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Motivation: Why real time?

Study QCD phase diagram through heavy-ion collisions:

2

⤳ proper description needs 
   genuine real-time methods

Fireball

expands & 

cools

System 
equilibrates

Figure adapted from C. S. Fischer, Prog. Part. Nucl. Phys. 105, 1 (2019) 

Fireball passes critical point:


Critical slowing down ⤳

System falls out of equilibrium 

• non-perturbative


• off-equilibrium

Figure from 
MADAI collaboration

critical point
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Outline

1. The Schwinger-Keldysh contour

2. Renormalization in Minkowski spacetime

3. Field theory applications 
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The Schwinger-Keldysh contour
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The Schwinger-Keldysh contour

5

von Neumann equation:


• formal solution:


• expectation value of observable:

<latexit sha1_base64="AozcnDId4cpuRek+RgzvkIr+c3o=">AAACEHicbVDLSgMxFM3UV62vqks3wSJWkDIjvjZC0U2XFewDpkPJZDJtaOZBckcoQz/Bjb/ixoUibl26829M2xG09cDlHs65l+QeNxZcgWl+GbmFxaXllfxqYW19Y3OruL3TVFEiKWvQSESy7RLFBA9ZAzgI1o4lI4ErWMsd3Iz91j2TikfhHQxj5gSkF3KfUwJa6hYPeceXhKbeKPVghDuyH5XhCF9hu6b78Y/gdIsls2JOgOeJlZESylDvFj87XkSTgIVABVHKtswYnJRI4FSwUaGTKBYTOiA9ZmsakoApJ50cNMIHWvGwH0ldIeCJ+nsjJYFSw8DVkwGBvpr1xuJ/np2Af+mkPIwTYCGdPuQnAkOEx+lgj0tGQQw1IVRy/VdM+0QHBDrDgg7Bmj15njRPKtZ55ez2tFS9zuLIoz20j8rIQheoimqojhqIogf0hF7Qq/FoPBtvxvt0NGdkO7voD4yPbwbZm0o=</latexit>

i
d

dt
⇢(t) = [H(t), ⇢(t)]

<latexit sha1_base64="W88RT/AgtD5RRQfM1FGxsiJbI8U=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARWqhlRrxthKIblxWcttCWkkkzbWgmMyRnhFL6HG58FTcuFHEnbnwb04uirT8EvvznHJLz+7HgGhzn00otLC4tr6RXM2vrG5tb9vZORUeJosyjkYhUzSeaCS6ZBxwEq8WKkdAXrOr3rkb16h1TmkfyFvoxa4akI3nAKQFjtWy3obpRDvL4Ans5KBw2uAygn8dj++fmfWMB8i076xSdsfA8uFPIoqnKLfu90Y5oEjIJVBCt664TQ3NAFHAq2DDTSDSLCe2RDqsblCRkujkYrzbEB8Zp4yBS5kjAY/f3xICEWvdD33SGBLp6tjYy/6vVEwjOmwMu4wSYpJOHgkRgiPAoJ9zmilEQfQOEKm7+immXKELBpJkxIbizK89D5ajonhZPbo6zpctpHGm0h/ZRDrnoDJXQNSojD1F0jx7RM3qxHqwn69V6m7SmrOnMLvoj6+ML+i2eYQ==</latexit>

⇢(t) = U(t,�1)⇢(�1)U(�1, t)
<latexit sha1_base64="xmUpgEWmDXgk3nBVjNDi8K5Vtmo="></latexit>

U(t, t0) = T exp

⇢
�i

Z t

t0

dt
0
H(t0)

�

(Schrödinger picture)

<latexit sha1_base64="PtW7TH2a7NBu4e/RiL4ewg5/kPk="></latexit>

hO(t)i = tr (U(�1, t)OU(t,�1)⇢(�1))

tr⇢(�1)
(Heisenberg picture)
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⇢
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Z t

t0

dt
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�

(Schrödinger picture)

<latexit sha1_base64="PtW7TH2a7NBu4e/RiL4ewg5/kPk="></latexit>

hO(t)i = tr (U(�1, t)OU(t,�1)⇢(�1))

tr⇢(�1)
<latexit sha1_base64="vBO9kIjgjnnyMKfqi5e9zqzaD1k="></latexit>

hO(t)i = tr (U(�1,+1)U(+1, t)OU(t,�1)⇢(�1))

tr ⇢(�1)
extend evolution to t = +∞

(Heisenberg picture)
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(Schrödinger picture)

2.2 Partition function 13

+ ∞ − ∞
t

tN

tN+1 t2N

t1

Fig. 2.1 The closed time contour C. Dots on the forward and backward branches
of the contour denote discrete time points.

sometime after (before) t = −∞. This constant is therefore frequently omitted
without causing confusion.

The next step is to divide the C contour into (2N − 2) time intervals of length δt ,
such that t1 = t2N = −∞ and tN = tN+1 = +∞, as shown in Fig. 2.1. One then
inserts the resolution of unity in the over-complete coherent state basis, Eq. (2.7),

1̂ =
∫

d[φ̄ j ,φ j ] e−|φ j |2 |φ j 〉〈φ j | (2.15)

at each point j = 1, 2, . . . , 2N along the contour. For example, for N = 3 one
obtains the following sequence in the expression for Tr{ÛC ρ̂0}, Eq. (2.10) (read
from right to left):

〈φ6|Û−δt |φ5〉〈φ5|Û−δt |φ4〉〈φ4|1̂|φ3〉〈φ3|Û+δt |φ2〉〈φ2|Û+δt |φ1〉〈φ1|ρ̂0|φ6〉, (2.16)

where Û±δt is the evolution operator (1.1) during the time interval δt in the positive
(negative) time direction. Its matrix elements are given by:
〈
φ j

∣∣∣Û±δt

∣∣∣φ j−1

〉
≡
〈
φ j

∣∣∣e∓iĤ(b†,b)δt

∣∣∣φ j−1

〉
≈
〈
φ j

∣∣∣
(
1∓ iĤ(b†, b

)
δt
)∣∣∣φ j−1

〉

=
〈
φ j |φ j−1

〉(
1∓ iH(φ̄ j ,φ j−1)δt

)
≈ e φ̄ jφ j−1 e∓iH(φ̄ j ,φ j−1)δt , (2.17)

where the approximate equalities are valid up to the linear order in δt . Here we have
employed expression (2.4) for the matrix elements of a normally-ordered operator
along with Eq. (2.6) for the overlap of the coherent states. For the toy example
(2.12) one finds H(φ̄ j ,φ j−1) = ω0φ̄ jφ j−1. However, Eq. (2.17) is not restricted to
it, but holds for any normally-ordered Hamiltonian. Notice that there is no evolu-
tion operator inserted between tN and tN+1. Indeed, these two points are physically
indistinguishable and thus the system does not evolve during this time interval.

Employing the following property of the coherent states (see Eq. (2.11)):
〈φ1|e−β(ω0−µ)b†b|φ2N 〉 = exp

{
φ̄1φ2Nρ(ω0)

}
and collecting all the exponential

factors along the contour, one finds for the partition function, Eq. (2.13),

Z = 1
Tr{ρ̂0}

∫ 2N∏

j=1

d[φ̄ j ,φ j ] exp



i
2N∑

j, j ′=1

φ̄ j G−1
j j ′ φ j ′



 . (2.18)

���*��!��!���(��((%'���+++���"�&�����$&���$&��(�&"'���((%'����$��$&�������������
�����
���

�����
�$+#!$������&$"��((%'���+++���"�&�����$&���$&������!�$(�� '','(�"��#�*�&'�(��(����''�#��$#�����$*�������(�������		��')����(�($�(�����"�&������$&��(�&"'�$��)'�

Figure taken from A. Kamenev, Field Theory of Non-Equilibrium Systems (Cambridge University Press, 2011)

measure
<latexit sha1_base64="TbH4rN84vEqBsJJP/lHqD26uQmg=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSxC3ZQk9LUsunFnBfuAJpTJdNIOnUzCzESoofgrblwo4tb/cOffOGkrqOiBC2fOuZe59/gxo1JZ1oeRW1ldW9/Ibxa2tnd298z9g46MEoFJG0csEj0fScIoJ21FFSO9WBAU+ox0/clF5ndviZA04jdqGhMvRCNOA4qR0tLAPHIZ4iNG4FVJnUFXzB8Ds2iVaxXHqdehVbYsp+I0MmI7jUYV2lrJUARLtAbmuzuMcBISrjBDUvZtK1ZeioSimJFZwU0kiRGeoBHpa8pRSKSXzrefwVOtDGEQCV1cwbn6fSJFoZTT0NedIVJj+dvLxL+8fqKChpdSHieKcLz4KEgYVBHMooBDKghWbKoJwoLqXSEeI4Gw0oEVdAhfl8L/Sccp27Vy9bpSbJ4v48iDY3ACSsAGddAEl6AF2gCDO/AAnsCzcW88Gi/G66I1ZyxnDsEPGG+fnxyUuQ==</latexit>

hO(t)i
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<latexit sha1_base64="ohOJaFKTSK2mspp++hoCU+C3vvo="></latexit>

S =

Z

x

�
L(�+)� L(��)

�

Keldysh action:

Partition function:

Suzuki-Trotter decomposition along contour

path-integral description 
of non-equilibrium systems

(requires doubling number of fields

in comparison to Matsubara formalism)

(here for scalar field theory)

<latexit sha1_base64="Q++pQ4CugwXjUk12EV0AyddfS18="></latexit>

=

Z

⇢0

D�+ D�� eiS[�+,��]<latexit sha1_base64="M/gbVDhnmR/CR4dVVNfAi+KLRWA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlgsoTZyWwyZnZmmZkVwpJ/8OJBEa/+jzf/xslmD5pY0FBUddPdFcScaeO6305haXllda24XtrY3NreKe/uNbVMFKENIrlU7QBrypmgDcMMp+1YURwFnLaC0c3Ubz1RpZkU92YcUz/CA8FCRrCxUtNDV+gB9coVt+pmQIvEy0kFctR75a9uX5IkosIQjrXueG5s/BQrwwink1I30TTGZIQHtGOpwBHVfppdO0FHVumjUCpbwqBM/T2R4kjrcRTYzgiboZ73puJ/Xicx4aWfMhEnhgoyWxQmHBmJpq+jPlOUGD62BBPF7K2IDLHCxNiASjYEb/7lRdI8qXrn1bO700rtOo+jCAdwCMfgwQXU4Bbq0AACj/AMr/DmSOfFeXc+Zq0FJ5/Zhz9wPn8Ar6WN6A==</latexit>

1 = Z

<latexit sha1_base64="f1HzaL1p1GPcest2FNPdb2Yu/8I="></latexit>

Z ⌘ tr [U(�1,+1)U(+1,�1)⇢(�1)]

tr ⇢(�1)
= 1

= · · ·

=

Z

⇢(�1)

