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Why do we care about pre-hydrodynamization?

Hydrodynamization may be incomplete in small systems

Further from equilibrium
Chun Shen QM’19

Near-equilibrium

Microscopic theories
Kinetic theory

AdS/CFT
…

Hydrodynamics

QGP Paquet plenary

✏(⌧), uµ(⌧)

<latexit sha1_base64="rkJVny7VMqkXXe7QErKu7jNcHBQ=">AAACBnicbVDLSgMxFM34rPU16lKEYBEqlDIjFV0W3bisYB/QGUsmzbShmWTIQyilKzf+ihsXirj1G9z5N6btLLT1wIWTc+4l954oZVRpz/t2lpZXVtfWcxv5za3tnV13b7+hhJGY1LFgQrYipAijnNQ11Yy0UklQEjHSjAbXE7/5QKSigt/pYUrCBPU4jSlG2kod9yggqaJM8GKgkTktBSVo7oPEzJ4dt+CVvSngIvEzUgAZah33K+gKbBLCNWZIqbbvpTocIakpZmScD4wiKcID1CNtSzlKiApH0zPG8MQqXRgLaYtrOFV/T4xQotQwiWxngnRfzXsT8T+vbXR8GY4oT40mHM8+ig2DWsBJJrBLJcGaDS1BWFK7K8R9JBHWNrm8DcGfP3mRNM7KfqV8flspVK+yOHLgEByDIvDBBaiCG1ADdYDBI3gGr+DNeXJenHfnY9a65GQzB+APnM8fswaX/g==</latexit>
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Hydrodynamization near equilibrium

Slow “hydrodynamic modes”

many degrees of 
freedom  are important

Decay of fast 
“non-hydrodynamic” modes

!!"#$% !

Perturbation in 
microscopic theory

dynamics governed by 
conservation laws

Near-equilibrium

Microscopic theories
Kinetic theory

AdS/CFT
…

Hydrodynamics

QGP

✏(⌧), uµ(⌧)

<latexit sha1_base64="rkJVny7VMqkXXe7QErKu7jNcHBQ=">AAACBnicbVDLSgMxFM34rPU16lKEYBEqlDIjFV0W3bisYB/QGUsmzbShmWTIQyilKzf+ihsXirj1G9z5N6btLLT1wIWTc+4l954oZVRpz/t2lpZXVtfWcxv5za3tnV13b7+hhJGY1LFgQrYipAijnNQ11Yy0UklQEjHSjAbXE7/5QKSigt/pYUrCBPU4jSlG2kod9yggqaJM8GKgkTktBSVo7oPEzJ4dt+CVvSngIvEzUgAZah33K+gKbBLCNWZIqbbvpTocIakpZmScD4wiKcID1CNtSzlKiApH0zPG8MQqXRgLaYtrOFV/T4xQotQwiWxngnRfzXsT8T+vbXR8GY4oT40mHM8+ig2DWsBJJrBLJcGaDS1BWFK7K8R9JBHWNrm8DcGfP3mRNM7KfqV8flspVK+yOHLgEByDIvDBBaiCG1ADdYDBI3gGr+DNeXJenHfnY9a65GQzB+APnM8fswaX/g==</latexit>
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Hydrodynamics far-from-equilibrium?
Near equilibrium à hydrodynamics à reduction in degrees of freedom
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Hydrodynamics far-from-equilibrium?
Near equilibrium à hydrodynamics à reduction in degrees of freedom

Bjorken flow in Israel-Stewart, DNMR, RTA, AdS/CFT
[1503.07514, 1609.04803, 1704.08699, 1709.06644, 1712.03865, 
1907.08101]
Gubser flow in aHydro, Israel-Stewart, DNMR [1711.01745]Romatschke [1704.08699]

equilibrium

full microscopic 
evolution
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Hydrodynamics far-from-equilibrium?

