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Based on [1910.00021] and ongoing work 
with Weiyao Ke, Li Yan, and Yi Yin
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Equilibration of strongly-interacting matter in heavy-ion collisions

⇠ 1 fm/c
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time

hadron gashydrodynamicsfar from equilibrium initial state

0.4 fm/c
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Hydrodynamization near equilibrium

Slow “hydrodynamic modes”

many degrees of 
freedom  are important

Decay of fast 
“non-hydrodynamic” modes

𝜏!"#$% 𝜏

Perturbation in 
microscopic theory

dynamics governed by 
conservation laws

Near-equilibrium

Microscopic theories
Kinetic theory

AdS/CFT
…

Hydrodynamics

QGP

✏(⌧), uµ(⌧)
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Equilibration of strongly-interacting matter in heavy-ion collisions

⇠ 1 fm/c
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⇠ 10 fm/c
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time

hadron gashydrodynamicsfar from equilibrium initial state

Evolution of initial state to hydrodynamics in kinetic theory

This talk: description of far-from-equilibrium systems and onset of hydrodynamics

0.4 fm/c
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A. Mazeliauskas, next talk
X. Du 15:20



QCD effective kinetic theory

5

Heller, Spalinski [1503.07514]
⌧T
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Far-from-equilibrium universality in hydrodynamics

equilibrium

Almaalol, Kurkela, Strickland [2004.05195]

Onset of hydrodynamics far-from-equilibrium?

Jasmine Brewer (CERN)

Extensive work: Heller, Spalinski, Svensson, Romatschke, Strickland, Noronha, Denicol, Kurkela, Wiedemann, Wu, Martinez, ….
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Kurkela, van der Schee, Wiedemann, Wu [1907.08101]

Free-streaming and hydrodynamic attractors

(qualitatively similar results 
for Israel-Stewart)

Rapid expansion 
without collisions Collisions

⌧R
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: relaxation timescale

relaxation time approximation
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Kurkela, van der Schee, Wiedemann, Wu [1907.08101]

Free-streaming and hydrodynamic attractors

(qualitatively similar results 
for Israel-Stewart)

Rapid expansion 
without collisions Collisions

⌧R

<latexit sha1_base64="4VoKR+/ZezJ0GfP3q4gBQulJMtU=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cq9gPaUDbbTbt2swm7E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFg94DjhfkQHSoSCUbRSs4s07d33yhW36s5AlomXkwrkqPfKX91+zNKIK2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesVTRiBs/m107ISdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xwys+ESlLkis0XhakkGJPp66QvNGcox5ZQpoW9lbAh1ZShDahkQ/AWX14mzbOqd169uDuv1K7zOIpwBMdwCh5cQg1uoQ4NYPAIz/AKb07svDjvzse8teDkM4fwB87nD32ZjxU=</latexit>

: relaxation timescale

relaxation time approximation

Collectivity can be generated by small number of final-state interactions

Motivates understanding the transition from free-streaming to hydrodynamics

R. Tornkvist, 15:00

Borghini, Feld, Kerstig [1804.05729], Kurkela, Wiedemann, Wu [1905.05139], Kurkela, Mazeliauskas, Tornkvist [2104.08179]
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Z

p
p
⇣
@⌧f � pz

⌧
@pzf = �C[f ]

⌘

<latexit sha1_base64="5f0OfyMRqdoWuiHlXGeq8WBVFgA="></latexit>

Hydrodynamization in kinetic theory

longitudinal 
expansion

collisions
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Z

p
p
⇣
@⌧f � pz

⌧
@pzf = �C[f ]