D�+ D�� eiS[�+,��]

⤳
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=

Z

⇢0

D�+ D�� eiS[�+,��]

initial state
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<latexit sha1_base64="f1HzaL1p1GPcest2FNPdb2Yu/8I="></latexit>
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Z
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=
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1 = Z

<latexit sha1_base64="f1HzaL1p1GPcest2FNPdb2Yu/8I="></latexit>

Z ⌘ tr [U(�1,+1)U(+1,�1)⇢(�1)]

tr ⇢(�1)
= 1

= · · ·

=

Z

⇢(�1)

D�+ D�� eiS[�+,��]

⤳

insert observable here

<latexit sha1_base64="oGlajxJGqNH1J7O+88ZJcls5ZfY=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiCOmRq22l3RTfurGAfMB1LJk3b0MyDJFMoQ//EjQtF3Pon7vwb04egogcu93DOveTm+DFnUiH0YSwtr6yurWc2sptb2zu75t5+Q0aJILROIh6Jlo8l5SykdcUUp61YUBz4nDb94dXUb46okCwK79Q4pl6A+yHrMYKVljqmeeO24wG7Pz2btXOvY+aQVXYqxUoRIqtUcJCDNLHzNrooQ9tCM+TAArWO+d7uRiQJaKgIx1K6NoqVl2KhGOF0km0nksaYDHGfupqGOKDSS2eXT+CxVrqwFwldoYIz9ftGigMpx4GvJwOsBvK3NxX/8txE9cpeysI4UTQk84d6CYcqgtMYYJcJShQfa4KJYPpWSAZYYKJ0WFkdwtdP4f+kkbfsklW8LeSql4s4MuAQHIETYAMHVME1qIE6IGAEHsATeDZS49F4MV7no0vGYucA/IDx9gnPfpMo</latexit>

O[�+
,�

�]
<latexit sha1_base64="1BVD5RX+gP802nbMh89DQgIGNR4=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUS8bYsunFnBXuBJpTJdNIOnUzCzEQpsY/ixoUibn0Sd76N0zQLrf4w8PGfczhn/iDhTGnH+bJKS8srq2vl9crG5tb2jl3dbas4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGF/N6p17KhWLxZ2eJNSP8FCwkBGsjdW3qx7HYsgpukGezKlv15y6kwv9BbeAGhRq9u1PbxCTNKJCE46V6rlOov0MS80Ip9OKlyqaYDLGQ9ozKHBElZ/lp0/RoXEGKIyleUKj3P05keFIqUkUmM4I65FarM3M/2q9VIcXfsZEkmoqyHxRmHKkYzTLAQ2YpETziQFMJDO3IjLCEhNt0qqYENzFL/+F9nHdPauf3p7UGpdFHGXYhwM4AhfOoQHX0IQWEHiAJ3iBV+vRerberPd5a8kqZvbgl6yPb5IAk5I=</latexit>

hOi
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+ ∞ − ∞
t

tN

tN+1 t2N

t1

Fig. 2.1 The closed time contour C. Dots on the forward and backward branches
of the contour denote discrete time points.

sometime after (before) t = −∞. This constant is therefore frequently omitted
without causing confusion.

The next step is to divide the C contour into (2N − 2) time intervals of length δt ,
such that t1 = t2N = −∞ and tN = tN+1 = +∞, as shown in Fig. 2.1. One then
inserts the resolution of unity in the over-complete coherent state basis, Eq. (2.7),

1̂ =
∫

d[φ̄ j ,φ j ] e−|φ j |2 |φ j 〉〈φ j | (2.15)

at each point j = 1, 2, . . . , 2N along the contour. For example, for N = 3 one
obtains the following sequence in the expression for Tr{ÛC ρ̂0}, Eq. (2.10) (read
from right to left):

〈φ6|Û−δt |φ5〉〈φ5|Û−δt |φ4〉〈φ4|1̂|φ3〉〈φ3|Û+δt |φ2〉〈φ2|Û+δt |φ1〉〈φ1|ρ̂0|φ6〉, (2.16)

where Û±δt is the evolution operator (1.1) during the time interval δt in the positive
(negative) time direction. Its matrix elements are given by:
〈
φ j

∣∣∣Û±δt

∣∣∣φ j−1

〉
≡
〈
φ j

∣∣∣e∓iĤ(b†,b)δt

∣∣∣φ j−1

〉
≈
〈
φ j

∣∣∣
(
1∓ iĤ(b†, b

)
δt
)∣∣∣φ j−1

〉

=
〈
φ j |φ j−1

〉(
1∓ iH(φ̄ j ,φ j−1)δt

)
≈ e φ̄ jφ j−1 e∓iH(φ̄ j ,φ j−1)δt , (2.17)

where the approximate equalities are valid up to the linear order in δt . Here we have
employed expression (2.4) for the matrix elements of a normally-ordered operator
along with Eq. (2.6) for the overlap of the coherent states. For the toy example
(2.12) one finds H(φ̄ j ,φ j−1) = ω0φ̄ jφ j−1. However, Eq. (2.17) is not restricted to
it, but holds for any normally-ordered Hamiltonian. Notice that there is no evolu-
tion operator inserted between tN and tN+1. Indeed, these two points are physically
indistinguishable and thus the system does not evolve during this time interval.

Employing the following property of the coherent states (see Eq. (2.11)):
〈φ1|e−β(ω0−µ)b†b|φ2N 〉 = exp

{
φ̄1φ2Nρ(ω0)

}
and collecting all the exponential

factors along the contour, one finds for the partition function, Eq. (2.13),

Z = 1
Tr{ρ̂0}

∫ 2N∏

j=1

d[φ̄ j ,φ j ] exp



i
2N∑

j, j ′=1

φ̄ j G−1
j j ′ φ j ′



 . (2.18)

���*��!��!���(��((%'���+++���"�&�����$&���$&��(�&"'���((%'����$��$&�������������
�����
���

�����
�$+#!$������&$"��((%'���+++���"�&�����$&���$&������!�$(�� '','(�"��#�*�&'�(��(����''�#��$#�����$*�������(�������		��')����(�($�(�����"�&������$&��(�&"'�$��)'�

<latexit sha1_base64="YY6wCAvVIjf0vqW3iDN+KxHldzs=">AAACKXicbVDLSgMxFM3Ud32NunQTLGJLpcyIr41QdKFLhdYWOrVk0rQNzWSG5I5Qhv6OG3/FjYKibv0R03YWWj0QcjjnHpJ7/EhwDY7zYWVmZufmFxaXsssrq2vr9sbmrQ5jRVmVhiJUdZ9oJrhkVeAgWD1SjAS+YDW/fzHya/dMaR7KCgwi1gxIV/IOpwSM1LLLl3dJsTjMwz7sFfAZ5p4gsisYrmAv6vE8FNLbuJ6aWGfYhCpppmXnnJIzBv5L3JTkUIrrlv3itUMaB0wCFUTrhutE0EyIAk4FG2a9WLOI0D7psoahkgRMN5PxpkO8a5Q27oTKHAl4rP5MJCTQehD4ZjIg0NPT3kj8z2vE0DltJlxGMTBJJw91YoEhxKPacJsrRkEMDCFUcfNXTHtEEQqm3KwpwZ1e+S+5PSi5x6Wjm8Nc+TytYxFtox2URy46QWV0ha5RFVH0gJ7QK3qzHq1n6936nIxmrDSzhX7B+voGNTei9w==</latexit>

G++(t, t0) = ihT�(t)�(t0)i = GT (t, t0)

<latexit sha1_base64="kAWVbX82M0WZEYOuq3uuC/GLTmk=">AAAB9HicbVDLSsNAFL2pr1pfUZduBosgCCURX8tiNy4r2Ae0sUymk3boZBJnJoUS+h1uXCji1o9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbRVWVtfWN4qbpa3tnd09e/+gqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/VMv81phKxSLxoCcx9UI8ECxgBGsjed0Q6yHBPK1NH896dtmpODOgZeLmpAw56j37q9uPSBJSoQnHSnVcJ9ZeiqVmhNNpqZsoGmMywgPaMVTgkCovnYWeohOj9FEQSfOERjP190aKQ6UmoW8ms5Bq0cvE/7xOooMbL2UiTjQVZH4oSDjSEcoaQH0mKdF8YggmkpmsiAyxxESbnkqmBHfxy8ukeV5xryqX9xfl6m1eRxGO4BhOwYVrqMId1KEBBJ7gGV7hzRpbL9a79TEfLVj5ziH8gfX5A5l9kgA=</latexit>

C+

<latexit sha1_base64="EC8RHjHjbhRBKZ/E0bHQIlJs8CU=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgxpKIr2WxG5cV7APaWCbTSTt0Mokzk0IJ/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/qmV+a0ylYpF40JOYeiEeCBYwgrWRvG6I9ZBgntamj2c9u+xUnBnQMnFzUoYc9Z791e1HJAmp0IRjpTquE2svxVIzwum01E0UjTEZ4QHtGCpwSJWXzkJP0YlR+iiIpHlCo5n6eyPFoVKT0DeTWUi16GXif14n0cGNlzIRJ5oKMj8UJBzpCGUNoD6TlGg+MQQTyUxWRIZYYqJNTyVTgrv45WXSPK+4V5XL+4ty9TavowhHcAyn4MI1VOEO6tAAAk/wDK/wZo2tF+vd+piPFqx85xD+wPr8AZyFkgI=</latexit>

C�

<latexit sha1_base64="5DKAc5FR4VxLBlfdyazEkjcxt8U=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZLQR5ZFNy5bsA9oQ5lMb9qxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MAobm1vbO8Xd0t7+weFR+fikK+NUUOjQmMei7xMJnEXQUUxx6CcCSOhz6Pmz69zv3YOQLI5u1TwBLySTiAWMEqWlthqVK5ZZrzpOo4Et07KcquPmxHZct4ZtreSooDVao/L7cBzTNIRIUU6kHNhWoryMCMUoh0VpmEpICJ2RCQw0jUgI0suWhy7whVbGOIiFrkjhpfp9IiOhlPPQ150hUVP528vFv7xBqgLXy1iUpAoiuloUpByrGOdf4zETQBWfa0KoYPpWTKdEEKp0NiUdwten+H/SdUy7btba1Urzah1HEZ2hc3SJbNRATXSDWqiDKAL0gJ7Qs3FnPBovxuuqtWCsZ07RDxhvn0XNjUY=</latexit>

t
<latexit sha1_base64="UP1wQ+hQyXWJ4NM61XOGKCf79P0=">AAAB6XicdVDLSsNAFL2pr1pfVZduBovoKiShjyyLblxWsQ9oQ5lMJ+3QyYOZiVBC/8CNC0Xc+kfu/BsnbQUVPXDhcM693HuPn3AmlWV9GIW19Y3NreJ2aWd3b/+gfHjUkXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/epX73XsqJIujOzVLqBficcQCRrDS0q06H5YrllmvOk6jgSzTspyq4+bEdly3hmyt5KjACq1h+X0wikka0kgRjqXs21aivAwLxQin89IglTTBZIrHtK9phEMqvWxx6RydaWWEgljoihRaqN8nMhxKOQt93RliNZG/vVz8y+unKnC9jEVJqmhElouClCMVo/xtNGKCEsVnmmAimL4VkQkWmCgdTkmH8PUp+p90HNOum7WbaqV5uYqjCCdwChdgQwOacA0taAOBAB7gCZ6NqfFovBivy9aCsZo5hh8w3j4BpkGNdw==</latexit>

t0

time ordered

both times on forward (+) branch:
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+ ∞ − ∞
t

tN

tN+1 t2N

t1

Fig. 2.1 The closed time contour C. Dots on the forward and backward branches
of the contour denote discrete time points.

sometime after (before) t = −∞. This constant is therefore frequently omitted
without causing confusion.