Bjorken flow in Israel-Stewart, DNMR, RTA, AdS/CFT
[1503.07514, 1609.04803, 1704.08699, 1709.06644, 1712.03865, 
1907.08101]
Gubser flow in aHydro, Israel-Stewart, DNMR [1711.01745]Romatschke [1704.08699]

equilibrium

Universality far from equilibriumfull microscopic 
evolution

Near equilibrium à hydrodynamics à reduction in degrees of freedom
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Hydrodynamics far-from-equilibrium?

Romatschke [1704.08699]

Observed in several microscopic theories…

Relevance for phenomenology Schlichting poster
Giacalone, Mazeliauskas, Schlichting [1908.02866]
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Hydrodynamics far-from-equilibrium?

Almaalol, Kurkela, Strickland [2004.05195]

[1809.01200, 2004.05195]

Strickland Mon. 

QCD kinetic theory

hp�1 p2zi

<latexit sha1_base64="uvP5ATWnWq43hO5fbh6UKc5VQzc=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgutCRF0aXoxmUFW4Wmlsn0th2cTMLMjVhDv8ONv+LGhSLuxI1/4zTtQqsHBg7n3NecMJHCoOd9OVPTM7Nz84WF4uLS8sqqu7ZeN3GqOdR4LGN9FTIDUiiooUAJV4kGFoUSLsOb06F/eQvaiFhdYD+BZsS6SnQEZ2illusHCHeYz8lCmcIgCyRTXQk0uc72/AENdmnSur+u0EDn+qDllryyl4P+Jf6YlMgY1Zb7EbRjnkagkEtmTMP3EmxmTKPgdl4xSA0kjN+wLjQsVSwC08zykwZ02ypt2om1fQpprv7syFhkTD8KbWXEsGcmvaH4n9dIsXPUzIRKUgTFR4s6qaQY02FOtC00cJR9SxjXwt5KeY9pxtGmWbQh+JNf/kvqlbK/Xz443y8dn4zjKJBNskV2iE8OyTE5I1VSI5w8kCfyQl6dR+fZeXPeR6VTzrhng/yC8/kNgAqhHg==</latexit>

hp p2zi

<latexit sha1_base64="9EZfJQON1NkqXdqclGRRjtwmkKA=">AAACFXicbVDLSsNAFJ34rPVVdelmsAguSkmkosuiG5cVrApNDZPpTTs4mYSZG7GG/oQbf8WNC0XcCu78G6exC18HBg7n3NecMJXCoOt+OFPTM7Nz86WF8uLS8spqZW39zCSZ5tDmiUz0RcgMSKGgjQIlXKQaWBxKOA+vjsb++TVoIxJ1isMUujHrKxEJztBKQaXmI9xgMScPZQaj3JdM9SXQlPo1mga3l7vU14U0CipVt+4WoH+JNyFVMkErqLz7vYRnMSjkkhnT8dwUuznTKLidV/YzAynjV6wPHUsVi8F08+KaEd22So9GibZPIS3U7x05i40ZxqGtjBkOzG9vLP7ndTKMDrq5UGmGoPjXoiiTFBM6joj2hAaOcmgJ41rYWykfMM042iDLNgTv95f/krPduteo7500qs3DSRwlskm2yA7xyD5pkmPSIm3CyR15IE/k2bl3Hp0X5/WrdMqZ9GyQH3DePgHYb584</latexit>

hp2 p6zi

<latexit sha1_base64="GLEWC2t88nmNiK7hm7Te4Om6+PM=">AAACF3icbVDLTgIxFO3gG1+oSzeNxMSFITMEH0ujG5eaiJAwSDrlAg2dzqS9Y8QJf+HGX3HjQmPc6s6/sQwsVDxJk5Nz7qsniKUw6LpfTm5mdm5+YXEpv7yyurZe2Ni8NlGiOVR5JCNdD5gBKRRUUaCEeqyBhYGEWtA/G/m1W9BGROoKBzE0Q9ZVoiM4Qyu1CiUf4Q6zOWkgEximvmSqK4HGN2Xq79O4dX9zSH2dicNWoeiW3Ax0mngTUiQTXLQKn3474kkICrlkxjQ8N8ZmyjQKbufl/cRAzHifdaFhqWIhmGaa3TOku1Zp006k7VNIM/VnR8pCYwZhYCtDhj3z1xuJ/3mNBDvHzVSoOEFQfLyok0iKER2FRNtCA0c5sIRxLeytlPeYZhxtlHkbgvf3y9PkulzyKqWDy0rx5HQSxyLZJjtkj3jkiJyQc3JBqoSTB/JEXsir8+g8O2/O+7g050x6tsgvOB/fI6ef4A==</latexit>

And for higher moments of the distribution function…

Almaalol plenary
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Hydrodynamics far-from-equilibrium?

