1j09zabqgokZTVaSQi2fKIYoKHrA4cBGvFkpHAE6zpDS5H9eY9k4pH4Q0MY+YEpBdyn1MC2nLNvQ6QBF/gjrqTkD64qZXdVvAR1mRrylyzZJWtsfAs2DmUUK6aa351uhFNAhYCFUSptm3F4KREAqeCZcVOolhM6ID0WFtjSAKmnHR8SIYPtNPFfiT1CwGP3d8TKQmUGgae7gwI9NV0bWT+V2sn4J85KQ/jBFhIJ4v8RGCI8CgV3OWSURBDDYRKrv+KaZ9IQkFnV9Qh2NMnz0KjUraPy5Xrk1L1PI+jgHbRPjpENjpFVXSFaqiOKHpEz+gVvRlPxovxbnxMWueMfGYH/ZHx+QMDNJiq</latexit>

⌧ = 0

⌧ > 0 x0
<latexit sha1_base64="bBxD3sM5gabNhoCQ5fwtTlnKoN0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FLx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7p96bq9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVrzzSvXuoly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8JEo2b</latexit>

x1
<latexit sha1_base64="2Riey2pBcNash7Juk3cGgTfL62I=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FLx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7p96Xq9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVrzzSvXuoly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8Klo2c</latexit>

x1
<latexit sha1_base64="2Riey2pBcNash7Juk3cGgTfL62I=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FLx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7p96Xq9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVrzzSvXuoly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8Klo2c</latexit>

const     slice:x0
<latexit sha1_base64="bBxD3sM5gabNhoCQ5fwtTlnKoN0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FLx4r2g9oQ9lsN+3SzSbsTsQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7p96bq9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVrzzSvXuoly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx8JEo2b</latexit>
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Ab initio solution in strongly-couled QFTs
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1103.3452 with Janik & Witaszczyk (29 states);
1411.1969 by Jankowski, Plewa & Spaliński (> 600 states);
parametrization and plot from 1707.02282 with Florkowski & Spaliński

The object of central interest is                since it provides initial conditions 
for hydro in the pheno paradigm. Sample AdS/CFT n-eq states:

hTµ⌫i (x↵)
<latexit sha1_base64="ukqEZJBldCRl7337LcfkrZqEKyM=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIJewq4GFE+CF48KRoVsDL2T3mRwdnaZ6RXDkh/x4q948aCIBy/i3zh5HHwVNBRV3XR3RZmSlnz/05uYnJqemZ2bLy0sLi2vlFfXLmyaG4F1karUXEVgUUmNdZKk8CozCEmk8DK6OR74l7dorEz1OfUybCbQ0TKWAshJrXItVKA7Cvn5dREmOQ913uehGWmhwpi275wDKuvCwJCdLu20yhW/6g/B/5JgTCpsjNNW+T1spyJPUJNQYG0j8DNqFmBICoX9UphbzEDcQAcbjmpI0DaL4Xd9vuWUNo9T40oTH6rfJwpIrO0lketMgLr2tzcQ//MaOcUHzULqLCfUYrQozhWnlA+i4m1pUJDqOQLCSHcrF10wIMgFWnIhBL9f/ksudqvBXnX3rFY5OhzHMcc22CbbZgHbZ0fshJ2yOhPsnj2yZ/biPXhP3qv3Nmqd8MYz6+wHvI8vcWSiHA==</latexit>

w = ⌧ T (⌧)
<latexit sha1_base64="g13FLT79AVBaJS36lIjCCKCW0ag=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1iEClKSKiiCUHDjskJv0IQymU7aoZMLMydKKPVV3LhQxK0P4s63cdJmoa0/DHz85xzOmd+LBVdgWd/Gyura+sZmYau4vbO7t28eHLZVlEjKWjQSkex6RDHBQ9YCDoJ1Y8lI4AnW8ca3Wb3zwKTiUdiENGZuQIYh9zkloK2+WXrEN9gBkmDnDDcrGZ32zbJVtWbCy2DnUEa5Gn3zyxlENAlYCFQQpXq2FYM7IRI4FWxadBLFYkLHZMh6GkMSMOVOZsdP8Yl2BtiPpH4h4Jn7e2JCAqXSwNOdAYGRWqxl5n+1XgL+lTvhYZwAC+l8kZ8IDBHOksADLhkFkWogVHJ9K6YjIgkFnVdRh2AvfnkZ2rWqfV6t3V+U69d5HAV0hI5RBdnoEtXRHWqgFqIoRc/oFb0ZT8aL8W58zFtXjHymhP7I+PwBDb6TEg==</latexit>

viscous (1st order) hydro
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<latexit sha1_base64="IzgihxdTIp/HsTyivl/TW11P464="></latexit>

key surprise: simple hydro
applies when the system is
extremely              anisotropic
(i.e. far from equilibrium)