The next step is to divide the C contour into (2N − 2) time intervals of length δt ,
such that t1 = t2N = −∞ and tN = tN+1 = +∞, as shown in Fig. 2.1. One then
inserts the resolution of unity in the over-complete coherent state basis, Eq. (2.7),

1̂ =
∫

d[φ̄ j ,φ j ] e−|φ j |2 |φ j 〉〈φ j | (2.15)

at each point j = 1, 2, . . . , 2N along the contour. For example, for N = 3 one
obtains the following sequence in the expression for Tr{ÛC ρ̂0}, Eq. (2.10) (read
from right to left):

〈φ6|Û−δt |φ5〉〈φ5|Û−δt |φ4〉〈φ4|1̂|φ3〉〈φ3|Û+δt |φ2〉〈φ2|Û+δt |φ1〉〈φ1|ρ̂0|φ6〉, (2.16)

where Û±δt is the evolution operator (1.1) during the time interval δt in the positive
(negative) time direction. Its matrix elements are given by:
〈
φ j

∣∣∣Û±δt

∣∣∣φ j−1

〉
≡
〈
φ j

∣∣∣e∓iĤ(b†,b)δt

∣∣∣φ j−1

〉
≈
〈
φ j

∣∣∣
(
1∓ iĤ(b†, b

)
δt
)∣∣∣φ j−1

〉

=
〈
φ j |φ j−1

〉(
1∓ iH(φ̄ j ,φ j−1)δt

)
≈ e φ̄ jφ j−1 e∓iH(φ̄ j ,φ j−1)δt , (2.17)

where the approximate equalities are valid up to the linear order in δt . Here we have
employed expression (2.4) for the matrix elements of a normally-ordered operator
along with Eq. (2.6) for the overlap of the coherent states. For the toy example
(2.12) one finds H(φ̄ j ,φ j−1) = ω0φ̄ jφ j−1. However, Eq. (2.17) is not restricted to
it, but holds for any normally-ordered Hamiltonian. Notice that there is no evolu-
tion operator inserted between tN and tN+1. Indeed, these two points are physically
indistinguishable and thus the system does not evolve during this time interval.

Employing the following property of the coherent states (see Eq. (2.11)):
〈φ1|e−β(ω0−µ)b†b|φ2N 〉 = exp

{
φ̄1φ2Nρ(ω0)

}
and collecting all the exponential

factors along the contour, one finds for the partition function, Eq. (2.13),

Z = 1
Tr{ρ̂0}

∫ 2N∏

j=1

d[φ̄ j ,φ j ] exp



i
2N∑

j, j ′=1

φ̄ j G−1
j j ′ φ j ′



 . (2.18)

���*��!��!���(��((%'���+++���"�&�����$&���$&��(�&"'���((%'����$��$&�������������
�����
���

�����
�$+#!$������&$"��((%'���+++���"�&�����$&���$&������!�$(�� '','(�"��#�*�&'�(��(����''�#��$#�����$*�������(�������		��')����(�($�(�����"�&������$&��(�&"'�$��)'�

<latexit sha1_base64="kAWVbX82M0WZEYOuq3uuC/GLTmk=">AAAB9HicbVDLSsNAFL2pr1pfUZduBosgCCURX8tiNy4r2Ae0sUymk3boZBJnJoUS+h1uXCji1o9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zbRVWVtfWN4qbpa3tnd09e/+gqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/VMv81phKxSLxoCcx9UI8ECxgBGsjed0Q6yHBPK1NH896dtmpODOgZeLmpAw56j37q9uPSBJSoQnHSnVcJ9ZeiqVmhNNpqZsoGmMywgPaMVTgkCovnYWeohOj9FEQSfOERjP190aKQ6UmoW8ms5Bq0cvE/7xOooMbL2UiTjQVZH4oSDjSEcoaQH0mKdF8YggmkpmsiAyxxESbnkqmBHfxy8ukeV5xryqX9xfl6m1eRxGO4BhOwYVrqMId1KEBBJ7gGV7hzRpbL9a79TEfLVj5ziH8gfX5A5l9kgA=</latexit>

C+

<latexit sha1_base64="EC8RHjHjbhRBKZ/E0bHQIlJs8CU=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgxpKIr2WxG5cV7APaWCbTSTt0Mokzk0IJ/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/qmV+a0ylYpF40JOYeiEeCBYwgrWRvG6I9ZBgntamj2c9u+xUnBnQMnFzUoYc9Z791e1HJAmp0IRjpTquE2svxVIzwum01E0UjTEZ4QHtGCpwSJWXzkJP0YlR+iiIpHlCo5n6eyPFoVKT0DeTWUi16GXif14n0cGNlzIRJ5oKMj8UJBzpCGUNoD6TlGg+MQQTyUxWRIZYYqJNTyVTgrv45WXSPK+4V5XL+4ty9TavowhHcAyn4MI1VOEO6tAAAk/wDK/wZo2tF+vd+piPFqx85xD+wPr8AZyFkgI=</latexit>

C�

<latexit sha1_base64="5DKAc5FR4VxLBlfdyazEkjcxt8U=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZLQR5ZFNy5bsA9oQ5lMb9qxkwczE6GEfoEbF4q49ZPc+TdO2goqeuDC4Zx7ufceP+FMKsv6MAobm1vbO8Xd0t7+weFR+fikK+NUUOjQmMei7xMJnEXQUUxx6CcCSOhz6Pmz69zv3YOQLI5u1TwBLySTiAWMEqWlthqVK5ZZrzpOo4Et07KcquPmxHZct4ZtreSooDVao/L7cBzTNIRIUU6kHNhWoryMCMUoh0VpmEpICJ2RCQw0jUgI0suWhy7whVbGOIiFrkjhpfp9IiOhlPPQ150hUVP528vFv7xBqgLXy1iUpAoiuloUpByrGOdf4zETQBWfa0KoYPpWTKdEEKp0NiUdwten+H/SdUy7btba1Urzah1HEZ2hc3SJbNRATXSDWqiDKAL0gJ7Qs3FnPBovxuuqtWCsZ07RDxhvn0XNjUY=</latexit>

t

<latexit sha1_base64="UP1wQ+hQyXWJ4NM61XOGKCf79P0=">AAAB6XicdVDLSsNAFL2pr1pfVZduBovoKiShjyyLblxWsQ9oQ5lMJ+3QyYOZiVBC/8CNC0Xc+kfu/BsnbQUVPXDhcM693HuPn3AmlWV9GIW19Y3NreJ2aWd3b/+gfHjUkXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/epX73XsqJIujOzVLqBficcQCRrDS0q06H5YrllmvOk6jgSzTspyq4+bEdly3hmyt5KjACq1h+X0wikka0kgRjqXs21aivAwLxQin89IglTTBZIrHtK9phEMqvWxx6RydaWWEgljoihRaqN8nMhxKOQt93RliNZG/vVz8y+unKnC9jEVJqmhElouClCMVo/xtNGKCEsVnmmAimL4VkQkWmCgdTkmH8PUp+p90HNOum7WbaqV5uYqjCCdwChdgQwOacA0taAOBAB7gCZ6NqfFovBivy9aCsZo5hh8w3j4BpkGNdw==</latexit>

t0

lesser/greater

<latexit sha1_base64="k21pZ5lv4eEiCzUIt5Y3ImKhLF8=">AAACJ3icbVDLSgMxFM34rPVVdekmWMSKWmbE18JK0YUuK9gHtLVk0rQNzWSG5I5Qhv6NG3/FjaAiuvRPTNtZaOuBkMM595Dc4waCa7DtL2tqemZ2bj6xkFxcWl5ZTa2tl7QfKsqK1Be+qrhEM8ElKwIHwSqBYsRzBSu73auBX35gSnNf3kEvYHWPtCVvcUrASI3UxfV9tHfQz8A+7OziHOY1QWRbMFwLOjwz0EbE3Gpk5LCJnMeJRiptZ+0h8CRxYpJGMQqN1Gut6dPQYxKoIFpXHTuAekQUcCpYP1kLNQsI7ZI2qxoqicd0PRru2cfbRmnilq/MkYCH6u9ERDyte55rJj0CHT3uDcT/vGoIrbN6xGUQApN09FArFBh8PCgNN7liFETPEEIVN3/FtEMUoWCqTZoSnPGVJ0npMOucZI9vj9L5y7iOBNpEWyiDHHSK8ugGFVARUfSIntEbereerBfrw/ocjU5ZcWYD/YH1/QP3QaJZ</latexit>

G+�(t, t0) = ih�(t0)�(t)i = G<(t, t0)
<latexit sha1_base64="AH3CT1vhagW9kcoXo8ErfHDr4lg=">AAACJ3icbVDLSgMxFM34tr5GXboJFrGilhnxtVFEF7pUsA/o1JJJM21oJjMkd4Qy9G/c+CtuBBXRpX9i2s5CqwdCDufcQ3KPHwuuwXE+rbHxicmp6ZnZ3Nz8wuKSvbxS1lGiKCvRSESq6hPNBJesBBwEq8aKkdAXrOJ3Lvp+5Z4pzSN5C92Y1UPSkjzglICRGvbp5V26u90rwA5sbuETzD1BZEsw7MVtXoCt7Daep4bGCTaR0yzRsPNO0RkA/yVuRvIow3XDfvGaEU1CJoEKonXNdWKop0QBp4L1cl6iWUxoh7RYzVBJQqbr6WDPHt4wShMHkTJHAh6oPxMpCbXuhr6ZDAm09ajXF//zagkEx/WUyzgBJunwoSARGCLcLw03uWIURNcQQhU3f8W0TRShYKrNmRLc0ZX/kvJe0T0sHtzs58/Oszpm0BpaRwXkoiN0hq7QNSohih7QE3pFb9aj9Wy9Wx/D0TEry6yiX7C+vgH7o6Jb</latexit>

G�+(t, t0) = ih�(t)�(t0)i = G>(t, t0)

times on different branches:
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+ ∞ − ∞
t

tN

tN+1 t2N

t1

Fig. 2.1 The closed time contour C. Dots on the forward and backward branches
of the contour denote discrete time points.

sometime after (before) t = −∞. This constant is therefore frequently omitted
without causing confusion.