Almaalol, Kurkela, Strickland [2004.05195]

[1809.01200, 2004.05195]

Strickland Mon. 

What is the origin of reduced degrees of freedom before collisions?

QCD kinetic theory

hp�1 p2zi

<latexit sha1_base64="uvP5ATWnWq43hO5fbh6UKc5VQzc=">AAACGnicbVDLSsNAFJ34rPUVdelmsAgutCRF0aXoxmUFW4Wmlsn0th2cTMLMjVhDv8ONv+LGhSLuxI1/4zTtQqsHBg7n3NecMJHCoOd9OVPTM7Nz84WF4uLS8sqqu7ZeN3GqOdR4LGN9FTIDUiiooUAJV4kGFoUSLsOb06F/eQvaiFhdYD+BZsS6SnQEZ2illusHCHeYz8lCmcIgCyRTXQk0uc72/AENdmnSur+u0EDn+qDllryyl4P+Jf6YlMgY1Zb7EbRjnkagkEtmTMP3EmxmTKPgdl4xSA0kjN+wLjQsVSwC08zykwZ02ypt2om1fQpprv7syFhkTD8KbWXEsGcmvaH4n9dIsXPUzIRKUgTFR4s6qaQY02FOtC00cJR9SxjXwt5KeY9pxtGmWbQh+JNf/kvqlbK/Xz443y8dn4zjKJBNskV2iE8OyTE5I1VSI5w8kCfyQl6dR+fZeXPeR6VTzrhng/yC8/kNgAqhHg==</latexit>

hp p2zi

<latexit sha1_base64="9EZfJQON1NkqXdqclGRRjtwmkKA=">AAACFXicbVDLSsNAFJ34rPVVdelmsAguSkmkosuiG5cVrApNDZPpTTs4mYSZG7GG/oQbf8WNC0XcCu78G6exC18HBg7n3NecMJXCoOt+OFPTM7Nz86WF8uLS8spqZW39zCSZ5tDmiUz0RcgMSKGgjQIlXKQaWBxKOA+vjsb++TVoIxJ1isMUujHrKxEJztBKQaXmI9xgMScPZQaj3JdM9SXQlPo1mga3l7vU14U0CipVt+4WoH+JNyFVMkErqLz7vYRnMSjkkhnT8dwUuznTKLidV/YzAynjV6wPHUsVi8F08+KaEd22So9GibZPIS3U7x05i40ZxqGtjBkOzG9vLP7ndTKMDrq5UGmGoPjXoiiTFBM6joj2hAaOcmgJ41rYWykfMM042iDLNgTv95f/krPduteo7500qs3DSRwlskm2yA7xyD5pkmPSIm3CyR15IE/k2bl3Hp0X5/WrdMqZ9GyQH3DePgHYb584</latexit>

hp2 p6zi

<latexit sha1_base64="GLEWC2t88nmNiK7hm7Te4Om6+PM=">AAACF3icbVDLTgIxFO3gG1+oSzeNxMSFITMEH0ujG5eaiJAwSDrlAg2dzqS9Y8QJf+HGX3HjQmPc6s6/sQwsVDxJk5Nz7qsniKUw6LpfTm5mdm5+YXEpv7yyurZe2Ni8NlGiOVR5JCNdD5gBKRRUUaCEeqyBhYGEWtA/G/m1W9BGROoKBzE0Q9ZVoiM4Qyu1CiUf4Q6zOWkgEximvmSqK4HGN2Xq79O4dX9zSH2dicNWoeiW3Ax0mngTUiQTXLQKn3474kkICrlkxjQ8N8ZmyjQKbufl/cRAzHifdaFhqWIhmGaa3TOku1Zp006k7VNIM/VnR8pCYwZhYCtDhj3z1xuJ/3mNBDvHzVSoOEFQfLyok0iKER2FRNtCA0c5sIRxLeytlPeYZhxtlHkbgvf3y9PkulzyKqWDy0rx5HQSxyLZJjtkj3jkiJyQc3JBqoSTB/JEXsir8+g8O2/O+7g050x6tsgvOB/fI6ef4A==</latexit>