⌘

<latexit sha1_base64="5f0OfyMRqdoWuiHlXGeq8WBVFgA="></latexit>

Hydrodynamization in kinetic theory

�1

⌧
(. . . )F

<latexit sha1_base64="1YLEK/xnHkrTaa4DRgymLpN1RpA=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEurAkUtFlURCXFewDmlAm00k7dPJg5kYoIbjxV9y4UMStX+HOv3HaZqGtBwYO59zDnXu8WHAFlvVtFJaWV1bXiuuljc2t7R1zd6+lokRS1qSRiGTHI4oJHrImcBCsE0tGAk+wtje6nvjtByYVj8J7GMfMDcgg5D6nBLTUMw9OHV8SmtpZ6gBJMlxx+hGoE3zTM8tW1ZoCLxI7J2WUo9Ezv3SUJgELgQqiVNe2YnBTIoFTwbKSkygWEzoiA9bVNCQBU246PSHDx1rpYz+S+oWAp+rvREoCpcaBpycDAkM1703E/7xuAv6lm/IwToCFdLbITwSGCE/6wH0uGQUx1oRQyfVfMR0SXQno1kq6BHv+5EXSOqvater5Xa1cv8rrKKJDdIQqyEYXqI5uUQM1EUWP6Bm9ojfjyXgx3o2P2WjByDP76A+Mzx/8HZaG</latexit>

@⌧F

<latexit sha1_base64="C58R4BF89O2CM3K0sjbU9jz7S1g=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5JIRZdFQVxWsA9oQriZTtqhk0mYmQi19EvcuFDErZ/izr9x0mahrQcuHM65d+beE6acKe0431ZpbX1jc6u8XdnZ3duv2geHHZVkktA2SXgieyEoypmgbc00p71UUohDTrvh+Cb3u49UKpaIBz1JqR/DULCIEdBGCuyql4LUDHjgacjwbWDXnLozB14lbkFqqEArsL+8QUKymApNOCjVd51U+9P8UcLprOJliqZAxjCkfUMFxFT50/niM3xqlAGOEmlKaDxXf09MIVZqEoemMwY9UsteLv7n9TMdXflTJtJMU0EWH0UZxzrBeQp4wCQlmk8MASKZ2RWTEUgg2mRVMSG4yyevks553W3UL+4bteZ1EUcZHaMTdIZcdIma6A61UBsRlKFn9IrerCfrxXq3PhatJauYOUJ/YH3+AH+rkv0=</latexit>

(. . . )F

<latexit sha1_base64="/ADvgNQ8o25R9zT+NGVUzdmfLfI=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBHqpsxIRZdFQVxWsA9ph5JJM21oMjMkd4RS+hVuXCji1s9x59+YtrPQ1gOBwzn3kHtPkEhh0HW/nZXVtfWNzdxWfntnd2+/cHDYMHGqGa+zWMa6FVDDpYh4HQVK3ko0pyqQvBkMb6Z+84lrI+LoAUcJ9xXtRyIUjKKVHkudXozmjNx2C0W37M5AlomXkSJkqHULXzbKUsUjZJIa0/bcBP0x1SiY5JN8JzU8oWxI+7xtaUQVN/54tvCEnFqlR8JY2xchmam/E2OqjBmpwE4qigOz6E3F/7x2iuGVPxZRkiKP2PyjMJUEYzK9nvSE5gzlyBLKtLC7EjagmjK0HeVtCd7iycukcV72KuWL+0qxep3VkYNjOIESeHAJVbiDGtSBgYJneIU3RzsvzrvzMR9dcbLMEfyB8/kDpSqPqQ==</latexit>

(sometimes)
Here: RTA

F: angular distribution with dimension of the stress tensor

Nonlinear kernels: 
JB, Scheihing-Hitschfeld, Yin (in progress)
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 = (✏,L1,L2, ...)
<latexit sha1_base64="D+iuA/eeONMY/Pwzv4Fvte37WCI=">AAACHXicbVDLSsNAFJ34rPUVdelmsAgVSkhqQTdC0Y0LFxXsA5oQJtNpO3QyCTMToYT+iBt/xY0LRVy4Ef/GSZuFbT0wcOace7n3niBmVCrb/jFWVtfWNzYLW8Xtnd29ffPgsCWjRGDSxBGLRCdAkjDKSVNRxUgnFgSFASPtYHST+e1HIiSN+IMax8QL0YDTPsVIack3a24sKbyCZZdowiJegW6I1BAjlt5NfGf+W61Ay7LOfLNkW/YUcJk4OSmBHA3f/HJ7EU5CwhVmSMquY8fKS5FQFDMyKbqJJDHCIzQgXU05Con00ul1E3iqlR7sR0I/ruBU/duRolDKcRjoymxVuehl4n9eN1H9Sy+lPE4U4Xg2qJ8wqCKYRQV7VBCs2FgThAXVu0I8RAJhpQMt6hCcxZOXSatqOedW9b5Wql/ncRTAMTgBZeCAC1AHt6ABmgCDJ/AC3sC78Wy8Gh/G56x0xch7jsAcjO9fGxigBg==</latexit>