The next step is to divide the C contour into (2N − 2) time intervals of length δt ,
such that t1 = t2N = −∞ and tN = tN+1 = +∞, as shown in Fig. 2.1. One then
inserts the resolution of unity in the over-complete coherent state basis, Eq. (2.7),

1̂ =
∫

d[φ̄ j ,φ j ] e−|φ j |2 |φ j 〉〈φ j | (2.15)

at each point j = 1, 2, . . . , 2N along the contour. For example, for N = 3 one
obtains the following sequence in the expression for Tr{ÛC ρ̂0}, Eq. (2.10) (read
from right to left):

〈φ6|Û−δt |φ5〉〈φ5|Û−δt |φ4〉〈φ4|1̂|φ3〉〈φ3|Û+δt |φ2〉〈φ2|Û+δt |φ1〉〈φ1|ρ̂0|φ6〉, (2.16)

where Û±δt is the evolution operator (1.1) during the time interval δt in the positive
(negative) time direction. Its matrix elements are given by:
〈
φ j

∣∣∣Û±δt

∣∣∣φ j−1

〉
≡
〈
φ j

∣∣∣e∓iĤ(b†,b)δt

∣∣∣φ j−1

〉
≈
〈
φ j

∣∣∣
(
1∓ iĤ(b†, b

)
δt
)∣∣∣φ j−1

〉

=
〈
φ j |φ j−1

〉(
1∓ iH(φ̄ j ,φ j−1)δt

)
≈ e φ̄ jφ j−1 e∓iH(φ̄ j ,φ j−1)δt , (2.17)

where the approximate equalities are valid up to the linear order in δt . Here we have
employed expression (2.4) for the matrix elements of a normally-ordered operator
along with Eq. (2.6) for the overlap of the coherent states. For the toy example
(2.12) one finds H(φ̄ j ,φ j−1) = ω0φ̄ jφ j−1. However, Eq. (2.17) is not restricted to
it, but holds for any normally-ordered Hamiltonian. Notice that there is no evolu-
tion operator inserted between tN and tN+1. Indeed, these two points are physically
indistinguishable and thus the system does not evolve during this time interval.

Employing the following property of the coherent states (see Eq. (2.11)):
〈φ1|e−β(ω0−µ)b†b|φ2N 〉 = exp

{
φ̄1φ2Nρ(ω0)

}
and collecting all the exponential

factors along the contour, one finds for the partition function, Eq. (2.13),

Z = 1
Tr{ρ̂0}

∫ 2N∏

j=1

d[φ̄ j ,φ j ] exp



i
2N∑

j, j ′=1

φ̄ j G−1
j j ′ φ j ′



 . (2.18)
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The Schwinger-Keldysh contour

• not independent:


• exploit through Keldysh rotation


• ‘rotate’ propagators:
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The Schwinger-Keldysh contour

• after Keldysh rotation: causal structure manifest
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Causality: System can only respond after source is applied!
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Diagrammatically, the flow equation has the form of a 1-loop integral,

∂kΓk =
i

2
tr

"
∂kRk ◦

)
Rk + Γ

(2)
k

*−1
#

= − i

2
, (2.22)

where we used the color-coding conventions of Ref. [11] which we explain in more detail be-

low. Eq. (2.22) can be used to derive the flow equations for higher order n-point functions by

functional differentiation [13].

The starting point for our flow (2.19) is given by choosing the initial scale k = Λ very large where

all quantum and thermal fluctuations are effectively suppressed, and the effective average action

ΓΛ = S equals the bare action (which can be shown via a saddle-point approximation [7, 11]).

One then chooses a finite subset of couplings as a truncation for the full effective average action

and allows these couplings to acquire thermal and quantum fluctuations momentum shell by

momentum shell when solving (2.19).

2.1 Relativistic Z2 Theory

We consider the following microscopically defined bare action S, describing a dissipative one-

component (N = 1) self-interacting real scalar field theory in d spatial dimensions on the closed

time path, which reads
2

S[φ] =
1

2

!
dDp

(2π)D
φT (−ω,−p)

'
0 ω2 − p2 − iγω −m2

ω2 − p2 + iγω −m2 2iγω F (ω)

(
φ(ω,p)

−
!

dDx

+
λ

12
φc(x)φc(x)φc(x)φq(x) +

λ

12
φc(x)φq(x)φq(x)φq(x)

,
, (2.23)

with the quartic coupling constant λ, and the negative squared mass m2 < 0 to spontaneously

break the Z2 symmetry. The latter determines its static universality class to be the one of

the d-dimensional Ising model. The finite damping γ > 0 models a dissipative coupling to an

external heat bath in thermal equilibrium at temperature T . We define the statistical function

F (ω) = coth (ωβ/2) = 1+2nB(ω) with the Bose-Einstein distribution nB(ω) = 1/(eβω − 1) and

the inverse temperature β = 1/T . The lower right ‘Keldysh’ component of the correlation matrix

in (2.23) is set by the Fluctuation-Dissipation-relation (FDR), which follows from the Kubo-

Martin-Schwinger (KMS) condition [40, 41], and relates the 2-point functions and propagators

according to

GK
k (ω,p) = F (ω)

%
GR

k (ω,p)−GA
k (ω,p)

&
, and (2.24)

Γqq
k (ω,p) = F (ω)

%
Γqc
k (ω,p)− Γcq

k (ω,p)
&
, (2.25)

remaining valid at all FRG scales k, if the regulator is chosen appropriately, see Eq. (3.49) in

the following section. Similar relations for higher n-point functions are given in Ref. [42]. We

2We use the combined notation φ = (φc,φq)T .
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Functional RG (flow) equations

Wilson: introduce infrared cutof to suppress fluctuations with 


 

Integrate fluctuations ‘momentum shell by momentum shell’
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� = (�c,�q)T (scalar field theory)

Introduction to the Functional RG and Applications to Gauge Theories 7

p2k2

k2
Rk

(d/dt) Rk

Fig. 1. Sketch of a regulator function Rk(p2) (lower curve) and its derivative
∂tRk(p2) (upper curve). Whereas the regulator provides for an IR regularization
for all modes with p2 ! k2, its derivative implements the Wilsonian idea of integrat-
ing out fluctuations within a momentum shell near p2 ! k2.

(Note that we frequently change from coordinate to momentum space or vice
versa by Fourier transformation for reasons of convenience.) Now, we are in a
position to define the interpolating effective action Γk by a slightly modified
Legendre transform,3

Γk[φ] = sup
J

(∫
Jφ− Wk[J ]

)
− ∆Sk[φ]. (20)

Since we later want to study Γk as a functional of a k-independent field φ, it is
clear from Eq. (20) that the source J ≡ Jsup = J [φ] for which the supremum
is approached is necessarily k dependent. As before, we get at J = Jsup:

φ(x) = 〈ϕ(x)〉J =
δWk[J ]

δJ(x)
. (21)

The quantum equation of motion receives a regulator modification,

J(x) =
δΓk[φ]

δφ(x)
+

(
Rkφ

)
(x). (22)

From this, we deduce4:

δJ(x)

δφ(y)
=

δ2Γk[φ]

δφ(x)δφ(y)
+ Rk(x, y). (23)

3 Now, only the “sup” part of Γk is convex. For finite k, any non-convexity of Γk

must be of the form of the last regulator term of Eq. (20).
4 In case of fermionic Grassmann-valued fields, the following φ derivative should

act on Eq. (22) from the right.

Figure taken from H. Gies, Lect. Notes Phys. 852 (2012) 287-348

(exact ‘flow’ equation)

Typical form:

First derived by

C. Wetterich, Phys. Lett. B 301 (1993) 90-94


Real time:

J. Berges, D. Mesterházy, Nucl. Phys. B Proc. Suppl. 228 (2012) 37-60
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Regulators in Minkowski spacetime?
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k
<latexit sha1_base64="YwCevZDL6az03Nng6hoA4JxytsM=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgxpKIr2XRjcsK9gFtKJPJpB06MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89QcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfJf7nSeqNIvlo5kk1Bd4KFnECDa5ND4Lx4Nqza27M6Bl4hWkBgWag+pXP4xJKqg0hGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKrGg2s9mt07RiVVCFMXKljRopv6eyLDQeiIC2ymwGelFLxf/83qpiW78jMkkNVSS+aIo5cjEKH8chUxRYvjEEkwUs7ciMsIKE2PjqdgQvMWXl0n7vO5d1S8fLmqN2yKOMhzBMZyCB9fQgHtoQgsIjOAZXuHNEc6L8+58zFtLTjFzCH/gfP4AxISOEw==</latexit>

k � dk

Wilsonian renormalization in

Euclidean spacetime

Wilsonian renormalization in

Minkowski spacetime

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="VHrQ9eClRmAVgOrOT/oHjGRjlwM=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrhJ0gHvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPk3GPJQ==</latexit>!

?

?

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
<latexit sha1_base64="YwCevZDL6az03Nng6hoA4JxytsM=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgxpKIr2XRjcsK9gFtKJPJpB06MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89QcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfJf7nSeqNIvlo5kk1Bd4KFnECDa5ND4Lx4Nqza27M6Bl4hWkBgWag+pXP4xJKqg0hGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKrGg2s9mt07RiVVCFMXKljRopv6eyLDQeiIC2ymwGelFLxf/83qpiW78jMkkNVSS+aIo5cjEKH8chUxRYvjEEkwUs7ciMsIKE2PjqdgQvMWXl0n7vO5d1S8fLmqN2yKOMhzBMZyCB9fQgHtoQgsIjOAZXuHNEc6L8+58zFtLTjFzCH/gfP4AxISOEw==</latexit>

k � dk

Conceptually easy: 
integrate out (hyper-)spheres


no need to worry about causality

Conceptually intricate: 
integrate hyperboloids?


timelike momenta?

causal structure of propagators?