And for higher moments of the distribution function…

Apparent reduction in degrees of freedom before relaxation time

Almaalol plenary
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What is the origin of reduced degrees of freedom before collisions?

Hydrodynamics is one way to cause a reduction in the 
effective degrees of freedom

Emerging picture: rapid expansion can also cause a 
reduction in degrees of freedom

Motivates understanding the attractor in terms of far-
from-equilibrium slow degrees of freedom

Kurkela, van der Schee, Wiedemann, Wu [1907.08101]
JB, Yan, Yin [1910.00021]

Berges, Mazeliauskas [1810.10554]
JB, Yan, Yin [1910.00021]
JB, Ke, Yan, Yi (in preparation)
JB, Scheihing-Hitschfeld, Yin (in preparation)

Wiedemann Wed.

Scheihing-Hitschfeld Mon.



pL
✏

<latexit sha1_base64="AIw024CA6GV+wrmj3aKaZexWtpc=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWakosuiGxcuKtgHdIYhk2ba0EwSkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hNLRrXxvG9naXlldW29tFHe3Nre2XX39ltaZAqTJhZMqE6MNGGUk6ahhpGOVASlMSPteHg98dsPRGkq+L0ZSRKmqM9pQjEyVorcwyBRCOcyuh3nAZGaMsHHkVvxqt4UcJH4BamAAo3I/Qp6Amcp4QYzpHXX96QJc6QMxYyMy0GmiUR4iPqkaylHKdFhPr1+DE+s0oOJULa4gVP190SOUq1HaWw7U2QGet6biP953cwkl2FOucwM4Xi2KMkYNAJOooA9qgg2bGQJworaWyEeIBuHsYGVbQj+/MuLpHVW9WvV87tapX5VxFECR+AYnAIfXIA6uAEN0AQYPIJn8ArenCfnxXl3PmatS04xcwD+wPn8AV7TldQ=</latexit>
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Kurkela, van der Schee, Wiedemann, Wu [1907.08101]

Hint: different physical origin of early- and late-time attractors

(qualitatively similar results 
for Israel-Stewart)

Rapid expansion 
without collisions Collisions

Reduction in 
degrees of freedom 
driven by…

⌧R

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

: timescale for collisions

Suggests “slow mode” describing rapid expansion without collisions 

hydrodynamic 
modes

relaxation time approximation
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Boost-invariant longitudinal expansion:

Hydrodynamization in kinetic theory

longitudinal 
expansion

collisions

Relaxation time approximation

(homogenous in 
transverse plane)

Can connect to hydrodynamics by considering 
the distribution contributing to the stress tensor F =

Z

p
p f

<latexit sha1_base64="T7sVjP9jcC/oXTXvf3f8VsuaIYM=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWRim6EoiAuK9gHNKVMppN26GQSZm6EGoq/4saFIm79D3f+jdM0C209cC+Hc+5l7hw/FlyD43xbC4tLyyurhbXi+sbm1ra9s9vQUaIoq9NIRKrlE80El6wOHARrxYqR0Bes6Q+vJ37zgSnNI3kPo5h1QtKXPOCUgJG69v4NvsQel9CNsXeCsxZ07ZJTdjLgeeLmpIRy1Lr2l9eLaBIyCVQQrduuE0MnJQo4FWxc9BLNYkKHpM/ahkoSMt1Js+vH+MgoPRxEypQEnKm/N1ISaj0KfTMZEhjoWW8i/ue1EwguOimXcQJM0ulDQSIwRHgSBe5xxSiIkSGEKm5uxXRAFKFgAiuaENzZL8+TxmnZrZTP7iql6lUeRwEdoEN0jFx0jqroFtVQHVH0iJ7RK3qznqwX6936mI4uWPnOHvoD6/MHJX+TGg==</latexit>