Bjorken expansion

F✏(cos ✓; ⌧) = ✏(⌧) +
X

n=1

4n+ 1

2
Ln(⌧)P2n(cos ✓)

<latexit sha1_base64="HZJiyExB0ZCr0XWuSw/djD+b014="></latexit>

Truncate using moment expansion

Evolution of 𝐹 ⌧@⌧ = �H(⌧) 

<latexit sha1_base64="qtjXjPgHI4CK+EzNvQENTb7/ZeI=">AAACG3icbVDLSsNAFJ34rPUVdelmsAh1YUlKRTdC0U2XFewDmlBuppN26OTBzEQoof/hxl9x40IRV4IL/8ZJm4W2Hhg4c8693HuPF3MmlWV9Gyura+sbm4Wt4vbO7t6+eXDYllEiCG2RiEei64GknIW0pZjitBsLCoHHaccb32Z+54EKyaLwXk1i6gYwDJnPCCgt9c2qoyDBTgxCMeD9/CcZvsbn2AlAjQjwtDEtZ87ZzOqbJatizYCXiZ2TEsrR7JufziAiSUBDRThI2bOtWLlpNpJwOi06iaQxkDEMaU/TEAIq3XR22xSfamWA/UjoFyo8U393pBBIOQk8XZltKxe9TPzP6yXKv3JTFsaJoiGZD/ITjlWEs6DwgAlKFJ9oAkQwvSsmIxBAlI6zqEOwF09eJu1qxa5VLu5qpfpNHkcBHaMTVEY2ukR11EBN1EIEPaJn9IrejCfjxXg3PualK0bec4T+wPj6AZWSoII=</latexit>



⌧@⌧ = �H(⌧) 

<latexit sha1_base64="qtjXjPgHI4CK+EzNvQENTb7/ZeI=">AAACG3icbVDLSsNAFJ34rPUVdelmsAh1YUlKRTdC0U2XFewDmlBuppN26OTBzEQoof/hxl9x40IRV4IL/8ZJm4W2Hhg4c8693HuPF3MmlWV9Gyura+sbm4Wt4vbO7t6+eXDYllEiCG2RiEei64GknIW0pZjitBsLCoHHaccb32Z+54EKyaLwXk1i6gYwDJnPCCgt9c2qoyDBTgxCMeD9/CcZvsbn2AlAjQjwtDEtZ87ZzOqbJatizYCXiZ2TEsrR7JufziAiSUBDRThI2bOtWLlpNpJwOi06iaQxkDEMaU/TEAIq3XR22xSfamWA/UjoFyo8U393pBBIOQk8XZltKxe9TPzP6yXKv3JTFsaJoiGZD/ITjlWEs6DwgAlKFJ9oAkQwvSsmIxBAlI6zqEOwF09eJu1qxa5VLu5qpfpNHkcBHaMTVEY2ukR11EBN1EIEPaJn9IrejCfjxXg3PualK0bec4T+wPj6AZWSoII=</latexit>