…

?

vs.
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<latexit sha1_base64="hbEilhn6WaxoDFCqO0uNTbliaKo=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkERPEYwCyRD6On0JE16Gbt7hDDkJ7x4UMSrv+PNv7GTzEETHxQ83quiql6UcGas7397S8srq2vrhY3i5tb2zm5pb79hVKoJrRPFlW5F2FDOJK1bZjltJZpiEXHajIY3E7/5RLVhSj7YUUJDgfuSxYxg66RWRwnax93bbqnsV/wp0CIJclKGHLVu6avTUyQVVFrCsTHtwE9smGFtGeF0XOykhiaYDHGfth2VWFATZtN7x+jYKT0UK+1KWjRVf09kWBgzEpHrFNgOzLw3Ef/z2qmNr8KMySS1VJLZojjlyCo0eR71mKbE8pEjmGjmbkVkgDUm1kVUdCEE8y8vksZpJbionN+flavXeRwFOIQjOIEALqEKd1CDOhDg8Ayv8OY9ei/eu/cxa13y8pkD+APv8wfbF4/d</latexit>!E

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p
<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
<latexit sha1_base64="YwCevZDL6az03Nng6hoA4JxytsM=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgxpKIr2XRjcsK9gFtKJPJpB06MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89QcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfJf7nSeqNIvlo5kk1Bd4KFnECDa5ND4Lx4Nqza27M6Bl4hWkBgWag+pXP4xJKqg0hGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKrGg2s9mt07RiVVCFMXKljRopv6eyLDQeiIC2ymwGelFLxf/83qpiW78jMkkNVSS+aIo5cjEKH8chUxRYvjEEkwUs7ciMsIKE2PjqdgQvMWXl0n7vO5d1S8fLmqN2yKOMhzBMZyCB9fQgHtoQgsIjOAZXuHNEc6L8+58zFtLTjFzCH/gfP4AxISOEw==</latexit>

k � dk

Wilsonian renormalization in

Euclidean spacetime

Wilsonian renormalization in

Minkowski spacetime

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="VHrQ9eClRmAVgOrOT/oHjGRjlwM=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrhJ0gHvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPk3GPJQ==</latexit>!

?

?

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
<latexit sha1_base64="YwCevZDL6az03Nng6hoA4JxytsM=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgxpKIr2XRjcsK9gFtKJPJpB06MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89QcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfJf7nSeqNIvlo5kk1Bd4KFnECDa5ND4Lx4Nqza27M6Bl4hWkBgWag+pXP4xJKqg0hGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKrGg2s9mt07RiVVCFMXKljRopv6eyLDQeiIC2ymwGelFLxf/83qpiW78jMkkNVSS+aIo5cjEKH8chUxRYvjEEkwUs7ciMsIKE2PjqdgQvMWXl0n7vO5d1S8fLmqN2yKOMhzBMZyCB9fQgHtoQgsIjOAZXuHNEc6L8+58zFtLTjFzCH/gfP4AxISOEw==</latexit>

k � dk

Conceptually easy: 
integrate out (hyper-)spheres


no need to worry about causality

Conceptually intricate: 
integrate hyperboloids?


timelike momenta?

causal structure of propagators?


…

?

vs.

Find: Frequency-dependent regulators 
usually violate causal structure 
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<latexit sha1_base64="hbEilhn6WaxoDFCqO0uNTbliaKo=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkERPEYwCyRD6On0JE16Gbt7hDDkJ7x4UMSrv+PNv7GTzEETHxQ83quiql6UcGas7397S8srq2vrhY3i5tb2zm5pb79hVKoJrRPFlW5F2FDOJK1bZjltJZpiEXHajIY3E7/5RLVhSj7YUUJDgfuSxYxg66RWRwnax93bbqnsV/wp0CIJclKGHLVu6avTUyQVVFrCsTHtwE9smGFtGeF0XOykhiaYDHGfth2VWFATZtN7x+jYKT0UK+1KWjRVf09kWBgzEpHrFNgOzLw3Ef/z2qmNr8KMySS1VJLZojjlyCo0eR71mKbE8pEjmGjmbkVkgDUm1kVUdCEE8y8vksZpJbionN+flavXeRwFOIQjOIEALqEKd1CDOhDg8Ayv8OY9ei/eu/cxa13y8pkD+APv8wfbF4/d</latexit>!E

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p
<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
<latexit sha1_base64="YwCevZDL6az03Nng6hoA4JxytsM=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgxpKIr2XRjcsK9gFtKJPJpB06MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89QcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfJf7nSeqNIvlo5kk1Bd4KFnECDa5ND4Lx4Nqza27M6Bl4hWkBgWag+pXP4xJKqg0hGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKrGg2s9mt07RiVVCFMXKljRopv6eyLDQeiIC2ymwGelFLxf/83qpiW78jMkkNVSS+aIo5cjEKH8chUxRYvjEEkwUs7ciMsIKE2PjqdgQvMWXl0n7vO5d1S8fLmqN2yKOMhzBMZyCB9fQgHtoQgsIjOAZXuHNEc6L8+58zFtLTjFzCH/gfP4AxISOEw==</latexit>

k � dk

Wilsonian renormalization in

Euclidean spacetime

Wilsonian renormalization in

Minkowski spacetime

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="VHrQ9eClRmAVgOrOT/oHjGRjlwM=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrhJ0gHvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPk3GPJQ==</latexit>!

?

?

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
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k � dk

Conceptually easy: 
integrate out (hyper-)spheres


no need to worry about causality

Conceptually intricate: 
integrate hyperboloids?


timelike momenta?

causal structure of propagators?


…

?

vs.

Find: Frequency-dependent regulators 
usually violate causal structure 

General construction scheme 
which guarantees causality?

⤳



 

 

CRC -  TR 

MaynoothReal-time FRG and critical dynamicsJohannes Roth

Causal regulators

Solution: Observe that regulator is a self-energy


• Self-energies generally inherit causal structure  

⤳ Spectral representation from (subtracted) Kramers-Kronig relations


• Interpret as coupling to fictitious heat bath 
(Hubbard-Stratonovich transformation):


• Physical only for positive-semidefinite 
spectral densities

15

mass-like part

(trivially causal)

‘spectral density’
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QM example (Caldeira-Leggett model)

...
.

. . .
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encodes spectrum of bath oscillators

⤳
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QM example for causal regulator
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• spectral density:


• assume UV finiteness:


 ⇒ IR mass shift:


Solution: choose IR mass shift                      positive (at cost of UV finiteness)
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< 0

negative mass shift!

Re[Rk(ω)/k2]

Im[Rk(ω)/k2]

-4 -2 2 4
ω/k
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0.6

Re[Rk(ω)/k2]

Im[Rk(ω)/k2]

-4 -2 2 4
ω/k

-0.4

-0.2

0.2

0.4

0.6
sign fixed by positivity

Regulator (retarded part):

is negative!

(positivity)

⤳
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Regulator trinity in real-time FRG flows
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Figure adapted from arXiv:2206.10232 (fQCD collaboration)

requires vanishing spectral

density and mass shift in the UV

requires invariant spectral distribution & momentum-independent mass shift 
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Regulator trinity in real-time FRG flows
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Figure adapted from arXiv:2206.10232 (fQCD collaboration)
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Regulator trinity in real-time FRG flows
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Figure adapted from arXiv:2206.10232 (fQCD collaboration)
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JR, von Smekal, arXiv:2303.11817
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Field theory applications: Critical dynamics
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Observable: Spectral function

Commutator of interacting fields (here order parameter):

19
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finite lifetime/width
free fields (stable particle):
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Observable: Spectral function
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Observable: Spectral function

21
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finite lifetime/width
two-particle thresholds:
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σπ

mσ +mπ

two-particle thresholds:

D(p) =

Z 1

0
dm2 ⇢(m2)

1

p2 +m2

discontinuity at cut of propagator: 

mπ2

p2

p2 > 0

Euclidean space:  

D(t, ~p = 0) =

Z 1

0
dm ⇢(m2) exp{�mt}Euclidean data:

(inverse Laplace, try e.g. MEM,  
 but ill-posed numerical problem)

retarded, imaginary part: ⇢(p2) = � 1

⇡
ImDR(p)

Commutator of interacting fields (here order parameter):
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Critical spectral functions

Commutator of interacting fields (here order parameter):


• typically at criticality:


• scaling exponent:


• related to dynamic critical exponent   :   

•   determined by dynamic universality class

22

correlation time correlation length

critical slowing down
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Dynamic universality classes

Static universality classes split up into 
dynamic universality classes:

23

Static Z2 Ising 
universality class

Model A 
No conserved quantities


No Poisson brackets

Model B 
Order parameter conserved


No Poisson brackets

Model C 
Conserved energy density


No Poisson brackets

Model H 
Order parameter conserved


Poisson bracket             with shear modes
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classified into ‘Models’:

 Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)
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Dynamic universality classes

Static universality classes split up into 
dynamic universality classes:

23

Static Z2 Ising 
universality class

Model A 
No conserved quantities


No Poisson brackets

Model B 
Order parameter conserved


No Poisson brackets

Model C 
Conserved energy density


No Poisson brackets

Model H 
Order parameter conserved


Poisson bracket             with shear modes
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{�,~j}

classified into ‘Models’:

 Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)

Son and Stephanov, Phys. Rev. D 70, 056001 (2004)

Dynamic universality class of QCD’s critical endpoint!
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Dynamic universality classes

Static universality classes split up into 
dynamic universality classes:

23

Static Z2 Ising 
universality class

Model A 
No conserved quantities


No Poisson brackets

Model B 
Order parameter conserved


No Poisson brackets

Model C 
Conserved energy density


No Poisson brackets

Model H 
Order parameter conserved


Poisson bracket             with shear modes
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classified into ‘Models’:

 Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)

Son and Stephanov, Phys. Rev. D 70, 056001 (2004)

Dynamic universality class of QCD’s critical endpoint!
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Dynamic universality classes

Static universality classes split up into 
dynamic universality classes:
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Static Z2 Ising 
universality class

Model A 
No conserved quantities


No Poisson brackets

Model B 
Order parameter conserved


No Poisson brackets

Model C 
Conserved energy density


No Poisson brackets

Model H 
Order parameter conserved


Poisson bracket             with shear modes
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classified into ‘Models’:
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Dynamic universality class of QCD’s critical endpoint!
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Dynamic universality classes

Consider classical     -theory with Landau-Ginzburg-Wilson 
functional


• and Langevin equations of motion


• No conservation laws here! ⤳ Model A 

• Slow modes determine critical dynamics

24
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equilibrium distribution:
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�

Model A
z = 2 + cη

Gaussian white noise

Image taken from P. Mörters, Y. Peres, Brownian Motion 
(Cambridge University Press, 2010)(generally true)
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�4

<latexit sha1_base64="NApGAOs1GNbMOh1Swq9POovrtAM="></latexit>

P ['] ⇠ e��F

describes particle submerged in heat bath

(e.g. densities of conserved quantities)
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Dynamic universality classes

Consider classical     -theory with Landau-Ginzburg-Wilson 
functional


• and Langevin equations of motion


• Critical dynamics dominated by diffusion ⤳ Model B


• Include hydrodynamic shear modes of energy-momentum tensor 
⤳ Model H

25
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Dynamic universality classes
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diffusive!