O(100%)
<latexit sha1_base64="0otWQIvdum5oeK8kbj1ySzgsJmE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LJZCvZSkCoqnghdvVrAf0ISy2W7apZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84KEM6Ud59sqbGxube8Ud0t7+weHR/bxSVvFqSS0RWIey26AFeVM0JZmmtNuIimOAk47wfhu7ncmVCoWiyc9Tagf4aFgISNYG6lv25lHMEcPM1R1HcerXPTtslNzFkDrxM1JGXI0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nJSxVNMBnjIe0ZKnBElZ8tLp+hilEGKIylKaHRQv09keFIqWkUmM4I65Fa9ebif14v1eGNnzGRpJoKslwUphzpGM1jQAMmKdF8aggmkplbERlhiYk2YZVMCO7qy+ukXa+5l7X641W5cZvHUYQzOIcquHANDbiHJrSAwASe4RXerMx6sd6tj2VrwcpnTuEPrM8fu/WRvQ==</latexit>

the effective temperature



Motivations for hydrodynamic attractors
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Key question: how to properly describe far-from equilibrium hydrodynamics?

w = ⌧ T (⌧)
<latexit sha1_base64="g13FLT79AVBaJS36lIjCCKCW0ag=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1iEClKSKiiCUHDjskJv0IQymU7aoZMLMydKKPVV3LhQxK0P4s63cdJmoa0/DHz85xzOmd+LBVdgWd/Gyura+sZmYau4vbO7t28eHLZVlEjKWjQSkex6RDHBQ9YCDoJ1Y8lI4AnW8ca3Wb3zwKTiUdiENGZuQIYh9zkloK2+WXrEN9gBkmDnDDcrGZ32zbJVtWbCy2DnUEa5Gn3zyxlENAlYCFQQpXq2FYM7IRI4FWxadBLFYkLHZMh6GkMSMOVOZsdP8Yl2BtiPpH4h4Jn7e2JCAqXSwNOdAYGRWqxl5n+1XgL+lTvhYZwAC+l8kZ8IDBHOksADLhkFkWogVHJ9K6YjIgkFnVdRh2AvfnkZ2rWqfV6t3V+U69d5HAV0hI5RBdnoEtXRHWqgFqIoRc/oFb0ZT8aL8W58zFtXjHymhP7I+PwBDb6TEg==</latexit>
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<latexit sha1_base64="tp7gU1lK2joj2temDCtryJe5YPY=">AAACHnicbVDLSgMxFL1TX7W+Rl26CRbBjWWmKoogVNy4cFGhD6FTSibNtKGZB0lGKMN8iRt/xY0LRQRX+jem7eCj9UDg3HPu5eYeN+JMKsv6NHJz8wuLS/nlwsrq2vqGubnVkGEsCK2TkIfi1sWSchbQumKK09tIUOy7nDbdweXIb95RIVkY1NQwom0f9wLmMYKVljrmceIQzNFFis6R4wlMkolQTTtJLUUH6Ke8TtPvwixaJWsMNEvsjBQhQ7VjvjvdkMQ+DRThWMqWbUWqnWChGOE0LTixpBEmA9yjLU0D7FPZTsbnpWhPK13khUK/QKGx+nsiwb6UQ9/VnT5WfTntjcT/vFasvNN2woIoVjQgk0VezJEK0Sgr1GWCEsWHmmAimP4rIn2sQ1I60YIOwZ4+eZY0yiX7sFS+OSpWzrI48rADu7APNpxABa6gCnUgcA+P8AwvxoPxZLwab5PWnJHNbMMfGB9fweehog==</latexit>