Jasmine Brewer (CERN) 11

 = (✏,L1,L2, ...)
<latexit sha1_base64="D+iuA/eeONMY/Pwzv4Fvte37WCI=">AAACHXicbVDLSsNAFJ34rPUVdelmsAgVSkhqQTdC0Y0LFxXsA5oQJtNpO3QyCTMToYT+iBt/xY0LRVy4Ef/GSZuFbT0wcOace7n3niBmVCrb/jFWVtfWNzYLW8Xtnd29ffPgsCWjRGDSxBGLRCdAkjDKSVNRxUgnFgSFASPtYHST+e1HIiSN+IMax8QL0YDTPsVIack3a24sKbyCZZdowiJegW6I1BAjlt5NfGf+W61Ay7LOfLNkW/YUcJk4OSmBHA3f/HJ7EU5CwhVmSMquY8fKS5FQFDMyKbqJJDHCIzQgXU05Con00ul1E3iqlR7sR0I/ruBU/duRolDKcRjoymxVuehl4n9eN1H9Sy+lPE4U4Xg2qJ8wqCKYRQV7VBCs2FgThAXVu0I8RAJhpQMt6hCcxZOXSatqOedW9b5Wql/ncRTAMTgBZeCAC1AHt6ABmgCDJ/AC3sC78Wy8Gh/G56x0xch7jsAcjO9fGxigBg==</latexit>

Bjorken expansion

(✏, 0, 0, ...)
<latexit sha1_base64="dTjLzyOlY/+4H2VOi8TNGiwjlH8="></latexit>

(✏,L1,L2, ...)
<latexit sha1_base64="yS8PIrowc/42nImsiKROvm6mi7g="></latexit>

hydrodynamization

Fig adapted from KoMPoST [1805.00961]

F✏(cos ✓; ⌧) = ✏(⌧) +
X

n=1

4n+ 1

2
Ln(⌧)P2n(cos ✓)

<latexit sha1_base64="HZJiyExB0ZCr0XWuSw/djD+b014="></latexit>

P0
<latexit sha1_base64="PtyPCvKnE8BIPxHZV7JkVbV8oGo=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSJjUii6LblxWsA9IQ5hMJ+3QyYOZiVBCVm78FTcuFHHrN7jzb5ymWWjrgQuHc+69c+f4CWdSIfRtLC2vrK6tVzaqm1vbO7vm3n5HxqkgtE1iHouejyXlLKJtxRSnvURQHPqcdv3xzdTvPlAhWRzdq0lC3RAPIxYwgpWWPPMo6xdLHDH03QxZF2fIsnU18paHcs+sIQsVgIvELkkNlGh55ld/EJM0pJEiHEvp2ChRboaFYoTTvNpPJU0wGeMhdTSNcEilmxUX5PBEKwMYxEJXpGCh/p7IcCjlJPR1Z4jVSM57U/E/z0lVcOVmLEpSRSMyeyhIOVQxnGYCB0xQovhEE0wE07dCMsICE6WTq+oQ7PkvL5JO3bLPrfpdo9a8LuOogENwDE6BDS5BE9yCFmgDAh7BM3gFb8aT8WK8Gx+z1iWjnDkAf2B8/gBZrpca</latexit>

P2
<latexit sha1_base64="pl31ovw9lUl3PLNHa4Z4b7UQlQ8=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJAVVJKQK2ChbGItGHlEaR4zqtVceJbAepirKw8CssDCDEyj+w8Te4aQZoOdKVjs659/r6+DGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwignbUUVI71YEBT6jHT98c3U7z4QIWnE79UkJm6IhpwGFCOlJc88TPv5EkcMfTe1Tq3aua6rRtby6plnVq2alQMuErsgVVCg5Zlf/UGEk5BwhRmS0rGtWLkpEopiRrJKP5EkRniMhsTRlKOQSDfND8jgsVYGMIiELq5grv6eSFEo5ST0dWeI1EjOe1PxP89JVHDpppTHiSIczx4KEgZVBKeRwAEVBCs20QRhQfWtEI+QQFjp4Co6BHv+y4ukU6/ZZ7X6XaPavC7iKIMDcAROgA0uQBPcghZoAwwewTN4BW/Gk/FivBsfs9aSUczsgz8wPn8A9dKW7A==</latexit>