Gaussian white noises
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Dynamic universality classes

Consider classical     -theory with Landau-Ginzburg-Wilson 
functional


• and Langevin equations of motion


• Order parameter not conserved but interacts non-linearly with 
conserved (energy) density ⤳ Model C

26
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Gaussian white noises

diffusive!
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1PI vertex expansion around scale-dependent minimum φ0,k :


• effective average action:
<latexit sha1_base64="JPxBh2a2GNnqRrP7u+Nkq2A5GcY="></latexit>
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Figure 1: Diagrammatic representation of the flow equation for the retarded 2-point function �qc
k (x, x0), evaluated at the scale-dependent minimum. Our color

conventions and diagrammatic notation coincides with [11, 18]. It consists of two contributions from non-local 1-loop diagrams, which are responsible for generating
a non-trivial dependence on the external frequency ! and spatial momentum p in the spectral function ⇢(!, p). The tadpole diagram in the third term and the
interaction with the k-dependent field expectation value @k�0,k in the fourth term are responsible for generating a momentum-independent shift in the squared mass.

We thereby assume that the !-dependence of the spatial wave
function renormalization factor is weak, i.e. Z?k (!) ⇡ Z?k .

The scale-dependent retarded propagator in front of a con-
stant (classical) background field expectation value �c(x) ⌘p

2', and a vanishing quantum component �q(x) ⌘ 0, is given
by

GR
',k(!, p) = � 1

��
qc
0,k(!) � �k'2/2 � Z?k p2 + RR

k (p)
, (15)

where the advanced propagator follows readily by the sym-
metry GA

',k(!, p) = GR
',k(�!, p). Based on the Kubo-Martin-

Schwinger (KMS) condition [31, 32] in thermal equilibrium,
the Keldysh propagator

GK
',k(!, p) =

2T
!

⇣
GR
',k(!, p) �GA

',k(!, p)
⌘

(16)

is as usual set by the fluctuation-dissipation relation (FDR), pro-
vided the regulator is chosen in accordance.

Before we continue with writing down flow equations, we de-
fine for convenience the 1-loop functions (with the BR,A,K

k (!, p
as defined in [18])
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with the placeholders X,Y denoting X,Y = R, A,K the retarded,
advanced, and Keldysh components of the propagators, respec-
tively, and with the shorthand notation

R
q ⌘

R
dDq/(2⇡)D for in-

tegrals in momentum space. The combinatoric prefactor 1/2�XY

is 1/2 if X = Y and 1 if X , Y , and is included here for conve-
nience to avoid double counting. Explicit expressions are given
(when available) in Appendix A. Otherwise the frequency and
momentum integrals are solved numerically with the methods
outlined in Appendix B.

With this notation at hand, we can compactly express the flow
equation for the retarded 2-point function expanded in powers
of p2 as

@k�
qc
0,k(!) = �

i2k
2

JKR
k (!, 0) +

i�k

4
IK
k +

kp
2
@k�

c
0,k , (19)

@kZ?k =
i2k
2

lim
p2!0

@

@p2 JKR
k (0, p) , etc. (20)

We can now separate the frequency-dependent part from the
zeroth order (p = 0) term (19) according to �qc
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0,k(!) for convenience, with ��qc
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the flow equation of the squared mass �m2

k in the context of the
e↵ective potential below.

Using the expressions for the J’s from Appendix A in (20)
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with ⌦d denoting the volume of the d-dimensional ball with
unit radius.

E↵ective potential. Since all n-point vertices for n � 3 are lo-
cal, we can utilize an e↵ective potential Vk(') to encode their
flow equations, which we formally define as

V 0k(') = � 1p
2
��k[�]
��q(x)

�����
�c⌘
p

2',�q⌘0
, (22)

which fixes Vk(') up to some (irrelevant) k-dependent constant.
With this definition we can easily derive its flow equation by
di↵erentiating the flow equation (1) w.r.t. �q(x) [17, 18],
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where the third derivative V (3)
k (') is precisely the 3-point func-

tion at vanishing external momenta in front of a fixed field ex-
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2', �q(x) ⌘ 0. Using the expres-
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yields
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for the flow of the e↵ective potential.
Because of the Z2 symmetry the e↵ective potential only de-

pends on '2, which suggests the usual substitution ⇢ ⌘ '2,
which replaces V 00k (') = 2V 0k(⇢) + 4⇢V 00k (⇢) in the flow equa-
tion. A common approximation scheme [7] is then to expand
the e↵ective potential Vk(⇢) in a power series in ⇢ around the
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conventions and diagrammatic notation coincides with [11, 18]. It consists of two contributions from non-local 1-loop diagrams, which are responsible for generating
a non-trivial dependence on the external frequency ! and spatial momentum p in the spectral function ⇢(!, p). The tadpole diagram in the third term and the
interaction with the k-dependent field expectation value @k�0,k in the fourth term are responsible for generating a momentum-independent shift in the squared mass.

We thereby assume that the !-dependence of the spatial wave
function renormalization factor is weak, i.e. Z?k (!) ⇡ Z?k .

The scale-dependent retarded propagator in front of a con-
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by
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is as usual set by the fluctuation-dissipation relation (FDR), pro-
vided the regulator is chosen in accordance.

Before we continue with writing down flow equations, we de-
fine for convenience the 1-loop functions (with the BR,A,K
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with the placeholders X,Y denoting X,Y = R, A,K the retarded,
advanced, and Keldysh components of the propagators, respec-
tively, and with the shorthand notation
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tegrals in momentum space. The combinatoric prefactor 1/2�XY

is 1/2 if X = Y and 1 if X , Y , and is included here for conve-
nience to avoid double counting. Explicit expressions are given
(when available) in Appendix A. Otherwise the frequency and
momentum integrals are solved numerically with the methods
outlined in Appendix B.
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with ⌦d denoting the volume of the d-dimensional ball with
unit radius.
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flow equations, which we formally define as

V 0k(') = � 1p
2
��k[�]
��q(x)

�����
�c⌘
p

2',�q⌘0
, (22)

which fixes Vk(') up to some (irrelevant) k-dependent constant.
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di↵erentiating the flow equation (1) w.r.t. �q(x) [17, 18],
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tion at vanishing external momenta in front of a fixed field ex-
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pends on '2, which suggests the usual substitution ⇢ ⌘ '2,
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conventions and diagrammatic notation coincides with [11, 18]. It consists of two contributions from non-local 1-loop diagrams, which are responsible for generating
a non-trivial dependence on the external frequency ! and spatial momentum p in the spectral function ⇢(!, p). The tadpole diagram in the third term and the
interaction with the k-dependent field expectation value @k�0,k in the fourth term are responsible for generating a momentum-independent shift in the squared mass.

We thereby assume that the !-dependence of the spatial wave
function renormalization factor is weak, i.e. Z?k (!) ⇡ Z?k .

The scale-dependent retarded propagator in front of a con-
stant (classical) background field expectation value �c(x) ⌘p

2', and a vanishing quantum component �q(x) ⌘ 0, is given
by
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where the advanced propagator follows readily by the sym-
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the Keldysh propagator
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is as usual set by the fluctuation-dissipation relation (FDR), pro-
vided the regulator is chosen in accordance.

Before we continue with writing down flow equations, we de-
fine for convenience the 1-loop functions (with the BR,A,K
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as defined in [18])
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with the placeholders X,Y denoting X,Y = R, A,K the retarded,
advanced, and Keldysh components of the propagators, respec-
tively, and with the shorthand notation
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dDq/(2⇡)D for in-

tegrals in momentum space. The combinatoric prefactor 1/2�XY

is 1/2 if X = Y and 1 if X , Y , and is included here for conve-
nience to avoid double counting. Explicit expressions are given
(when available) in Appendix A. Otherwise the frequency and
momentum integrals are solved numerically with the methods
outlined in Appendix B.
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with ⌦d denoting the volume of the d-dimensional ball with
unit radius.

E↵ective potential. Since all n-point vertices for n � 3 are lo-
cal, we can utilize an e↵ective potential Vk(') to encode their
flow equations, which we formally define as
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which fixes Vk(') up to some (irrelevant) k-dependent constant.
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for the flow of the e↵ective potential.
Because of the Z2 symmetry the e↵ective potential only de-
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generate non-local power-law

behavior in spectral function

‘interaction’ with scale-

dependent minimum

for color coding and diagrammatic conventions, see 
S. Huelsmann, S. Schlichting, P. Scior, Phys. Rev. D 102, 096004 (2020)
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1PI vertex expansion around φ = 0:


• effective average action:
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2-Point function. The flow equation for the retarded compo-
nent of the 2-point function at two-loop order reads [11, 18]
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⌘
,

which is visualized in Fig. 2, and can be readily expanded in
powers of p2 to project the flow equation of the advanced 2-
point function onto the expansion coe�cients �qc

0,k(!), Z?k , . . . .
Like in the comoving expansion it is both numerically and

analytically convenient to separate o↵ the frequency dependent
part ��qc

0,k(!) of the full advanced 2-point function. Corre-
spondingly setting ! = 0 in (36) yields upon solving the fre-
quency and momentum integrals analytically a flow equation
for the squared mass,
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⌘2 .

The flow equation for the spatial wave function renormal-
ization factor Z?k is obtained by di↵erentiating (36) straightfor-
wardly w.r.t. p2,

@kZ?k = iVcl,R
1,k (0) IK

k , (38)

which can be evaluated in closed form and rearranged into the
explicit expression
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for the spatial anomalous dimension.

4-Point function. For the vertex flow we split the full 4-point
function �(4)

k into s, t, and u channels, as already mentioned
above, and follow our loop expansion of Ref. [18] to rewrite
the r.h.s. of its full flow equation in ‘local-vertex approxima-
tion’, cf. the second row of Fig. 2. In this regard we replace all
occurring 4-point functions with e↵ective local coupling con-
stants. The flow equation for the 4-point function expanded in
powers of p2 can hence be compactly expressed as
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here just for the retarded part, since the others (advanced and
Keldysh) follow readily by symmetry, and also with the afore-
mentioned self-consistent e↵ective local coupling constant
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0,k (0) . (42)
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Figure 2: First row: Diagrammatic representation of the flow equation for the
retarded 2-point function �qc

k (x, x0) in the symmetric phase. The s, t, and u
channels of the 4-point function are diagrammatically denoted by an ellipse.
Second row: Vertex flow in self-consistent ‘local-vertex approximation’ for the
retarded component of the 4-point vertex, where the full 4-point function on the
r.h.s. is approximated by an e↵ective local coupling constant (42).

We can now set ! = 0 in (40) and solve the remaining inte-
gral analytically to find a flow equation for the quartic coupling
constant,
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see Appendix A.

