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Based on [1910.00021] and ongoing work 
with Weiyao Ke, Bruno Scheihing-Hitschfeld, Li Yan, and Yi Yin
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What happens before hydrodynamics?

Hydrodynamization may be incomplete in small systems

Further from equilibrium
Chun Shen QM’19

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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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(⌧)

<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
Giacalone, Mazeliauskas, Schlichting [1908.02866]
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Hydrodynamics far-from-equilibrium?

Almaalol, Kurkela, Strickland [2004.05195]

[1809.01200, 2004.05195]

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…
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Hydrodynamics far-from-equilibrium?

Almaalol, Kurkela, Strickland [2004.05195]

[1809.01200, 2004.05195]

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
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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)



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>

: relaxation timescale

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

(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. Kurkela, Wiedemann, Wu [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

�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 𝐹 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

(. . . )F

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

(sometimes)
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Z

p
p
⇣
@⌧f � pz

⌧
@pzf = �C[f ]

⌘

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

�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 𝐹 can be described by effective “Hamiltonian”

(. . . )F

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

(sometimes)

C[f ] =
1

⌧R
(f � feq)

<latexit sha1_base64="j8mQhlAX5vsvEl2xs5dIUBVLJPg=">AAACEnicbVA9SwNBEN3z2/h1ammzGAQtDHcS0UYQ01hGMSaQO469zZwu7n24OyeG436DjX/FxkIRWys7/42bmMKvBwOP92aYmRdmUmh0nA9rbHxicmp6ZrYyN7+wuGQvr5zrNFccWjyVqeqETIMUCbRQoIROpoDFoYR2eNUY+O0bUFqkyRn2M/BjdpGISHCGRgrsrUY38ukB9SLFeOGWhYcsD05LuhnRbRoFHsItFnBdbgV21ak5Q9C/xB2RKhmhGdjvXi/leQwJcsm07rpOhn7BFAouoax4uYaM8St2AV1DExaD9ovhSyXdMEqPRqkylSAdqt8nChZr3Y9D0xkzvNS/vYH4n9fNMdr3C5FkOULCvxZFuaSY0kE+tCcUcJR9QxhXwtxK+SUz4aBJsWJCcH+//Jec79Tcem33pF49PBrFMUPWyDrZJC7ZI4fkmDRJi3ByRx7IE3m27q1H68V6/Wods0Yzq+QHrLdPMFKckw==</latexit>
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Z

p
p
⇣
@⌧f � pz

⌧
@pzf = �C[f ]

⌘

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

�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 𝐹 can be described by effective “Hamiltonian”

(. . . )F

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

(sometimes)

Bjorken expansion F = F (✓; ⌧)

<latexit sha1_base64="+XZLPevE+aXH3s7id/utLkJO3kU=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiRSURChKBSXFewDmlAm00k7dPJg5kYIof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPV4suALL+jZWVtfWNzYLW8Xtnd29ffPgsK2iRFLWopGIZNcjigkeshZwEKwbS0YCT7CON76d+p1HJhWPwgdIY+YGZBhyn1MCWuqbpQa+xo2KAyMG5Ao7QJLTvlm2qtYMeJnYOSmjHM2++eUMIpoELAQqiFI924rBzYgETgWbFJ1EsZjQMRmynqYhCZhys9nxE3yilQH2I6krBDxTf09kJFAqDTzdGRAYqUVvKv7n9RLwL92Mh3ECLKTzRX4iMER4mgQecMkoiFQTQiXXt2I6IpJQ0HkVdQj24svLpH1WtWvV8/tauX6Tx1FAR+gYVZCNLlAd3aEmaiGKUvSMXtGb8WS8GO/Gx7x1xchnSugPjM8fP5GTPg==</latexit>

C[f ] =
1

⌧R
(f � feq)

<latexit sha1_base64="j8mQhlAX5vsvEl2xs5dIUBVLJPg=">AAACEnicbVA9SwNBEN3z2/h1ammzGAQtDHcS0UYQ01hGMSaQO469zZwu7n24OyeG436DjX/FxkIRWys7/42bmMKvBwOP92aYmRdmUmh0nA9rbHxicmp6ZrYyN7+wuGQvr5zrNFccWjyVqeqETIMUCbRQoIROpoDFoYR2eNUY+O0bUFqkyRn2M/BjdpGISHCGRgrsrUY38ukB9SLFeOGWhYcsD05LuhnRbRoFHsItFnBdbgV21ak5Q9C/xB2RKhmhGdjvXi/leQwJcsm07rpOhn7BFAouoax4uYaM8St2AV1DExaD9ovhSyXdMEqPRqkylSAdqt8nChZr3Y9D0xkzvNS/vYH4n9fNMdr3C5FkOULCvxZFuaSY0kE+tCcUcJR9QxhXwtxK+SUz4aBJsWJCcH+//Jec79Tcem33pF49PBrFMUPWyDrZJC7ZI4fkmDRJi3ByRx7IE3m27q1H68V6/Wods0Yzq+QHrLdPMFKckw==</latexit>