1302.0697 with Janik and Witaszczyk

Textbook
hydro: hTµ⌫

i = E uµu⌫ + P(E) (gµ⌫ + uµ u⌫)� ⌘(E)�µ⌫ +O(r2u)
<latexit sha1_base64="M/9wZazgzUlYqKeKFU4+l0J5PE0="></latexit>

We showed                                                        with Atextbook hydro = a1 w
�1 + a2 w

�2 + . . .
<latexit sha1_base64="GmVEq6N6TveF7Q4wx8jnVFe2zy4="></latexit>

an ⇠ n!
<latexit sha1_base64="O9uZLM5BPtsJSfPnJB7bFQTW4Hw=">AAAB9HicbVBNSwMxEJ2tX7V+VT16iRbBU9mtguKp4MVjBfsB7VKyabYNTbJrki2Upb/DiwdFvPpjvPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxndzvz2hSrNIPpppTH2Bh5KFjGBjJR/3UzlDPc0Ekqf9csWtuhnQKvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwums1Es0jTEZ4yHtWiqxoNpPs6Nn6NwqAxRGypY0KFN/T6RYaD0Vge0U2Iz0sjcX//O6iQlv/JTJODFUksWiMOHIRGieABowRYnhU0swUczeisgIK0yMzalkQ/CWX14lrVrVu6zWHq4q9ds8jiKcwBlcgAfXUId7aEATCDzBM7zCmzNxXpx352PRWnDymWP4A+fzBwJ3kZI=</latexit>

Furthermore:                                                        
⇠ e��j/w

�1

cos
�
!j/w

�1 + phasej
�

<latexit sha1_base64="HY9iK7QFtm43aQQ3FciNWGV2wXo="></latexit>

= ⇡ µ⌫
<latexit sha1_base64="cAqdWW0E2U4E721ewd1BnCdOxVc=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBU9iNgiIIAS8eI5gHZNcwO5kkQ2Znl3kIccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3RSlnSnvet7Oyura+sVnYKm7v7O6V3P2DpkqMJLRBEp7IdoQV5UzQhmaa03YqKY4jTlvR6Gbqtx6pVCwR93qc0jDGA8H6jGBtpa5bukZByh6yIDYoEGbSdctexZsBLRM/J2XIUe+6X0EvISamQhOOler4XqrDDEvNCKeTYmAUTTEZ4QHtWCpwTFWYzQ6foBOr9FA/kbaERjP190SGY6XGcWQ7Y6yHatGbiv95HaP7l2HGRGo0FWS+qG840gmapoB6TFKi+dgSTCSztyIyxBITbbMq2hD8xZeXSbNa8c8q1bvzcu0qj6MAR3AMp+DDBdTgFurQAAIGnuEV3pwn58V5dz7mrStOPnMIf+B8/gAt8ZLC</latexit>

see also Gerald Dunne’s talk



Replacing AdS/CFT by a hydrodynamic theory
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At least naively, the core of the problem lies in having a divergent hydro series
and exponentially suppressed contribution that controls equilibration

1503.07514 with Spaliński

AdS/CFT is complicated since there are    -many exponential contributions1
<latexit sha1_base64="qp6WoRvckd/2wSpwFzMj/lvo4Pk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRVUDwVvHisYD+gDWWz3bRrN7thdyKE0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2d++4lpw5V8wCxhQUyGkkecErRSq8dlhFm/XPGq3hzuKvFzUoEcjX75qzdQNI2ZRCqIMV3fSzCYEI2cCjYt9VLDEkLHZMi6lkoSMxNM5tdO3TOrDNxIaVsS3bn6e2JCYmOyOLSdMcGRWfZm4n9eN8XoOphwmaTIJF0silLhonJnr7sDrhlFkVlCqOb2VpeOiCYUbUAlG4K//PIqadWq/kW1dn9Zqd/kcRThBE7hHHy4gjrcQQOaQOERnuEV3hzlvDjvzseiteDkM8fwB87nD8EVjzg=</latexit>

Idea: a similar structure arises in theories of relativistic dissipative hydro:

Müller 1967, Israel 1976, Israel & Stewart 1976decay timescale
(⌧⇡ u

↵D↵ + 1) [⇡µ⌫ � (�⌘ �µ⌫)] = 0 ⇡µ⌫ = �⌘ �µ⌫ � ⌧⇡ u
↵D↵ ⇡µ⌫ � ⌧⇡ u

↵D↵ (⌘ �µ⌫)