(e.g. [1905.05139])

@⌧f � pz
⌧
@pzf = �C[f ]

<latexit sha1_base64="Wk9hhnHThEf1pEMNiu5AlHB1dL4=">AAACJXicbVBLS8NAGNzUV62vqEcvi0Xw0pJIRQ8KxV48VrAPaELYbDft0s2D3Y1QQ/6MF/+KFw8WETz5V9ykQbR1YGGYmW93v3EjRoU0jE+ttLK6tr5R3qxsbe/s7un7B10RxhyTDg5ZyPsuEoTRgHQklYz0I06Q7zLScyetzO89EC5oGNzLaURsH40C6lGMpJIc/cqKEJcUMceSKIYehDVoeRzhJHIe0yQTU/iTyUUVuoa11sCzHb1q1I0ccJmYBamCAm1Hn1nDEMc+CSRmSIiBaUTSTrLbMSNpxYoFiRCeoBEZKBognwg7ybdM4YlShtALuTqBhLn6eyJBvhBT31VJH8mxWPQy8T9vEEvv0k5oEMWSBHj+kBczKEOYVQaHlBMs2VQRhDlVf4V4jFRHUhVbUSWYiysvk+5Z3WzUz+8a1eZNUUcZHIFjcApMcAGa4Ba0QQdg8ARewBuYac/aq/aufcyjJa2YOQR/oH19A+UvpN0=</latexit>
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y = log

✓
⌧

⌧I

◆

<latexit sha1_base64="WuueEYqOPPGALoQOFYyMO8UgrNk=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0WoCCWRim6EohvdVbAPaEqYTCfp0MmDmRuhhH6EG3/FjQtF3Lpw5984bbPQ1gNzOZxzL3fu8RLBFVjWt1FYWl5ZXSuulzY2t7Z3zN29lopTSVmTxiKWHY8oJnjEmsBBsE4iGQk9wdre8Hritx+YVDyO7mGUsF5Igoj7nBLQkmuejPAldkQc6MJ8qGDHl4RmDpB0PK3u7Rg7kgcDOHbNslW1psCLxM5JGeVouOaX049pGrIIqCBKdW0rgV5GJHAq2LjkpIolhA5JwLqaRiRkqpdNjxrjI630sR9L/SLAU/X3REZCpUahpztDAgM1703E/7xuCv5FL+NRkgKL6GyRnwoMMZ4khPtcMgpipAmhkuu/YjogOhXQOZZ0CPb8yYukdVq1a9Wzu1q5fpXHUUQH6BBVkI3OUR3doAZqIooe0TN6RW/Gk/FivBsfs9aCkc/soz8wPn8AsU6eAw==</latexit>

JB, Yan, Yin [1910.00021]

Z

p
p
⇣
@⌧f � pz

⌧
@pzf = �C[f ]

⌘

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

Eigenstates give effective degrees of freedom

Non-linear collision kernel Scheihing-Hitschfeld Mon.

�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>

Evolution of ! can be described by effective “Hamiltonian”

@y = �H(y) 
<latexit sha1_base64="Zv2lN55NAh7jSs28VifhSo29T9c=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpC0tSBd0IRTddVrAPaEKYTKft0EkyzEyEEPoHbvwVNy4UcevWnX/jJM1CqwcuHM65l3vv8TmjUlnWl1FaWl5ZXSuvVzY2t7Z3zN29roxigUkHRywSfR9JwmhIOooqRvpcEBT4jPT86U3m9+6JkDQK71TCiRugcUhHFCOlJc88djgSiiLmJdDhksIreOoESE0wYmlrVktOctkzq1bdygH/ErsgVVCg7ZmfzjDCcUBChRmScmBbXLlptgszMqs4sSQc4Skak4GmIQqIdNP8nxk80soQjiKhK1QwV39OpCiQMgl83ZmdKhe9TPzPG8RqdOmmNOSxIiGeLxrFDKoIZuHAIRUEK5ZogrCg+laIJ0ggrHSEFR2CvfjyX9Jt1O2zeuP2vNq8LuIogwNwCGrABhegCVqgDToAgwfwBF7Aq/FoPBtvxvu8tWQUM/vgF4yPb6eKm8Y=</latexit>

Slow modes: ground states

Evolution of !