JB, Yan, Yin [1910.00021]

Transverse momentum anisotropy F = F (✓,�; ⌧)

<latexit sha1_base64="mEvoeWc9izdVfwPr4UiMAC40ssM=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQIkjYlYiCCEEheIxgHpBdwuxkNjtk9sFMrxBC8OKvePGgiFe/wpt/4yTZg0YLGoqqbrq7vERwBZb1ZeQWFpeWV/KrhbX1jc0tc3unqeJUUtagsYhl2yOKCR6xBnAQrJ1IRkJPsJY3uJ74rXsmFY+jOxgmzA1JP+I+pwS01DX3avgS10oOBAzIMXaSgF9gB0h61DWLVtmaAv8ldkaKKEO9a346vZimIYuACqJUx7YScEdEAqeCjQtOqlhC6ID0WUfTiIRMuaPpC2N8qJUe9mOpKwI8VX9OjEio1DD0dGdIIFDz3kT8z+uk4J+7Ix4lKbCIzhb5qcAQ40keuMcloyCGmhAqub4V04BIQkGnVtAh2PMv/yXNk7JdKZ/eVorVqyyOPNpHB6iEbHSGqugG1VEDUfSAntALejUejWfjzXifteaMbGYX/YLx8Q0q4pVj</latexit>

JB, Ke, Yan, Yin (in progress)
px

<latexit sha1_base64="e0YBNXqg0OsRYAQSnpluGXQ5ZB8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdJ76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdttI3n</latexit>

py

<latexit sha1_base64="P0Pu7XwRfLzPhTBI90s5YnyZ7FQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xCzhfkSHSoSCUbTSQ9LP+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6C/oRqFEzyaamXGp5QNqZD3rVU0YgbfzI/dUrOrDIgYaxtKSRz9ffEhEbGZFFgOyOKI7PszcT/vG6K4bU/ESpJkSu2WBSmkmBMZn+TgdCcocwsoUwLeythI6opQ5tOyYbgLb+8SloXVa9WvbyvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFvOI3o</latexit>

pz

<latexit sha1_base64="dfftkdFHqV2sGB5WztKhkUmuiH4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E6GG/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdJ76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdwvI3p</latexit>

p

<latexit sha1_base64="euj1URIw8U5XTfz6hRPacW56le4=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRKp6LLoxmUF+4A2lMnkth06eTBzIy0hv+LGhSJu/RF3/o3TNAttPXDhcM69c+ceLxZcoW1/G6WNza3tnfJuZW//4PDIPK52VJRIBm0WiUj2PKpA8BDayFFAL5ZAA09A15veLfzuE0jFo/AR5zG4AR2HfMQZRS0NzeoAYYb5O6kEP0vjbGjW7Lqdw1onTkFqpEBraH4N/IglAYTIBFWq79gxuimVyJmArDJIFMSUTekY+pqGNADlpvnOzDrXim+NIqkrRCtXf0+kNFBqHni6M6A4UaveQvzP6yc4unFTHsYJQsiWi0aJsDCyFkFYPpfAUMw1oUxy/VeLTaikDHVcFR2Cs3ryOulc1p1G/eqhUWveFnGUySk5IxfEIdekSe5Ji7QJIzPyTF7Jm5EZL8a78bFsLRnFzAn5A+PzB0lGlUI=</latexit>

Fokker-Planck collision kernel: 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 ℋ using moment expansion
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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

(✏, 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>
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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>
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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) 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>

RTA:
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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>

Jasmine Brewer (CERN) 20
“expansion” 
slow mode

But this slow mode is not a hydrodynamic 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]



10°2 10°1 1 10
ø/øC

0.0
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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) 21

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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A system prepared in its (instantaneous) ground state remains 
in its (instantaneous) ground state if transitions are suppressed