T (⌧)
<latexit sha1_base64="YYu22D1nk6rgevFru1GmkOKxkAc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3CoqngBePEfKCZAmzk9lkyOzsMtMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuChIpDLrut5Pb2Nza3snvFvb2Dw6PiscnLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+H7ut5+4NiJWDZwk3I/oUIlQMIpWajfKPaTpZb9YcivuAmSdeBkpQYZ6v/jVG8QsjbhCJqkxXc9N0J9SjYJJPiv0UsMTysZ0yLuWKhpx408X587IhVUGJIy1LYVkof6emNLImEkU2M6I4sisenPxP6+bYnjrT4VKUuSKLReFqSQYk/nvZCA0ZygnllCmhb2VsBHVlKFNqGBD8FZfXietasW7qlQfr0u1uyyOPJzBOZTBgxuowQPUoQkMxvAMr/DmJM6L8+58LFtzTjZzCn/gfP4AjWCPBw==</latexit>

A(w)
<latexit sha1_base64="rF7EvnCBB228ugjj9Hnc9JIXQzQ=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CoqnihePFWwtbJeSTbNtaDZZklmlLP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpgIbsB1v53Cyura+kZxs7S1vbO7V94/aBuVaspaVAmlOyExTHDJWsBBsE6iGYlDwR7C0c3Uf3hk2nAl72GcsCAmA8kjTglYyc+6lAh8Pak+nfbKFbfmzoCXiZeTCsrR7JW/un1F05hJoIIY43tuAkFGNHAq2KTUTQ1LCB2RAfMtlSRmJshmJ0/wiVX6OFLalgQ8U39PZCQ2ZhyHtjMmMDSL3lT8z/NTiC6DjMskBSbpfFGUCgwKT//Hfa4ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmnXa95ZrX53Xmlc5XEU0RE6RlXkoQvUQLeoiVqIIoWe0St6c8B5cd6dj3lrwclnDtEfOJ8/R1GQkQ==</latexit>

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>

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>

EOM for boost-invariant flow: 2nd order ODE for        or, equivalently, the 
following master eqn for         :     

0712.2451 by Baier, Romatschke, Son, Starinets & Stephanov



The (hydro) attractor
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A
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P
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�
P
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P
<latexit sha1_base64="T9BLTh4f7bK5b/fTh9MaLCOqBOs="></latexit>

1st or 2nd order
gradient expansion

works well:
AH(w) = 8C⌘

1

w
+

16

3
C⌘ (C⌧⇡ � C�1)

1

w2
+ . . .

<latexit sha1_base64="edmx3zeFgLS2Nm9ayU1jK+tzo7k="></latexit>

divergent series, see also 1509.05046 by Basar & Dunne 
attractor = a particular resummation

built-in
exponential decay

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>

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>

“slow roll” approximates it well:
1503.07514 with Spaliński

Since 2015: many studies of finite / slow-roll solutions (= hydro attractors)

At w = 0 there is only
1 sensible solution with 
finite     and we called
it the (hydro) attractor  

A
<latexit sha1_base64="9D7ZpwPWnpadM4kNmwEaIcB/6HI=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8VLx4r2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKV2lmXUUluJr1S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9m907IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo86QvNGcqxJZRpYW8lbEg1ZWgjKtoQvMWXl0mzWvHOK9X7i3LtOo+jAMdwAmfgwSXU4A7q0AAGEp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4An8GPqw==</latexit>



A new look at hydrodynamic attractors
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The idea of attractors arose as a way of providing a preferred resummation 
of divergent hydrodynamic series and, eventually, of doing hydro better

1910.xxxxx with Ro Jefferson, Michal Spaliński and Viktor Svensson

It is not clear at this level if solutions having a finite           / slow-roll solutions 
are phenomenologically interesting. In particular, for a generic solution, hydro 
attractor of 1503.07514 becomes relevant only from some time onwards