(. . . )F

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

(sometimes)



Jasmine Brewer (CERN) 15

 = (✏,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 ℋ using moment expansion



Jasmine Brewer (CERN) 16

 = (✏,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>

Truncate ℋ using moment expansion

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>



Jasmine Brewer (CERN) 17

 = (✏,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>

Truncate ℋ using moment expansion

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>

Y m
l (✓,�) ⇠ eim�Pm

l (cos ✓)

<latexit sha1_base64="DGpqXy+yMmV7JqoNOh2Tkc3sBFw=">AAACH3icbVDLSgMxFM34tr5GXboJFqEFKTPiaym6cVnB+qDTlkx62waTmSG5I5Shf+LGX3HjQhFx59+YabvQ1gOBwznncnNPmEhh0PO+nZnZufmFxaXlwsrq2vqGu7l1Y+JUc6jxWMb6LmQGpIighgIl3CUamAol3IYPF7l/+wjaiDi6xn4CDcW6kegIztBKLff4viWbqhRgD5DtB0lPlGlghKLQzARVNFcGtDoK8diMguWWW/Qq3hB0mvhjUiRjVFvuV9COeaogQi6ZMXXfS7CRMY2CSxgUgtRAwvgD60Ld0ogpMI1seN+A7lmlTTuxti9COlR/T2RMGdNXoU0qhj0z6eXif149xc5pIxNRkiJEfLSok0qKMc3Lom2hgaPsW8K4FvavlPeYZhxtpQVbgj958jS5Oaj4h5Wjq8Pi2fm4jiWyQ3ZJifjkhJyRS1IlNcLJE3khb+TdeXZenQ/ncxSdccYz2+QPnO8fe1+iBw==</latexit>

Transverse momentum anisotropy

JB, Weiyao Ke, Li Yan, Yi Yin (in progress)
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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>

0.1 1 10
0

5

10

15

20

�/�R

E
0

ei
ge

nv
al

ue
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:



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) 19

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>
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⌧/⌧R

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

But this slow mode is not a hydrodynamic mode

“collision” 
slow mode
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��

��

��

��

��

��

��

⌧/⌧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]
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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>
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But this slow mode is not a hydrodynamic mode

contribution only 
from slowest mode

“expansion” 
slow mode

“collision” 
slow mode
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⌧/⌧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]
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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>
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But this slow mode is not a hydrodynamic mode

leading order 
contributions from 

fast modes

“expansion” 
slow mode

“collision” 
slow mode
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⌧/⌧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]
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Slow modes at early times are qualitatively different (including in number) 
than hydrodynamic modes

Beyond Bjorken expansion: transverse modes

Y m
l (✓,�) ⇠ eim�Pm

l (cos ✓)

<latexit sha1_base64="DGpqXy+yMmV7JqoNOh2Tkc3sBFw=">AAACH3icbVDLSgMxFM34tr5GXboJFqEFKTPiaym6cVnB+qDTlkx62waTmSG5I5Shf+LGX3HjQhFx59+YabvQ1gOBwznncnNPmEhh0PO+nZnZufmFxaXlwsrq2vqGu7l1Y+JUc6jxWMb6LmQGpIighgIl3CUamAol3IYPF7l/+wjaiDi6xn4CDcW6kegIztBKLff4viWbqhRgD5DtB0lPlGlghKLQzARVNFcGtDoK8diMguWWW/Qq3hB0mvhjUiRjVFvuV9COeaogQi6ZMXXfS7CRMY2CSxgUgtRAwvgD60Ld0ogpMI1seN+A7lmlTTuxti9COlR/T2RMGdNXoU0qhj0z6eXif149xc5pIxNRkiJEfLSok0qKMc3Lom2hgaPsW8K4FvavlPeYZhxtpQVbgj958jS5Oaj4h5Wjq8Pi2fm4jiWyQ3ZJifjkhJyRS1IlNcLJE3khb+TdeXZenQ/ncxSdccYz2+QPnO8fe1+iBw==</latexit>