P4
<latexit sha1_base64="wM25+aYzmq9uNXpO62H81UU1bgw=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExoCgpLTBWsDAWiT6kNIoc12mtOk5kO0hV1JGFX2FhACFWPoGNv8FNM0DLkWwdnXPv9fUJEkalsu1vY2l5ZXVtvbRR3tza3tk19/bbMk4FJi0cs1h0AyQJo5y0FFWMdBNBUBQw0glGN1O/80CEpDG/V+OEeBEacBpSjJSWfPMo6+VDXDEIvMy2qme2dVHXl1OfNP3axDcrtmXngIvEKUgFFGj65levH+M0IlxhhqR0HTtRXoaEopiRSbmXSpIgPEID4mrKUUSkl+U7TOCJVvowjIU+XMFc/d2RoUjKcRToygipoZz3puJ/npuq8MrLKE9SRTiePRSmDKoYTlOBfSoIVmysCcKC6l0hHiKBsNLZlXUIzvyXF0m7ajnnVvWuVmlcF3GUwCE4BqfAAZegAW5BE7QABo/gGbyCN+PJeDHejY9Z6ZJR9ByAPzA+fwBaopeb</latexit>

Evolution of 𝐹

Truncate using moment expansion



Jasmine Brewer (CERN) 12

Eigenvalues of 

slow mode

fast modes

Ground state: far-from-equilibrium slow mode

Early times: �E ⇠ 1

⌧

<latexit sha1_base64="YTQaAzphVOJpTWzaK2G2FSs7pIY=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkosviA1xWsA9oSplMJ+3QmSTM3AglZOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r3HjwXX4DjfVmFpeWV1rbhe2tjc2t6xd/eaOkoUZQ0aiUi1faKZ4CFrAAfB2rFiRPqCtfzR1cRvPTCleRTewzhmXUkGIQ84JWCknn3oXTMBBN9gT3OJvUARmrpZ6gFJsp5ddirOFHiRuDkpoxz1nv3l9SOaSBYCFUTrjuvE0E2JAk4Fy0peollM6IgMWMfQkEimu+n0iwwfG6WPg0iZCgFP1d8TKZFaj6VvOiWBoZ73JuJ/XieB4KKb8jBOgIV0tihIBIYITyLBfa4YBTE2hFDFza2YDokJAkxwJROCO//yImmeVtxq5eyuWq5d5nEU0QE6QifIReeohm5RHTUQRY/oGb2iN+vJerHerY9Za8HKZ/bRH1ifP7aemBo=</latexit>

Late times: �E ⇠ 1

⌧R

<latexit sha1_base64="jBt2wPbJ7utBbMrdbbMthq2Ue5Y=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUQquiw+wGUV+4AmhMl00g6dPJi5EUrIzo2/4saFIm79BXf+jdM2C209cOFwzr3ce4+fCK7Asr6NhcWl5ZXV0lp5fWNza9vc2W2pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Q8vx377gUnF4+geRglzQ9KPeMApAS155oFzxQQQfI0dxUPsBJLQzM4zB0jq3eWeWbGq1gR4ntgFqaACDc/8cnoxTUMWARVEqa5tJeBmRAKnguVlJ1UsIXRI+qyraURCptxs8keOj7TSw0EsdUWAJ+rviYyESo1CX3eGBAZq1huL/3ndFIJzN+NRkgKL6HRRkAoMMR6HgntcMgpipAmhkutbMR0QHQXo6Mo6BHv25XnSOqnaterpba1SvyjiKKF9dIiOkY3OUB3doAZqIooe0TN6RW/Gk/FivBsf09YFo5jZQ39gfP4AIiiY3w==</latexit>
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⌧

⌧R
HH

<latexit sha1_base64="liCOsavdB2xjfFUL8hLAn7jt7jM=">AAACKHicbVDLSsNAFJ34rPUVdelmsAiCUBKp6EYsCtJlFfuAJoTJdNIOnTyYmQgl5HPc+CtuRBTp1i9xkmbRhwdmOHPuucy9x40YFdIwJtrK6tr6xmZpq7y9s7u3rx8ctkUYc0xaOGQh77pIEEYD0pJUMtKNOEG+y0jHHd1n9c4L4YKGwbMcR8T20SCgHsVIKsnRby0fySFGLGmk8AbOvJwHeA4tjyOcWBLFaX47T+mcp+HoFaNq5IDLxCxIBRRoOvqn1Q9x7JNAYoaE6JlGJO0EcUkxI2nZigWJEB6hAekpGiCfCDvJF03hqVL60Au5OoGEuTrbkSBfiLHvKmc2pFisZeJ/tV4svWs7oUEUSxLg6UdezKAMYZYa7FNOsGRjRRDmVM0K8RCpbKTKtqxCMBdXXibti6pZq14+1ir1uyKOEjgGJ+AMmOAK1EEDNEELYPAK3sEX+NbetA/tR5tMrSta0XME5qD9/gFJ76bE</latexit>