2.2. Model B—Linear coupling of a conserved density
Motivated from Son and Stephanov’s work [22] on the dy-

namic universality class of QCD’s critical endpoint for two
light quark flavors, we can now linearly couple a non-critical
conserved ‘baryon’ density n(x) to the order parameter '(x),
and should find critical Model-B instead of Model-A dynam-
ics, i.e. we modify our free energy (5) according to

F =
Z

dd x
(

1
2

(~r')2 +
m2

2
'2 +

�

4!
'4 + B'n +

n2

2�0

)
, (44)

with coupling constant B between the order parameter '(x) and
the conserved density n(x), and the baryon susceptibility �0.
The stochastic hydrodynamic equations of motion can be de-
rived using standard rules [22] (see also Refs. [23, 34–37]) and
assume the form

@2
t ' + �@t' = �

�F
�'
+ ⇠ , (45)

⌧R@
2
t n + @tn = �̄~r2 �F

�n
+ ~r · ~⇣ , (46)

where we introduced the baryon conductivity �̄, a finite Israel-
Stewart relaxation time ⌧R to exclude propagation at superlumi-
nal speeds [38], and a white Gaussian noise ~⇣ for the conserved
density.2 The r.h.s. of the equation of motion (46) for the con-
served density n(x) has the form of a total divergence, and there-
fore e↵ectively represents a continuity equation, admitting the
conserved quantity

R
dd x n(x).

2We denote the baryon conductivity by �̄ to avoid possible confusion with
the quartic coupling constant �.

5

• flow of 2-point and 4-point functions:

@kgk = i
p

2
(

q

q q

+

q

q q

+

q

q

)

@k�
�1
0,k =

i
�̄

lim
p!0

1
p2

q + p

q

p�p

Figure 3: Flow of the static quantities gk and ��1
0,k , in local-vertex approxima-

tion. Arrows indicate flow of momentum. The limit on the r.h.s. of @k��1
0,k is

well defined because of the di↵usive nature of the n field, since all occurring
diagrams involve a di↵usive �c�cnq vertex proportional to p2.

solve the remaining q0-integral by virtue of Kramers-Kronig re-
lations and the q-integral using the convenient form of the Litim
regulator, such that we finally arrive at

@kgk =
⌦dkd+1TZ?k

(2⇡)d

 
1 �

⌘?k
2 + d

! 2gk
⇣
�0,kg2

k + �s,k
⌘

(m2
k + Z?k k2)3

, (66)

@k�
�1
0,k =

⌦dkd+1TZ?k
(2⇡)d

 
1 �

⌘?k
2 + d

! 2g2
k

(m2
k + Z?k k2)3

. (67)

We also applied our local-vertex approximation from Sec. 2.1.2
where it was used for the quartig coupling �k (cf. the second
row of Fig. 2) to the flow of the 3-point coupling constant gk.
We hence e↵ectively neglect terms involving Vcl,R/A

1,k (0) in its
flow equation.

3. Results

We use the parameters displayed in Tab. 1 as initial condi-
tions for the flow. By tuning the temperature T close to its
critical value Tc while keeping all other initial values fixed we
observe a second-order phase transition where the system re-
stores its spontaneously broken Z2 symmetry.

Upon approaching the critical temperature from above we
observe scaling behaviour gradually building up in the result-
ing IR (k ! 0) spectral functions, which is shown in Fig. 4 for
Models A, B and C in d = 2 and 3 spatial dimensions. Specifi-
cally, we expect the scaling behaviour [2]

s2�⌘?⇢IR(sz!, sp, s1/⌫⌧) = ⇢IR(!, p, ⌧) (68)

for every s > 0, where the third argument indicates the depen-
dence on the reduced temperature ⌧ ⌘ (T � Tc)/Tc. Setting
p = 0, ⌧ = 0 and further s = !�1/z > 0 we see that at the
critical point the spectral function is described by a power law
⇢IR(!) / !�� with � = (2 � ⌘?)/z for su�ciently small !.
Correspondingly, the logarithmic derivative

�(!) ⌘ �! @
@!

log ⇢IR(!) , (69)

assumes a constant value �(!) = � = const. in the scaling
regime. However, due to the Taylor expansion in p2, we have
no direct access to the anomalous scaling dimension ⌘? through
the obtained IR (k ! 0) data, and we hence extract the spatial
anomalous scaling dimension ⌘? from the scaling of Z?k at the
FRG fixed point [7, 41, 42], which is shown in Fig. 5.

Evidently, we obtain non-trivial fixed-point values for �, in-
dicating that the flow indeed generates a power-law behaviour
in the correlation functions. As a first step, we can compare
with the mean-field results where we would always get �mf ⌘ 1
(Models A, C), and �mf ⌘ 1/2 (Model B), respectively, in the
spectral function. These are shown as dotted gray lines in Fig. 4.

Model A. Using z = (2 � �)/⌘? and ⌘? from the FRG fixed
point yields in the case of d = 2 spatial dimensions z = 2.094
from the comoving expansion, and z = 2.073 from the sym-
metric expansion, respectively. There is a slight tension in the
literature in the case of d = 2 spatial dimensions, as the re-
sults seem to converge to two di↵erent values near 2.09 (see
e.g. Refs. [3, 43, 44]), and 2.16 (see e.g. Refs. [15, 16, 45, 46]),
respectively. While our result for the dynamical critical expo-
nent in d = 2 spatial dimensions seems to be in favour of 2.09
in both expansions, we want to emphasize that one should not
underestimate systematic uncertainties in d = 2 spatial dimen-
sions contained in our procedure. Higher expansion orders are
needed to determine the scaling exponent in d = 2 spatial di-
mensions with certainty.

In d = 3 spatial dimensions the situation is more settled,
and most precision results from the literature collectively find
z ⇡ 2.024 (see e.g. Refs. [14–16, 46], and especially Ref. [47]
and references in the latter). Our results of z = 2.042 and
z = 2.035 for the comoving and symmetric expansions, respec-
tively, are in good agreement, as we expect the error induced by
the finite truncation is at least of the same order as the remain-
ing di↵erence.

Model B. Model B’s critical spectral functions are shown in
the middle column of Fig. 4, where we see that even at p = 0
critical power-law behaviour is visible, but here in the form of
a critical singularity. This is due to the finiteness of the plas-
mon mass (XXX), and the nonconserved order-parameter mode
correspondingly staying massive. We emphasize this because
for purely di↵usive dynamics the spectral function is trivial at
p = 0 [4], which is no longer true in Son and Stephanov’s
formulation of Model B because one always has the relax-
ational mode (54) originating from dissipative Model-A dy-
namics. Having then in mind that the damping constant �k di-
verges at the critical point as shown in Fig. 6, such a power-law
singularity at p = 0 is justified. Regarding the correspond-
ing exponent, an inspection of the logarithmic derivative �(!)
yields plateau values of XXX for d = 2, and XXX for d = 3
spatial dimensions, respectively.

Model C. The critical spectral functions of Model C are shown
in the third column in Fig. 4. We get z = 2.56 for d = 2,
and z = 2.31 for d = 3 spatial dimensions, respectively. We
can compare this with the the analytic result z = 2 in d = 2

8

• flow of couplings to density: (Model C)
<latexit sha1_base64="prRJZUnSQOUbR0YIu1jGCWfH6fo="></latexit>

�qc
k (!,p) = �qc

0,k(!)� Z?
k p2 + · · ·

�cq
k (!,p) = �cq

0,k(!)� Z?
k p2 + · · ·

�qq
k (!,p) =

2T

!

⇣
�qc
0,k(!)� �cq

0,k(!)
⌘

<latexit sha1_base64="wDCXgKRhRRM2zwrYCmSC5c04/QE="></latexit>

V cl,A
k (!,p) = V cl,A

0,k (!) + V cl,A
1,k (0)p2 + · · ·

V cl,R
k (!,p) = V cl,R

0,k (!) + V cl,R
1,k (0)p2 + · · ·

V an
k (!,p) =

2T

!

⇣
V cl,R
k (!,p)� V cl,A

k (!,p)
⌘
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Critical dynamics – results

τ = –0.356
(non-critical)

Critical dynamics – results

Model B
z = 4 - η

Results for critical spectral functions

[reduced temperature τ = (T – Tc)/Tc]
JR, L. von Smekal, arXiv:2303.11817
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(near criticality)

Critical dynamics – results

Model B
z = 4 - η

Results for critical spectral functions

[reduced temperature τ = (T – Tc)/Tc]
JR, L. von Smekal, arXiv:2303.11817
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Critical dynamics – results

τ ≈ 0
(critical)

Critical dynamics – results

Model B
z = 4 - η

Results for critical spectral functions

[reduced temperature τ = (T – Tc)/Tc]
JR, L. von Smekal, arXiv:2303.11817
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Critical dynamics – results

τ ≈ 0
(critical)

Critical dynamics – results

Model B
z = 4 - η

Results for critical spectral functions

[reduced temperature τ = (T – Tc)/Tc]
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! ⇠ |p|z

z = 4
(here) Universal scaling function

Order-parameter excitations

stay massive!

Universal scaling functions:

Model A, C: Schweitzer, Schlichting, von Smekal, Nucl. Phys. B 960, 115165 (2020)

Model B, BC: Schweitzer, Schlichting, von Smekal, Nucl. Phys. B 984, 115944 (2022)

JR, L. von Smekal, arXiv:2303.11817
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Summary & Outlook

Summary: 

• causal regulators for real-time FRG


• critical spectral functions of Models A, B and C 

Outlook: 

• dynamic critical exponent & scaling functions of Model G


• real-time dynamics of Model H


• new dynamic scaling functions


• non-equilibrium phase transitions (Kibble-Zurek scaling)

33

Thank you!

JR, Schlichting, von Smekal, Ye, in preparation

JR, Schweitzer, Sieke, von Smekal, Phys. Rev. D 105, 116017 (2022)

 

JR, von Smekal, arXiv:2303.11817
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Dynamic universality classes

Static universality classes split up into 
dynamic universality classes:

35

Static O(4) 
universality class

Model G 
Order parameter φ not conserved


Conserved isovector and isoaxial charges n

Non-vanishing Poisson brackets {φ, n}, {n, n}

……

classified into ‘Models’:

 Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)
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Dynamic universality classes

Consider classical         -theory with Landau-Ginzburg-Wilson 
functional


• N-component order parameter 
(not conserved, staggered magnetization)


• N(N-1)/2 densities of charges 
(conserved, magnetization) 
 
can be non-zero due to fluctuations:

36

Model G
z = d/2

equilibrium distribution:
<latexit sha1_base64="yu08deHeUrknNGm8TmQgStR/F1E="></latexit>

P [', n] ⇠ e��F

<latexit sha1_base64="mb4CjSVwx2a1ajuHqKqhQ2dL1eQ="></latexit>
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2
�a�a +

�

4!N
(�a�a)

2 +
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�

<latexit sha1_base64="opdv2rL8ltDkJ1R/3raQ9R2EuRs=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQiyeNYB6QLGF2MpsMmZldZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3BTFn2rjut7O0vLK6tl7YKG5ube/slvb2mzpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5vMbz1RpVkkH804pr7AA8lCRrDJpPvK3UmvVHar7hRokXg5KUOOeq/01e1HJBFUGsKx1h3PjY2fYmUY4XRS7CaaxpiM8IB2LJVYUO2n01sn6NgqfRRGypY0aKr+nkix0HosAtspsBnqeS8T//M6iQmv/JTJODFUktmiMOHIRCh7HPWZosTwsSWYKGZvRWSIFSbGxlO0IXjzLy+S5mnVu6ieP5yVa9d5HAU4hCOogAeXUINbqEMDCAzhGV7hzRHOi/PufMxal5x85gD+wPn8AQysjZo=</latexit>