�A ⇠ @⌧ log �

�En
h0(⌧)|H|n(⌧)i

<latexit sha1_base64="Xmm4FgxAmY70jqdLMiSCIYx9/Zc="></latexit>

Transition rate � = ⌧/⌧R

<latexit sha1_base64="Vc5KrtuiSQEsValTFpizr6m1CXs=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXNUZqehGKLpxWcU+oDMMmUymDc08SDJCGQr+ihsXirj1O9z5N6btLLT1QMLhnHPJzfFTzqSyrG+jtLS8srpWXq9sbG5t75i7e22ZZILQFkl4Iro+lpSzmLYUU5x2U0Fx5HPa8Yc3E7/zSIVkSfygRil1I9yPWcgIVlryzAOH63CA0RVyFM5OJ5d375lVq2ZNgRaJXZAqFGh65pcTJCSLaKwIx1L2bCtVbo6FYoTTccXJJE0xGeI+7Wka44hKN5+uP0bHWglQmAh9YoWm6u+JHEdSjiJfJyOsBnLem4j/eb1MhZduzuI0UzQms4fCjCOVoEkXKGCCEsVHmmAimN4VkQEWmCjdWEWXYM9/eZG0z2p2vXZ+V682ros6ynAIR3ACNlxAA26hCS0gkMMzvMKb8WS8GO/GxyxaMoqZffgD4/MHD5eU6w==</latexit>
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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

�A ⇠ @⌧ log �

�En
h0(⌧)|H|n(⌧)i

<latexit sha1_base64="Xmm4FgxAmY70jqdLMiSCIYx9/Zc="></latexit>

Transition rate � = ⌧/⌧R

<latexit sha1_base64="Vc5KrtuiSQEsValTFpizr6m1CXs=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXNUZqehGKLpxWcU+oDMMmUymDc08SDJCGQr+ihsXirj1O9z5N6btLLT1QMLhnHPJzfFTzqSyrG+jtLS8srpWXq9sbG5t75i7e22ZZILQFkl4Iro+lpSzmLYUU5x2U0Fx5HPa8Yc3E7/zSIVkSfygRil1I9yPWcgIVlryzAOH63CA0RVyFM5OJ5d375lVq2ZNgRaJXZAqFGh65pcTJCSLaKwIx1L2bCtVbo6FYoTTccXJJE0xGeI+7Wka44hKN5+uP0bHWglQmAh9YoWm6u+JHEdSjiJfJyOsBnLem4j/eb1MhZduzuI0UzQms4fCjCOVoEkXKGCCEsVHmmAimN4VkQEWmCjdWEWXYM9/eZG0z2p2vXZ+V682ros6ynAIR3ACNlxAA26hCS0gkMMzvMKb8WS8GO/GxyxaMoqZffgD4/MHD5eU6w==</latexit>
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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

�A ⇠ @⌧ log �

�En
h0(⌧)|H|n(⌧)i

<latexit sha1_base64="Xmm4FgxAmY70jqdLMiSCIYx9/Zc="></latexit>

Transition rate
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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) 25

But this slow mode is not a hydrodynamic mode

leading order 
contributions from 

fast modes

“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]
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Bjorken is special because there is only one hydrodynamic mode.

ground state “slow mode” gapped 
from excited states

slow mode0.1 1 10
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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>

��

��

��

��

far-from-equilibrium evolution 
described by ground state

Bjorken expansion: 
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Beyond Bjorken expansion

Transverse momentum anisotropy

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

 = (✏,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>

F✏(cos ✓; ⌧) = ✏(⌧) +
X

n=1

4n+ 1

2
Ln(⌧)P2n(cos ✓)

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

Bjorken expansion

Matveenko, Gryaznykh, Kondratev, Litvinenko

Y m
l (✓,�) ⇠ cos(m�)Pm

l (cos ✓)

<latexit sha1_base64="QQxypJZku7g51uciTKqp1VwQvkg=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0IGVGKnZZdOOygn1IZyyZNG1Dk5khuSOUob/ixl9x40KR7sSfMZ12oa0HQg7nnEtyjx8JrsG2v6zM2vrG5lZ2O7ezu7d/kD88auowVpQ1aChC1faJZoIHrAEcBGtHihHpC9byRzczv/XElOZhcA/jiHmSDALe55SAkbr56kNXPMqiC0MG5NyNhryEXc0ldmmoi+ZKlXoaSrV5Epe6+YJdtlPgVeIsSAEtUO/mp24vpLFkAVBBtO44dgReQhRwKtgk58aaRYSOyIB1DA2IZNpL0g0n+MwoPdwPlTkB4FT9PZEQqfVY+iYpCQz1sjcT//M6MfSrXsKDKAYW0PlD/VhgCPGsLtzjilEQY0MIVdz8FdMhUYSCKTVnSnCWV14lzYuyUylf3lUKtetFHVl0gk5RETnoCtXQLaqjBqLoGb2id/RhvVhv1qc1nUcz1mLmGP2B9f0DyCGiCQ==</latexit>

px

<latexit sha1_base64="e0YBNXqg0OsRYAQSnpluGXQ5ZB8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdJ76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdttI3n</latexit>