H

<latexit sha1_base64="0/NBCd4TTG8eKgsJgOG9+DCnYt0=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS0WXRTZcV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuH0Pvd7T0wbruQjzBIWxGQsecQpASv5g5jAhBKRtebDas2tuwvgdeIVpIYKtIfVr8FI0TRmEqggxviem0CQEQ2cCjavDFLDEkKnZMx8SyWJmQmyReQ5vrDKCEdK2ycBL9TfGxmJjZnFoZ3MI5pVLxf/8/wUotsg4zJJgUm6/ChKBQaF8/vxiGtGQcwsIVRzmxXTCdGEgm2pYkvwVk9eJ92ruteoXz80as27oo4yOkPn6BJ56AY1UQu1UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHfYmRZg==</latexit>

RTA:



pL
✏

<latexit sha1_base64="AIw024CA6GV+wrmj3aKaZexWtpc=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWakosuiGxcuKtgHdIYhk2ba0EwSkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hNLRrXxvG9naXlldW29tFHe3Nre2XX39ltaZAqTJhZMqE6MNGGUk6ahhpGOVASlMSPteHg98dsPRGkq+L0ZSRKmqM9pQjEyVorcwyBRCOcyuh3nAZGaMsHHkVvxqt4UcJH4BamAAo3I/Qp6Amcp4QYzpHXX96QJc6QMxYyMy0GmiUR4iPqkaylHKdFhPr1+DE+s0oOJULa4gVP190SOUq1HaWw7U2QGet6biP953cwkl2FOucwM4Xi2KMkYNAJOooA9qgg2bGQJworaWyEeIBuHsYGVbQj+/MuLpHVW9WvV87tapX5VxFECR+AYnAIfXIA6uAEN0AQYPIJn8ArenCfnxXl3PmatS04xcwD+wPn8AV7TldQ=</latexit>

Kurkela, van der Schee, Wiedemann, Wu [1907.08101]

Initial conditions decay to 
ground state on time scale set 

by energy gap

Jasmine Brewer (CERN) 13

Eigenvalues of 

slow mode

fast modes

Ground state: far-from-equilibrium slow mode

Early times: �E ⇠ 1

⌧

<latexit sha1_base64="YTQaAzphVOJpTWzaK2G2FSs7pIY=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkosviA1xWsA9oSplMJ+3QmSTM3AglZOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r3HjwXX4DjfVmFpeWV1rbhe2tjc2t6xd/eaOkoUZQ0aiUi1faKZ4CFrAAfB2rFiRPqCtfzR1cRvPTCleRTewzhmXUkGIQ84JWCknn3oXTMBBN9gT3OJvUARmrpZ6gFJsp5ddirOFHiRuDkpoxz1nv3l9SOaSBYCFUTrjuvE0E2JAk4Fy0peollM6IgMWMfQkEimu+n0iwwfG6WPg0iZCgFP1d8TKZFaj6VvOiWBoZ73JuJ/XieB4KKb8jBOgIV0tihIBIYITyLBfa4YBTE2hFDFza2YDokJAkxwJROCO//yImmeVtxq5eyuWq5d5nEU0QE6QifIReeohm5RHTUQRY/oGb2iN+vJerHerY9Za8HKZ/bRH1ifP7aemBo=</latexit>