A(w = 0)
<latexit sha1_base64="qXgBQ0kXJqvta/D7HflYYJh3860=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9mtgiIIFS8eK9gPaJeSTbNtaJJdk6xSlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL4g508Z1v52l5ZXVtfXcRn5za3tnt7C339BRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5M/OYjVZpF8t6MYuoL3JcsZAQbK7WuS0/oCrkn3ULRLbtToEXiZaQIGWrdwlenF5FEUGkIx1q3PTc2foqVYYTTcb6TaBpjMsR92rZUYkG1n07vHaNjq/RQGClb0qCp+nsixULrkQhsp8BmoOe9ifif105MeOGnTMaJoZLMFoUJRyZCk+dRjylKDB9Zgoli9lZEBlhhYmxEeRuCN//yImlUyt5puXJ3VqxeZnHk4BCOoAQenEMVbqEGdSDA4Rle4c15cF6cd+dj1rrkZDMH8AfO5w/QW458</latexit>

New idea: make use of expansion and dissipation to argue for a reduction of 
effective degrees of freedom in heavy-ion collision setups (~ local “attractors”)



Dimensionality reduction in phase space
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Let’s revisit the theory of hydrodynamics: EOMs are 2nd order ODEs for T (⌧)
<latexit sha1_base64="YYu22D1nk6rgevFru1GmkOKxkAc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3CoqngBePEfKCZAmzk9lkyOzsMtMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuChIpDLrut5Pb2Nza3snvFvb2Dw6PiscnLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+H7ut5+4NiJWDZwk3I/oUIlQMIpWajfKPaTpZb9YcivuAmSdeBkpQYZ6v/jVG8QsjbhCJqkxXc9N0J9SjYJJPiv0UsMTysZ0yLuWKhpx408X587IhVUGJIy1LYVkof6emNLImEkU2M6I4sisenPxP6+bYnjrT4VKUuSKLReFqSQYk/nvZCA0ZygnllCmhb2VsBHVlKFNqGBD8FZfXietasW7qlQfr0u1uyyOPJzBOZTBgxuowQPUoQkMxvAMr/DmJM6L8+58LFtzTjZzCn/gfP4AjWCPBw==</latexit>

The phase space* therefore is 2D: for each    a state is parametrized by (T, T 0)
<latexit sha1_base64="BfB28jaxiTKyIGGP+A9DMK2WTDc=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJWkLJbBcVTwYvHCv2CdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz321lZXVvf2Mxt5bd3dvf2CweHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDf1W09UaSZF3Yxj6kd4IFjICDZWapbqF/Wz816h6JbdGdAy8TJShAy1XuGr25ckiagwhGOtO54bGz/FyjDC6STfTTSNMRnhAe1YKnBEtZ/Orp2gU6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeGNnzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgPI2BG/x5WXSrJS9y3Ll4apYvc3iyMExnEAJPLiGKtxDDRpA4BGe4RXeHOm8OO/Ox7x1xclmjuAPnM8f4oCN/g==</latexit>

⌧
<latexit sha1_base64="jMiVtFveIuN6lxEBViG3UGO5MwE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FLx4r2A9oQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IJbCout+O2vrG5tb26Wd8u7e/sFh5ei4baPEMN5ikYxMN6CWS6F5CwVK3o0NpyqQvBNM7nK/88SNFZF+xGnMfUVHWoSCUcylPtJkUKm6NXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhjZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTzlLARv+eVV0q7XvMta/eGq2rgt4ijBKZzBBXhwDQ24hya0gMEYnuEV3hzlvDjvzseidc0pZk7gD5zPHyATjkQ=</latexit>

Time evolution turns out to dimensionally reduce regions of phase space:

●●
●
●●●●
●
●

●●●
●● ●
●

●● ●●●
●

●●●
●●●●
●
●●●● ●●

●
● ●●●●
● ●●
●
● ●● ●
●●●●●

●
●● ●●● ●●●

●
●

●●●● ●●
●●
●

●
● ●● ●
●●
●●●●
●●●●

●
●
●●●●

●
●●●●
●
●
●●●
●●
●●

●
●●

●●●●● ●
●
●●
●● ●

● ●●
●●●

●●●
●

●
●
● ●●●● ●●
●●● ●●
●●

●●
●
●

●
●

●
● ●●
●●

●●
●

●
●●

● ●●●●●● ●●
●●
●

●●
●

●●
●
●●●●
●

● ●

0 1 2 3 4 5 6 7

-2

-1

0

1

2

3

4

5

●●●●●●●● ●●●●●● ●●●● ●●● ●●●●●●●● ●●●●● ●●●● ●●●●●●●●● ●●●●●●●●
●●● ●●● ●●● ●●●●●