py

<latexit sha1_base64="P0Pu7XwRfLzPhTBI90s5YnyZ7FQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xCzhfkSHSoSCUbTSQ9LP+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6C/oRqFEzyaamXGp5QNqZD3rVU0YgbfzI/dUrOrDIgYaxtKSRz9ffEhEbGZFFgOyOKI7PszcT/vG6K4bU/ESpJkSu2WBSmkmBMZn+TgdCcocwsoUwLeythI6opQ5tOyYbgLb+8SloXVa9WvbyvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFvOI3o</latexit>

pz

<latexit sha1_base64="dfftkdFHqV2sGB5WztKhkUmuiH4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E6GG/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdJ76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdwvI3p</latexit>

p

<latexit sha1_base64="euj1URIw8U5XTfz6hRPacW56le4=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRKp6LLoxmUF+4A2lMnkth06eTBzIy0hv+LGhSJu/RF3/o3TNAttPXDhcM69c+ceLxZcoW1/G6WNza3tnfJuZW//4PDIPK52VJRIBm0WiUj2PKpA8BDayFFAL5ZAA09A15veLfzuE0jFo/AR5zG4AR2HfMQZRS0NzeoAYYb5O6kEP0vjbGjW7Lqdw1onTkFqpEBraH4N/IglAYTIBFWq79gxuimVyJmArDJIFMSUTekY+pqGNADlpvnOzDrXim+NIqkrRCtXf0+kNFBqHni6M6A4UaveQvzP6yc4unFTHsYJQsiWi0aJsDCyFkFYPpfAUMw1oUxy/VeLTaikDHVcFR2Cs3ryOulc1p1G/eqhUWveFnGUySk5IxfEIdekSe5Ji7QJIzPyTF7Jm5EZL8a78bFsLRnFzAn5A+PzB0lGlUI=</latexit>
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Beyond Bjorken expansion

Transverse momentum anisotropy

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

 = (✏,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>

F✏(cos ✓; ⌧) = ✏(⌧) +
X

n=1

4n+ 1

2
Ln(⌧)P2n(cos ✓)

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

Bjorken expansion

Different 𝑚, even/odd 𝑡 = 𝑙 + 𝑚 do not mix

Boost-invariant expansion, spatially homogeneous in transverse plane:

Matveenko, Gryaznykh, Kondratev, Litvinenko

H
m,t = H

m,t

F
+

⌧

⌧R
H

m,t

H

<latexit sha1_base64="v+ChCXc5ad9HYSfPDHQ3RJw2FbU="></latexit>

Y m
l (✓,�) ⇠ cos(m�)Pm

l (cos ✓)

<latexit sha1_base64="QQxypJZku7g51uciTKqp1VwQvkg=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0IGVGKnZZdOOygn1IZyyZNG1Dk5khuSOUob/ixl9x40KR7sSfMZ12oa0HQg7nnEtyjx8JrsG2v6zM2vrG5lZ2O7ezu7d/kD88auowVpQ1aChC1faJZoIHrAEcBGtHihHpC9byRzczv/XElOZhcA/jiHmSDALe55SAkbr56kNXPMqiC0MG5NyNhryEXc0ldmmoi+ZKlXoaSrV5Epe6+YJdtlPgVeIsSAEtUO/mp24vpLFkAVBBtO44dgReQhRwKtgk58aaRYSOyIB1DA2IZNpL0g0n+MwoPdwPlTkB4FT9PZEQqfVY+iYpCQz1sjcT//M6MfSrXsKDKAYW0PlD/VhgCPGsLtzjilEQY0MIVdz8FdMhUYSCKTVnSnCWV14lzYuyUylf3lUKtetFHVl0gk5RETnoCtXQLaqjBqLoGb2id/RhvVhv1qc1nUcz1mLmGP2B9f0DyCGiCQ==</latexit>

px

<latexit sha1_base64="e0YBNXqg0OsRYAQSnpluGXQ5ZB8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdJ76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdttI3n</latexit>

py

<latexit sha1_base64="P0Pu7XwRfLzPhTBI90s5YnyZ7FQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xCzhfkSHSoSCUbTSQ9LP+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6C/oRqFEzyaamXGp5QNqZD3rVU0YgbfzI/dUrOrDIgYaxtKSRz9ffEhEbGZFFgOyOKI7PszcT/vG6K4bU/ESpJkSu2WBSmkmBMZn+TgdCcocwsoUwLeythI6opQ5tOyYbgLb+8SloXVa9WvbyvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFvOI3o</latexit>