Late times: �E ⇠ 1

⌧R

<latexit sha1_base64="jBt2wPbJ7utBbMrdbbMthq2Ue5Y=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUQquiw+wGUV+4AmhMl00g6dPJi5EUrIzo2/4saFIm79BXf+jdM2C209cOFwzr3ce4+fCK7Asr6NhcWl5ZXV0lp5fWNza9vc2W2pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Q8vx377gUnF4+geRglzQ9KPeMApAS155oFzxQQQfI0dxUPsBJLQzM4zB0jq3eWeWbGq1gR4ntgFqaACDc/8cnoxTUMWARVEqa5tJeBmRAKnguVlJ1UsIXRI+qyraURCptxs8keOj7TSw0EsdUWAJ+rviYyESo1CX3eGBAZq1huL/3ndFIJzN+NRkgKL6HRRkAoMMR6HgntcMgpipAmhkutbMR0QHQXo6Mo6BHv25XnSOqnaterpba1SvyjiKKF9dIiOkY3OUB3doAZqIooe0TN6RW/Gk/FivBsf09YFo5jZQ39gfP4AIiiY3w==</latexit>

H = HF +
⌧

⌧R
HH

<latexit sha1_base64="liCOsavdB2xjfFUL8hLAn7jt7jM=">AAACKHicbVDLSsNAFJ34rPUVdelmsAiCUBKp6EYsCtJlFfuAJoTJdNIOnTyYmQgl5HPc+CtuRBTp1i9xkmbRhwdmOHPuucy9x40YFdIwJtrK6tr6xmZpq7y9s7u3rx8ctkUYc0xaOGQh77pIEEYD0pJUMtKNOEG+y0jHHd1n9c4L4YKGwbMcR8T20SCgHsVIKsnRby0fySFGLGmk8AbOvJwHeA4tjyOcWBLFaX47T+mcp+HoFaNq5IDLxCxIBRRoOvqn1Q9x7JNAYoaE6JlGJO0EcUkxI2nZigWJEB6hAekpGiCfCDvJF03hqVL60Au5OoGEuTrbkSBfiLHvKmc2pFisZeJ/tV4svWs7oUEUSxLg6UdezKAMYZYa7FNOsGRjRRDmVM0K8RCpbKTKtqxCMBdXXibti6pZq14+1ir1uyKOEjgGJ+AMmOAK1EEDNEELYPAK3sEX+NbetA/tR5tMrSta0XME5qD9/gFJ76bE</latexit>

H

<latexit sha1_base64="0/NBCd4TTG8eKgsJgOG9+DCnYt0=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS0WXRTZcV7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuH0Pvd7T0wbruQjzBIWxGQsecQpASv5g5jAhBKRtebDas2tuwvgdeIVpIYKtIfVr8FI0TRmEqggxviem0CQEQ2cCjavDFLDEkKnZMx8SyWJmQmyReQ5vrDKCEdK2ycBL9TfGxmJjZnFoZ3MI5pVLxf/8/wUotsg4zJJgUm6/ChKBQaF8/vxiGtGQcwsIVRzmxXTCdGEgm2pYkvwVk9eJ92ruteoXz80as27oo4yOkPn6BJ56AY1UQu1UQdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHfYmRZg==</latexit>

RTA:

0.1 1 10
0

5

10

15

20

�/�R

E
0

ei
ge

nv
al

ue



10°2 10°1 1 10
ø/øC

0.0

0.2

0.4

pL

≤

full solutions

⌧/⌧R

<latexit sha1_base64="s7sxTkqGnDGZ9SsenqrNOx3OqPI=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4qjNS0WXRjcsq9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo9UDC4Zx7ufeeMBHcgOt+OaWV1bX1jfJmZWt7Z3evun/QMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJTe53H5k2XMkHmCYsiMlI8ohTAlby+0DSs/wb3A+qNbfuzoH/Eq8gNVSgNah+9oeKpjGTQAUxxvfcBIKMaOBUsFmlnxqWEDohI+ZbKknMTJDNV57hE6sMcaS0fRLwXP3ZkZHYmGkc2sqYwNgse7n4n+enEF0FGZdJCkzSxaAoFRgUzu/HQ64ZBTG1hFDN7a6YjokmFGxKFRuCt3zyX9I5r3uN+sVdo9a8LuIooyN0jE6Rhy5RE92iFmojihR6Qi/o1QHn2Xlz3helJafoOUS/4Hx8AwxkkRw=</latexit>