● ●● ●●●●● ●● ●●●●●●●●●●●● ●●●●●
●●●●●●●●●● ●●●●● ●●

●●●●●
●●●● ●● ●● ●●●●●● ●● ●●●● ●●●●

●●●● ● ●
●●● ●● ●●●●

●
● ●●●●

●● ●●●●●
●●● ●●● ●

● ● ●●●● ●●●
●●● ●● ●● ●

0 1 2 3 4 5 6 7
-1.5
-1.0
-0.5
0.0
0.5
1.0

●●●●●●●●●●●●●● ●●●● ●●● ●●●●●●●● ●●●●●●●●● ●●●●●●●●● ●●●●●●●●
●●● ●●● ●●● ●●●●●● ●●●●●●● ●● ●●●●●●●●●●●● ●●●●●●●●●●●●●●● ●●●●● ●●

●●●●● ●●●● ●● ●● ●●●●●● ●● ●●●● ●●●● ●●●● ● ●●●● ●● ●●●● ●● ●●●● ●● ●●●●● ●●● ●●● ●● ●●●●● ●●● ●●● ●● ●● ●

0 1 2 3 4 5 6 7
-1.5
-1.0
-0.5
0.0
0.5
1.0

We expect this phenomenon to be generic, i.e. apply also e.g. in AdS/CFT

1910.xxxxx with Ro Jefferson, Michal Spaliński and Viktor Svensson

viscous hydro

attractor



Comments on the new idea
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Our present expectation is that after some short time some directions in 
phase space become locally irrelevant

As a result, all initial states localized in a finite phase space volume end up on 
a lower D manifold

From what we explored so far, a good way of detecting and parametrizing 
dimensional reduction is the principal component analysis. This can help in the 
really interesting cases (AdS/CFT, kinetic theory) when phase space is      D1

<latexit sha1_base64="qp6WoRvckd/2wSpwFzMj/lvo4Pk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRVUDwVvHisYD+gDWWz3bRrN7thdyKE0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2d++4lpw5V8wCxhQUyGkkecErRSq8dlhFm/XPGq3hzuKvFzUoEcjX75qzdQNI2ZRCqIMV3fSzCYEI2cCjYt9VLDEkLHZMi6lkoSMxNM5tdO3TOrDNxIaVsS3bn6e2JCYmOyOLSdMcGRWfZm4n9eN8XoOphwmaTIJF0silLhonJnr7sDrhlFkVlCqOb2VpeOiCYUbUAlG4K//PIqadWq/kW1dn9Zqd/kcRThBE7hHHy4gjrcQQOaQOERnuEV3hzlvDjvzseiteDkM8fwB87nD8EVjzg=</latexit>

A pheno potential of this idea might lie in the fact that in heavy-ion collisions 
we might then not care about evolving all initial states till late times, but 
rather just representatives from different points of this lower D manifold

1910.xxxxx with Ro Jefferson, Michal Spaliński and Viktor Svensson



Summary
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hydro attractors = a surprising spin-off of AdS/CFT studies having to do with
a discovery that hydro works much better than expected

AdS/CFT allowed to understand the transition to hydrodynamics in a class of 
strongly-coupled quantum field theories in a completely ab initio manner

A new look on attractors: instead of thinking about globally special solutions, 
focus on dimensionality reduction in the phase space picture

Connections to other disciplines: numerical relativity, heavy-ion collisions 
pheno, theory of resurgence, theories of relativistic hydro, dynamical systems

Its outlook: any macroscopic solution is a resummation of hydrodynamics, but 
various groups of solutions tend to become indistinguishable very early on



THANK YOU
AND PLEASE STAY TUNED,

IN PARTICULAR:

have a look at 1910.xxxxx with Ro Jefferson, Michal Spaliński
and Viktor Svensson when it appears on the arXiv next month

see Viktor Svensson’s talk on Wed 12:00-12:30 on ab initio modelling
of equilibration processes in (1+1)-dim. QFTs using tensor networks