pz

<latexit sha1_base64="dfftkdFHqV2sGB5WztKhkUmuiH4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E6GG/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTSfdJ76pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wdwvI3p</latexit>

p

<latexit sha1_base64="euj1URIw8U5XTfz6hRPacW56le4=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRKp6LLoxmUF+4A2lMnkth06eTBzIy0hv+LGhSJu/RF3/o3TNAttPXDhcM69c+ceLxZcoW1/G6WNza3tnfJuZW//4PDIPK52VJRIBm0WiUj2PKpA8BDayFFAL5ZAA09A15veLfzuE0jFo/AR5zG4AR2HfMQZRS0NzeoAYYb5O6kEP0vjbGjW7Lqdw1onTkFqpEBraH4N/IglAYTIBFWq79gxuimVyJmArDJIFMSUTekY+pqGNADlpvnOzDrXim+NIqkrRCtXf0+kNFBqHni6M6A4UaveQvzP6yc4unFTHsYJQsiWi0aJsDCyFkFYPpfAUMw1oUxy/VeLTaikDHVcFR2Cs3ryOulc1p1G/eqhUWveFnGUySk5IxfEIdekSe5Ji7QJIzPyTF7Jm5EZL8a78bFsLRnFzAn5A+PzB0lGlUI=</latexit>



Jasmine Brewer (CERN) 29JB, Weiyao Ke, Li Yan, Yi Yin (in progress)

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>

Hydro modes

Energy gap of 

Beyond Bjorken expansion

H
m,t = H

m,t

F
+

⌧

⌧R
H

m,t

H

<latexit sha1_base64="v+ChCXc5ad9HYSfPDHQ3RJw2FbU="></latexit>

Y m
l (✓,�) ⇠ cos(m�)Pm

l (cos ✓)

<latexit sha1_base64="QQxypJZku7g51uciTKqp1VwQvkg=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0IGVGKnZZdOOygn1IZyyZNG1Dk5khuSOUob/ixl9x40KR7sSfMZ12oa0HQg7nnEtyjx8JrsG2v6zM2vrG5lZ2O7ezu7d/kD88auowVpQ1aChC1faJZoIHrAEcBGtHihHpC9byRzczv/XElOZhcA/jiHmSDALe55SAkbr56kNXPMqiC0MG5NyNhryEXc0ldmmoi+ZKlXoaSrV5Epe6+YJdtlPgVeIsSAEtUO/mp24vpLFkAVBBtO44dgReQhRwKtgk58aaRYSOyIB1DA2IZNpL0g0n+MwoPdwPlTkB4FT9PZEQqfVY+iYpCQz1sjcT//M6MfSrXsKDKAYW0PlD/VhgCPGsLtzjilEQY0MIVdz8FdMhUYSCKTVnSnCWV14lzYuyUylf3lUKtetFHVl0gk5RETnoCtXQLaqjBqLoGb2id/RhvVhv1qc1nUcz1mLmGP2B9f0DyCGiCQ==</latexit>



Jasmine Brewer (CERN) 30JB, Weiyao Ke, Li Yan, Yi Yin (in progress)

Hydrodynamic modes are gapped at late times. 
Some but not all are also gapped at early times.

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>

Hydro modes

Energy gap of 

Beyond Bjorken expansion

Y m
l (✓,�) ⇠ cos(m�)Pm

l (cos ✓)

<latexit sha1_base64="QQxypJZku7g51uciTKqp1VwQvkg=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0IGVGKnZZdOOygn1IZyyZNG1Dk5khuSOUob/ixl9x40KR7sSfMZ12oa0HQg7nnEtyjx8JrsG2v6zM2vrG5lZ2O7ezu7d/kD88auowVpQ1aChC1faJZoIHrAEcBGtHihHpC9byRzczv/XElOZhcA/jiHmSDALe55SAkbr56kNXPMqiC0MG5NyNhryEXc0ldmmoi+ZKlXoaSrV5Epe6+YJdtlPgVeIsSAEtUO/mp24vpLFkAVBBtO44dgReQhRwKtgk58aaRYSOyIB1DA2IZNpL0g0n+MwoPdwPlTkB4FT9PZEQqfVY+iYpCQz1sjcT//M6MfSrXsKDKAYW0PlD/VhgCPGsLtzjilEQY0MIVdz8FdMhUYSCKTVnSnCWV14lzYuyUylf3lUKtetFHVl0gk5RETnoCtXQLaqjBqLoGb2id/RhvVhv1qc1nUcz1mLmGP2B9f0DyCGiCQ==</latexit>

H
m,t = H

m,t

F
+

⌧

⌧R
H

m,t

H

<latexit sha1_base64="v+ChCXc5ad9HYSfPDHQ3RJw2FbU="></latexit>
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Hydrodynamic modes are gapped at late times. 
Some but not all are also gapped at early times.