0.1 1 10
0

5

10

15

20

�/�R

E
0

ei
ge

nv
al

ue

Hydro modesEarly-time 
slow modes

0.1 0.5 1 5 10
0

2

4

6

8

10

�/�R

E
0

m � 2, even in pz

<latexit sha1_base64="r/+E1Bfh9b0ubwG7s2E5C/Y6exo=">AAACGHicbVA9SwNBEN3zM8avqKXNYhAsJN4FRcugjWUEEwO5EPY2k7i4t3fszonxuJ9h41+xsVDENp3/xs0lhRofDDzem9mdeUEshUHX/XLm5hcWl5YLK8XVtfWNzdLWdtNEiebQ4JGMdCtgBqRQ0ECBElqxBhYGEm6Cu4uxf3MP2ohIXeMwhk7IBkr0BWdopW7pyEd4wPydVEMvS0PqD4BWD/1Dmlsp3IOiQtGMxt3HrFsquxU3B50l3pSUyRT1bmnk9yKehKCQS2ZM23Nj7KRMo+ASsqKfGIgZv2MDaFuqWAimk+YLZXTfKj3aj7QthTRXf06kLDRmGAa2M2R4a/56Y/E/r51g/6yTChUnCIpPPuonkmJExynRntDAUQ4tYVwLuyvlt0wzjjbLog3B+3vyLGlWK95x5eTquFw7n8ZRILtkjxwQj5ySGrkkddIgnDyRF/JG3p1n59X5cD4nrXPOdGaH/IIz+gaSIKAW</latexit>

odd in pz

<latexit sha1_base64="7MzEd5xfgrZO96tkwkWSwEQGrNg=">AAACL3icbVDLSgMxFM34tr6qLt0Ei+CqzIivpSiISwWrhbaUTOZODWYyQ3JHHIf5Izf+ihsRRdz6F6bTLmzrhYTDOffk3hw/kcKg6747U9Mzs3PzC4uVpeWV1bXq+saNiVPNocFjGeumzwxIoaCBAiU0Ew0s8iXc+vdnff32AbQRsbrGLIFOxHpKhIIztFS3et4OILTe8qU8ynqaZUU+uN36YVFpIzziqFpSeRwEVCha0KT7VHSrNbfulkUngTcENTKsy271tR3EPI1AIZfMmJbnJtjJmUbBJdixqYGE8XvWg5aFikVgOnm5R0F3LBPQMNb2KKQl+9eRs8iYLPJtZ8TwzoxrffI/rZVieNzJhUpSBMUHg8JUUoxpPzwaCA0cZWYB41rYXSm/Y5pxtBFXbAje+Jcnwc1e3duvH1zt105Oh3EskC2yTXaJR47ICbkgl6RBOHkmr+SDfDovzpvz5XwPWqecoWeTjJTz8wt+86vA</latexit>

JB, Weiyao Ke, Li Yan, Yi Yin (in progress)
ei

ge
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al
ue
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Qualitative differences between 
early- and late-time attractor due to 
different number of slow modes

Y m
l (✓,�) ⇠ eim�Pm

l (cos ✓)