Jasmine Brewer (CERN) 14
“expansion” 
slow mode

“collision” 
slow mode

��

��

��

��

��

��

��

��

⌧/⌧R

<latexit sha1_base64="s7sxTkqGnDGZ9SsenqrNOx3OqPI=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4qjNS0WXRjcsq9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo9UDC4Zx7ufeeMBHcgOt+OaWV1bX1jfJmZWt7Z3evun/QMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJTe53H5k2XMkHmCYsiMlI8ohTAlby+0DSs/wb3A+qNbfuzoH/Eq8gNVSgNah+9oeKpjGTQAUxxvfcBIKMaOBUsFmlnxqWEDohI+ZbKknMTJDNV57hE6sMcaS0fRLwXP3ZkZHYmGkc2sqYwNgse7n4n+enEF0FGZdJCkzSxaAoFRgUzu/HQ64ZBTG1hFDN7a6YjokmFGxKFRuCt3zyX9I5r3uN+sVdo9a8LuIooyN0jE6Rhy5RE92iFmojihR6Qi/o1QHn2Xlz3helJafoOUS/4Hx8AwxkkRw=</latexit>

JB, Yan, Yin [1910.00021]

Ground state: far-from-equilibrium slow mode



10°2 10°1 1 10
ø/øC
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full solutions

⌧/⌧R

<latexit sha1_base64="s7sxTkqGnDGZ9SsenqrNOx3OqPI=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4qjNS0WXRjcsq9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo9UDC4Zx7ufeeMBHcgOt+OaWV1bX1jfJmZWt7Z3evun/QMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJTe53H5k2XMkHmCYsiMlI8ohTAlby+0DSs/wb3A+qNbfuzoH/Eq8gNVSgNah+9oeKpjGTQAUxxvfcBIKMaOBUsFmlnxqWEDohI+ZbKknMTJDNV57hE6sMcaS0fRLwXP3ZkZHYmGkc2sqYwNgse7n4n+enEF0FGZdJCkzSxaAoFRgUzu/HQ64ZBTG1hFDN7a6YjokmFGxKFRuCt3zyX9I5r3uN+sVdo9a8LuIooyN0jE6Rhy5RE92iFmojihR6Qi/o1QHn2Xlz3helJafoOUS/4Hx8AwxkkRw=</latexit>

Jasmine Brewer (CERN) 15

contribution only 
from ground state

“expansion” 
slow mode

“collision” 
slow mode

��

��

��

��

��

��

��

��

⌧/⌧R
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JB, Yan, Yin [1910.00021]

Ground state: far-from-equilibrium slow mode
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A system prepared in its (instantaneous) ground state remains 
in its (instantaneous) ground state if transitions are suppressed
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A system prepared in its (instantaneous) ground state remains 
in its (instantaneous) ground state if transitions are suppressed

“Slow quench” adiabaticity
• Hamiltonian evolution slow 

compared to energy gap
• Small close to hydro limit
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Jasmine Brewer (CERN)
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A system prepared in its (instantaneous) ground state remains 
in its (instantaneous) ground state if transitions are suppressed

“Slow quench” adiabaticity
• Hamiltonian evolution slow 

compared to energy gap
• Small close to hydro limit

“Fast quench” adiabaticity
• Matrix element suppressed
• Small at early times because 𝐻

suppressed by 𝜏
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Transition rate

Jasmine Brewer (CERN) De Grandi, Polkovnikov [0910.2236]
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leading order 
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slow mode
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JB, Yan, Yin [1910.00021]

Ground state: far-from-equilibrium slow mode
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Bjorken expansion

P2n(cos ✓ =
pz
p
)
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Bjorken expansion

P2n(cos ✓ =
pz
p
)
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Hydro modes (𝑚 = 0,1)
𝑚 ≥ 2

JB, Weiyao Ke, Li Yan, Yi Yin (in progress)
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Beyond Bjorken expansion
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JB, Weiyao Ke, Li Yan, Yi Yin (in progress)
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Beyond Bjorken expansion

Suggests attractor for non-hydrodynamic modes

JB, Weiyao Ke, Li Yan, Yi Yin (in progress)
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Summary
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Transition from free-streaming to 
hydrodynamics described by ground 
state far-from-equilibrium

New insights for far-from-equilibrium 
behavior of moments beyond hydrodynamics