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>

Hydro modes

Energy gap of 

Beyond Bjorken expansion

Some non-hydro modes are gapped at early times

H
m,t = H

m,t

F
+

⌧

⌧R
H

m,t

H

<latexit sha1_base64="v+ChCXc5ad9HYSfPDHQ3RJw2FbU="></latexit>

Y m
l (✓,�) ⇠ cos(m�)Pm

l (cos ✓)

<latexit sha1_base64="QQxypJZku7g51uciTKqp1VwQvkg=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0IGVGKnZZdOOygn1IZyyZNG1Dk5khuSOUob/ixl9x40KR7sSfMZ12oa0HQg7nnEtyjx8JrsG2v6zM2vrG5lZ2O7ezu7d/kD88auowVpQ1aChC1faJZoIHrAEcBGtHihHpC9byRzczv/XElOZhcA/jiHmSDALe55SAkbr56kNXPMqiC0MG5NyNhryEXc0ldmmoi+ZKlXoaSrV5Epe6+YJdtlPgVeIsSAEtUO/mp24vpLFkAVBBtO44dgReQhRwKtgk58aaRYSOyIB1DA2IZNpL0g0n+MwoPdwPlTkB4FT9PZEQqfVY+iYpCQz1sjcT//M6MfSrXsKDKAYW0PlD/VhgCPGsLtzjilEQY0MIVdz8FdMhUYSCKTVnSnCWV14lzYuyUylf3lUKtetFHVl0gk5RETnoCtXQLaqjBqLoGb2id/RhvVhv1qc1nUcz1mLmGP2B9f0DyCGiCQ==</latexit>



Jasmine Brewer (CERN) 32JB, Weiyao Ke, Li Yan, Yi Yin (in progress)

Hydrodynamic modes are gapped at late times. 
Some but not all are also gapped at early times.

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>

Hydro modes

Energy gap of 

Beyond Bjorken expansion

Some non-hydro modes are gapped at early times

H
m,t = H

m,t

F
+

⌧

⌧R
H

m,t

H

<latexit sha1_base64="v+ChCXc5ad9HYSfPDHQ3RJw2FbU="></latexit>

Y m
l (✓,�) ⇠ cos(m�)Pm

l (cos ✓)

<latexit sha1_base64="QQxypJZku7g51uciTKqp1VwQvkg=">AAACIXicbVDLSgMxFM3UV62vqks3wSK0IGVGKnZZdOOygn1IZyyZNG1Dk5khuSOUob/ixl9x40KR7sSfMZ12oa0HQg7nnEtyjx8JrsG2v6zM2vrG5lZ2O7ezu7d/kD88auowVpQ1aChC1faJZoIHrAEcBGtHihHpC9byRzczv/XElOZhcA/jiHmSDALe55SAkbr56kNXPMqiC0MG5NyNhryEXc0ldmmoi+ZKlXoaSrV5Epe6+YJdtlPgVeIsSAEtUO/mp24vpLFkAVBBtO44dgReQhRwKtgk58aaRYSOyIB1DA2IZNpL0g0n+MwoPdwPlTkB4FT9PZEQqfVY+iYpCQz1sjcT//M6MfSrXsKDKAYW0PlD/VhgCPGsLtzjilEQY0MIVdz8FdMhUYSCKTVnSnCWV14lzYuyUylf3lUKtetFHVl0gk5RETnoCtXQLaqjBqLoGb2id/RhvVhv1qc1nUcz1mLmGP2B9f0DyCGiCQ==</latexit>

Attractor associated with gapped modes, which are not the same as hydrodynamic modes



Jasmine Brewer (CERN) 33JB, Weiyao Ke, Li Yan, Yi Yin (in progress)

Early-time attractor not associated with hydrodynamic modes

3pL
2✏

� 1

2

<latexit sha1_base64="gINdeMHKMaf6mVOX+rZ8mHHoPxU=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEQpWUIhgrWBgYikQfUhNVjuu0Vh3Hsh2kKsoXsPArLAwgxMrMxt/gthmg5UhXOjrnXt17TyAYVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWcSExaOGax7AZIEUY5aWmqGekKSVAUMNIJxtdTv/NApKIxv9cTQfwIDTkNKUbaSH274oUS4fQMiv5tltY8IhRlMc/gKZw7rlGzvl12qs4McJm4OSmDHM2+/eUNYpxEhGvMkFI91xHaT5HUFDOSlbxEEYHwGA1Jz1COIqL8dPZOBitGGcAwlqa4hjP190SKIqUmUWA6I6RHatGbiv95vUSHl35KuUg04Xi+KEwY1DGcZgMHVBKs2cQQhCU1t0I8QiYFbRIsmRDcxZeXSbtWdevV87t6uXGVx1EER+AYnAAXXIAGuAFN0AIYPIJn8ArerCfrxXq3PuatBSufOQR/YH3+AG+0m7s=</latexit>