<latexit sha1_base64="DGpqXy+yMmV7JqoNOh2Tkc3sBFw=">AAACH3icbVDLSgMxFM34tr5GXboJFqEFKTPiaym6cVnB+qDTlkx62waTmSG5I5Shf+LGX3HjQhFx59+YabvQ1gOBwznncnNPmEhh0PO+nZnZufmFxaXlwsrq2vqGu7l1Y+JUc6jxWMb6LmQGpIighgIl3CUamAol3IYPF7l/+wjaiDi6xn4CDcW6kegIztBKLff4viWbqhRgD5DtB0lPlGlghKLQzARVNFcGtDoK8diMguWWW/Qq3hB0mvhjUiRjVFvuV9COeaogQi6ZMXXfS7CRMY2CSxgUgtRAwvgD60Ld0ogpMI1seN+A7lmlTTuxti9COlR/T2RMGdNXoU0qhj0z6eXif149xc5pIxNRkiJEfLSok0qKMc3Lom2hgaPsW8K4FvavlPeYZhxtpQVbgj958jS5Oaj4h5Wjq8Pi2fm4jiWyQ3ZJifjkhJyRS1IlNcLJE3khb+TdeXZenQ/ncxSdccYz2+QPnO8fe1+iBw==</latexit>

Why does it matter?

" ≥ 2 modes describe momentum 
anisotropy and are slow at early 
times. Attractor for momentum 
space anisotropy
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m � 2, even in pz

<latexit sha1_base64="r/+E1Bfh9b0ubwG7s2E5C/Y6exo=">AAACGHicbVA9SwNBEN3zM8avqKXNYhAsJN4FRcugjWUEEwO5EPY2k7i4t3fszonxuJ9h41+xsVDENp3/xs0lhRofDDzem9mdeUEshUHX/XLm5hcWl5YLK8XVtfWNzdLWdtNEiebQ4JGMdCtgBqRQ0ECBElqxBhYGEm6Cu4uxf3MP2ohIXeMwhk7IBkr0BWdopW7pyEd4wPydVEMvS0PqD4BWD/1Dmlsp3IOiQtGMxt3HrFsquxU3B50l3pSUyRT1bmnk9yKehKCQS2ZM23Nj7KRMo+ASsqKfGIgZv2MDaFuqWAimk+YLZXTfKj3aj7QthTRXf06kLDRmGAa2M2R4a/56Y/E/r51g/6yTChUnCIpPPuonkmJExynRntDAUQ4tYVwLuyvlt0wzjjbLog3B+3vyLGlWK95x5eTquFw7n8ZRILtkjxwQj5ySGrkkddIgnDyRF/JG3p1n59X5cD4nrXPOdGaH/IIz+gaSIKAW</latexit>

odd in pz

<latexit sha1_base64="7MzEd5xfgrZO96tkwkWSwEQGrNg=">AAACL3icbVDLSgMxFM34tr6qLt0Ei+CqzIivpSiISwWrhbaUTOZODWYyQ3JHHIf5Izf+ihsRRdz6F6bTLmzrhYTDOffk3hw/kcKg6747U9Mzs3PzC4uVpeWV1bXq+saNiVPNocFjGeumzwxIoaCBAiU0Ew0s8iXc+vdnff32AbQRsbrGLIFOxHpKhIIztFS3et4OILTe8qU8ynqaZUU+uN36YVFpIzziqFpSeRwEVCha0KT7VHSrNbfulkUngTcENTKsy271tR3EPI1AIZfMmJbnJtjJmUbBJdixqYGE8XvWg5aFikVgOnm5R0F3LBPQMNb2KKQl+9eRs8iYLPJtZ8TwzoxrffI/rZVieNzJhUpSBMUHg8JUUoxpPzwaCA0cZWYB41rYXSm/Y5pxtBFXbAje+Jcnwc1e3duvH1zt105Oh3EskC2yTXaJR47ICbkgl6RBOHkmr+SDfDovzpvz5XwPWqecoWeTjJTz8wt+86vA</latexit>

JB, Weiyao Ke, Li Yan, Yi Yin (in progress)
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Summary and Outlook

Implications for non-thermal scaling attractor Scheihing-Hitschfeld Mon.
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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>

��
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��

Connection between attractor and 
far-from-equilibrium slow modes

Beyond Bjorken, different number of 
slow modes at early and late times
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The bigger picture

with Aleksas Mazeliauskas
and Wilke van der Schee

Probing the far-from-equilibrium QGP

• Small systems

• Equilibration of hard processes

Special thanks to Aleksas, Bruno, Dekrayat, Gian Michele, Li, Urs, Weiyao, and Yi