hFY 0
2 i/hFY 0

0 i

<latexit sha1_base64="ORWSENsJ7p8e7gx6ruWSPscUZS0=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWdKRZdFQVxWsA/p1CGT3mlDM5khyQil9Dvc+CtuXCjiTtz4N6YPsLYeuHByzr3k3hMknCntON9WZml5ZXUtu57b2Nza3rF392oqTiWFKo15LBsBUcCZgKpmmkMjkUCigEM96F2O/PoDSMVicav7CbQi0hEsZJRoI/m263EiOhzwFb7zi/cO9uTkfYJnHefX8e28U3DGwIvEnZI8mqLi259eO6ZpBEJTTpRquk6iWwMiNaMchjkvVZAQ2iMdaBoqSASqNRifNsRHRmnjMJamhMZjdXZiQCKl+lFgOiOiu2reG4n/ec1Uh+etARNJqkHQyUdhyrGO8Sgn3GYSqOZ9QwiVzOyKaZdIQrVJM2dCcOdPXiS1YsEtFU5vSvnyxTSOLDpAh+gYuegMldE1qqAqougRPaNX9GY9WS/Wu/Uxac1Y05l99AfW1w9LSZ6O</latexit>

𝑚 = 0, 𝑙 + 𝑚 even 



Jasmine Brewer (CERN) 34JB, Weiyao Ke, Li Yan, Yi Yin (in progress)

Early-time attractor not associated with hydrodynamic modes

hFY 2
4 i/hFY 2

2 i

<latexit sha1_base64="veApPTKD70k1M8y0LEdErhqyz8s=">AAACGnicbVDLSgMxFL1TX7W+qi7dBIvgqs6Uii6LgrisYB/SGYdMmrahmcyQZIQy9Dvc+CtuXCjiTtz4N6YPsLYeuHByzr3k3hPEnClt299WZml5ZXUtu57b2Nza3snv7tVVlEhCayTikWwGWFHOBK1ppjltxpLiMOC0EfQvR37jgUrFInGrBzH1QtwVrMMI1kby847Lsehyiq7QnV++LyFXTt4naNYp/Tp+vmAX7THQInGmpABTVP38p9uOSBJSoQnHSrUcO9ZeiqVmhNNhzk0UjTHp4y5tGSpwSJWXjk8boiOjtFEnkqaERmN1diLFoVKDMDCdIdY9Ne+NxP+8VqI7517KRJxoKsjko07CkY7QKCfUZpISzQeGYCKZ2RWRHpaYaJNmzoTgzJ+8SOqlolMunt6UC5WLaRxZOIBDOAYHzqAC11CFGhB4hGd4hTfryXqx3q2PSWvGms7swx9YXz9YGZ6W</latexit>

𝑚 = 2, 𝑙 + 𝑚 even 

Attractor associated with non-hydrodynamic mode



Jasmine Brewer (CERN) 35JB, Weiyao Ke, Li Yan, Yi Yin (in progress)

Early-time attractor not associated with hydrodynamic modes

hFY 0
3 i/hFY 0

1 i

<latexit sha1_base64="HE3asoxeQmpTJjVMAhSr8NuXjTQ=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4qjNa0WVREJcV7EM645BJ77ShmcyQZIRS+h1u/BU3LhRxJ278G9MHWFsPXDg5515y7wkSzpS27W8rs7C4tLySXc2trW9sbuW3d2oqTiWFKo15LBsBUcCZgKpmmkMjkUCigEM96F4O/foDSMVicat7CXgRaQsWMkq0kfy843Ii2hzwFb7zT+5t7Mrx+whPO86v4+cLdtEeAc8TZ0IKaIKKn/90WzFNIxCacqJU07ET7fWJ1IxyGOTcVEFCaJe0oWmoIBEorz86bYAPjNLCYSxNCY1H6vREn0RK9aLAdEZEd9SsNxT/85qpDs+9PhNJqkHQ8UdhyrGO8TAn3GISqOY9QwiVzOyKaYdIQrVJM2dCcGZPnie146JTKp7elArli0kcWbSH9tEhctAZKqNrVEFVRNEjekav6M16sl6sd+tj3JqxJjO76A+srx9Of56Q</latexit>

No attractor associated with hydrodynamic mode
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Summary and Outlook

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>

��

��

��

��

Connection between attractor and 
far-from-equilibrium slow modes

Beyond Bjorken, slow modes at early 
times are qualitatively different (including 
in number) than hydrodynamic modes
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Scaling solution as ground state of Fokker-Planck

C[f ] = �q̂@2
pz
f

<latexit sha1_base64="YB5fC5LHfw/7PNOc0rff6brkECk=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiQWqqQqggWpogtjkehDSkLkuE5r1XlgO0glyszCr7AwgBArX8DG3+C0GaDlSFc6Oude+97jxYwKaRjf2sLi0vLKammtvL6xubWt7+x2RJRwTNo4YhHveUgQRkPSllQy0os5QYHHSNcbNXO/e0+4oFF4I8cxcQI0CKlPMZJKcvWDpuU7FyfQHiKZ3mXQjhGXFLHbmpvG7kMGfVevGFVjAjhPzIJUQIGWq3/Z/QgnAQklZkgIyzRi6aT5u5iRrGwngsQIj9CAWIqGKCDCSSenZPBIKX3oR1xVKOFE/T2RokCIceCpzgDJoZj1cvE/z0qkf+6kNIwTSUI8/chPGJQRzHOBfcoJlmysCMKcql0hHiKOsFTplVUI5uzJ86RTq5r16ul1vdK4LOIogX1wCI6BCc5AA1yBFmgDDB7BM3gFb9qT9qK9ax/T1gWtmNkDf6B9/gBJ/ZoJ</latexit>

q̂ ⇠ ↵2
sN

2
c

Z

p
f2

<latexit sha1_base64="07gy2IQp9VIt8lGpmZf/xj+xC+k=">AAACEXicbVA9SwNBEN3z2/h1ammzGIRU4S4oWoo2VhLBRCGXHHObvWRxb+/cnRPCkb9g41+xsVDE1s7Of+MmplDjgxke782wOy/KpDDoeZ/OzOzc/MLi0nJpZXVtfcPd3GqaNNeMN1gqU30dgeFSKN5AgZJfZ5pDEkl+Fd2cjvyrO66NSNUlDjLeTqCnRCwYoJVCtxL0AYvbIQ2MSGgAMutDaDo1eh4y2wOhMMxo3KmFbtmremPQaeJPSJlMUA/dj6CbsjzhCpkEY1q+l2G7AI2CST4sBbnhGbAb6PGWpQoSbtrF+KIh3bNKl8aptqWQjtWfGwUkxgySyE4mgH3z1xuJ/3mtHOOjdiFUliNX7PuhOJcUUzqKh3aF5gzlwBJgWti/UtYHDQxtiCUbgv/35GnSrFX9/erBxX75+GQSxxLZIbukQnxySI7JGamTBmHknjySZ/LiPDhPzqvz9j0640x2tskvOO9fzgCcWg==</latexit>

Scaling exponents of BMSS 
achieved as ground state 

Bruno Scheihing-Hitschfeld
MIT graduate student

f(p?, pz, ⌧) = ⌧↵(⌧)fS(⌧
�(⌧)p?, ⌧

�(⌧)pz)

<latexit sha1_base64="OxSWZB3SRimKK+fXRkSvBCCi+Gk="></latexit>

↵ = �2/3, � = 1/3, � = 0

<latexit sha1_base64="JLiTw45VQ1KbKG4wEgo/s0JEvlg=">AAACDXicbVC7TgJBFJ3FF+Jr1dJmIppYIO4iRhsSoo0lJvJIWELuDgNMmNndzMyaEMIP2PgrNhYaY2tv5984wBYKnuQmZ865N3Pv8SPOlHacbyu1tLyyupZez2xsbm3v2Lt7NRXGktAqCXkoGz4oyllAq5ppThuRpCB8Tuv+4Gbi1x+oVCwM7vUwoi0BvYB1GQFtpLZ95AGP+lA6LZyd57wc9nogBJTc5OVTDSWnbWedvDMFXiRuQrIoQaVtf3mdkMSCBppwUKrpOpFujUBqRjgdZ7xY0QjIAHq0aWgAgqrWaHrNGB8bpYO7oTQVaDxVf0+MQCg1FL7pFKD7at6biP95zVh3r1ojFkSxpgGZfdSNOdYhnkSDO0xSovnQECCSmV0x6YMEok2AGROCO3/yIqkV8m4xf3FXzJavkzjS6AAdohPkoktURreogqqIoEf0jF7Rm/VkvVjv1sesNWUlM/voD6zPH5CNmLc=</latexit>

Berges, Boguslavski, Schlichting, Venugopalan [1311.3005]