O(N)

<latexit sha1_base64="rfHV2HXK9CFo/4dahNQnaYD4vj8=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIjHBC9k1+DgSvXjERB4GNmR2mIUJM7ObmVkj2fAVXjxojFc/x5t/4wB7ULCSTipV3enuCmLOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qkSrNI3ptxTH2BB5KFjGBjpYduPGQ9XH467RVLbsWdAS0TLyMlyFDvFb+6/YgkgkpDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lEguq/XR28ASdWKWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vE5iwis/ZTJODJVkvihMODIRmn6P+kxRYvjYEkwUs7ciMsQKE2MzKtgQvMWXl0nzrOJdVM7vqqXadRZHHo7gGMrgwSXU4Bbq0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w8ut5AE</latexit>

�a(x)

<latexit sha1_base64="zWnAHIkLYHlxcxdjqZb+n5q5s34=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIjHBC9k1+DgSvXjERB4GNmR2mIUJM7ObmVkj2fAVXjxojFc/x5t/4wB7ULCSTipV3enuCmLOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5up33qkSrNI3ptxTH2BB5KFjGBjpQfZS3EwKT+d9oolt+LOgJaJl5ESZKj3il/dfkQSQaUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSiQXVfjo7eIJOrNJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4ZWfMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZFWwI3uLLy6R5VvEuKud31VLtOosjD0dwDGXw4BJqcAt1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wdwppAv</latexit>

nab(x)

N = 3: Heisenberg antiferromagnet

Low temperature:

Antiferromagnetic order, ɸ ≠ 0

‘macroscopic’

magnetization!

no ‘macroscopic’

magnetization  
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Dynamic universality classes

Consider classical         -theory with Landau-Ginzburg-Wilson 
functional


• equations of motion:

37

Model G
z = d/2

equilibrium distribution:
<latexit sha1_base64="yu08deHeUrknNGm8TmQgStR/F1E="></latexit>
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<latexit sha1_base64="UIIQ8uaogAhF/R6wnse6Wq0B3hs="></latexit>
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F =

Z

~x

⇢
1

2
(@i�a)(@

i�a) +
m2

2
�a�a +

�

4!N
(�a�a)
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<latexit sha1_base64="opdv2rL8ltDkJ1R/3raQ9R2EuRs=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQiyeNYB6QLGF2MpsMmZldZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3BTFn2rjut7O0vLK6tl7YKG5ube/slvb2mzpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5vMbz1RpVkkH804pr7AA8lCRrDJpPvK3UmvVHar7hRokXg5KUOOeq/01e1HJBFUGsKx1h3PjY2fYmUY4XRS7CaaxpiM8IB2LJVYUO2n01sn6NgqfRRGypY0aKr+nkix0HosAtspsBnqeS8T//M6iQmv/JTJODFUktmiMOHIRCh7HPWZosTwsSWYKGZvRWSIFSbGxlO0IXjzLy+S5mnVu6ieP5yVa9d5HAU4hCOogAeXUINbqEMDCAzhGV7hzRHOi/PufMxal5x85gD+wPn8AQysjZo=</latexit>

O(N)

N(N-1)/2 charge densities:

(Generalized angular


momenta)

N-component

order parameter:

<latexit sha1_base64="EzntyFpZI17hhVAnMP1Jn+Q/WmI=">AAACQnichVDLSgMxFM3UV62vqks3wSK4scyIr41QdOOygn1Ipwx30kwbmskMSUYow3ybG7/AnR/gxoUibl2YPhBtBS+EHM459yb3+DFnStv2k5Wbm19YXMovF1ZW19Y3iptbdRUlktAaiXgkmz4oypmgNc00p81YUgh9Tht+/3KoN+6oVCwSN3oQ03YIXcECRkAbyiveCi8FPzt34x7zALuBBJK6MUjNgGffCOts5PAPxte/RsBesWSX7VHhWeBMQAlNquoVH91ORJKQCk04KNVy7Fi30+FcwmlWcBNFYyB96NKWgQJCqtrpKIIM7xmmg4NImiM0HrE/O1IIlRqEvnGGoHtqWhuSf2mtRAdn7ZSJONFUkPFDQWL2jPAwT9xhkhLNBwYAkcz8FZMemHC0Sb1gQnCmV54F9cOyc1I+vj4qVS4mceTRDtpF+8hBp6iCrlAV1RBB9+gZvaI368F6sd6tj7E1Z016ttGvsj6/AGwFsxM=</latexit>

nab = �a
@

@t
�b � �b

@

@t
�a

Charge densities (on operator level):
<latexit sha1_base64="sfOaoZHz4soOkVcKq6jofYjWQ+A=">AAACH3icbZDLSsNAFIYn9VbrrerSzWARXGhJRKsboejGZQV7gTaEk+m0HTqZhJmJUELexI2v4saFIuKub+M0LaKtPwz8fOcczpzfjzhT2rbHVm5peWV1Lb9e2Njc2t4p7u41VBhLQusk5KFs+aAoZ4LWNdOctiJJIfA5bfrD20m9+UilYqF40KOIugH0BesxAtogr1hpd6IB8+AECy/xSeri6wz4nS7lGrwESHqaEYJ/kJ96xZJdtjPhRePMTAnNVPOKX51uSOKACk04KNV27Ei7CUjNCKdpoRMrGgEZQp+2jRUQUOUm2X0pPjKki3uhNE9onNHfEwkESo0C33QGoAdqvjaB/9Xase5duQkTUaypINNFvZhjHeJJWLjLJCWaj4wBIpn5KyYDkEC0ibRgQnDmT140jbOyUylf3J+XqjezOPLoAB2iY+SgS1RFd6iG6oigJ/SC3tC79Wy9Wh/W57Q1Z81m9tEfWeNvPSejJA==</latexit>

[�a, nbc] = �b�ac � �c�ab

Calculate Poisson brackets:⤳

<latexit sha1_base64="cXsvh4/M6KglHcppbfGv7jEJQmQ="></latexit>

[nab, ncd] = ��adnbc � �bcnad + �acnbd + �bdnac
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Dynamic universality classes

Consider classical         -theory with Landau-Ginzburg-Wilson 
functional


• equations of motion:
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Model G
z = d/2

equilibrium distribution:
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dissipative damping

towards equilibrium

<latexit sha1_base64="opdv2rL8ltDkJ1R/3raQ9R2EuRs=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQiyeNYB6QLGF2MpsMmZldZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3BTFn2rjut7O0vLK6tl7YKG5ube/slvb2mzpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5vMbz1RpVkkH804pr7AA8lCRrDJpPvK3UmvVHar7hRokXg5KUOOeq/01e1HJBFUGsKx1h3PjY2fYmUY4XRS7CaaxpiM8IB2LJVYUO2n01sn6NgqfRRGypY0aKr+nkix0HosAtspsBnqeS8T//M6iQmv/JTJODFUktmiMOHIRCh7HPWZosTwsSWYKGZvRWSIFSbGxlO0IXjzLy+S5mnVu6ieP5yVa9d5HAU4hCOogAeXUINbqEMDCAzhGV7hzRHOi/PufMxal5x85gD+wPn8AQysjZo=</latexit>

O(N)

N(N-1)/2 charge densities:

(Generalized angular


momenta)

N-component

order parameter:

<latexit sha1_base64="EzntyFpZI17hhVAnMP1Jn+Q/WmI=">AAACQnichVDLSgMxFM3UV62vqks3wSK4scyIr41QdOOygn1Ipwx30kwbmskMSUYow3ybG7/AnR/gxoUibl2YPhBtBS+EHM459yb3+DFnStv2k5Wbm19YXMovF1ZW19Y3iptbdRUlktAaiXgkmz4oypmgNc00p81YUgh9Tht+/3KoN+6oVCwSN3oQ03YIXcECRkAbyiveCi8FPzt34x7zALuBBJK6MUjNgGffCOts5PAPxte/RsBesWSX7VHhWeBMQAlNquoVH91ORJKQCk04KNVy7Fi30+FcwmlWcBNFYyB96NKWgQJCqtrpKIIM7xmmg4NImiM0HrE/O1IIlRqEvnGGoHtqWhuSf2mtRAdn7ZSJONFUkPFDQWL2jPAwT9xhkhLNBwYAkcz8FZMemHC0Sb1gQnCmV54F9cOyc1I+vj4qVS4mceTRDtpF+8hBp6iCrlAV1RBB9+gZvaI368F6sd6tj7E1Z016ttGvsj6/AGwFsxM=</latexit>

nab = �a
@

@t
�b � �b

@

@t
�a

Charge densities (on operator level):
<latexit sha1_base64="sfOaoZHz4soOkVcKq6jofYjWQ+A=">AAACH3icbZDLSsNAFIYn9VbrrerSzWARXGhJRKsboejGZQV7gTaEk+m0HTqZhJmJUELexI2v4saFIuKub+M0LaKtPwz8fOcczpzfjzhT2rbHVm5peWV1Lb9e2Njc2t4p7u41VBhLQusk5KFs+aAoZ4LWNdOctiJJIfA5bfrD20m9+UilYqF40KOIugH0BesxAtogr1hpd6IB8+AECy/xSeri6wz4nS7lGrwESHqaEYJ/kJ96xZJdtjPhRePMTAnNVPOKX51uSOKACk04KNV27Ei7CUjNCKdpoRMrGgEZQp+2jRUQUOUm2X0pPjKki3uhNE9onNHfEwkESo0C33QGoAdqvjaB/9Xase5duQkTUaypINNFvZhjHeJJWLjLJCWaj4wBIpn5KyYDkEC0ibRgQnDmT140jbOyUylf3J+XqjezOPLoAB2iY+SgS1RFd6iG6oigJ/SC3tC79Wy9Wh/W57Q1Z81m9tEfWeNvPSejJA==</latexit>
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[nab, ncd] = ��adnbc � �bcnad + �acnbd + �bdnac
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Dynamic universality classes

Consider classical         -theory with Landau-Ginzburg-Wilson 
functional


• equations of motion:
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z = d/2

equilibrium distribution:
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dissipative damping

towards equilibrium

reversible mode couplings

(Poisson brackets!)
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O(N)

N(N-1)/2 charge densities:

(Generalized angular


momenta)

N-component

order parameter:
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[�a, nbc] = �b�ac � �c�ab

Calculate Poisson brackets:⤳

<latexit sha1_base64="cXsvh4/M6KglHcppbfGv7jEJQmQ="></latexit>

[nab, ncd] = ��adnbc � �bcnad + �acnbd + �bdnac
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Dynamic universality classes

Consider classical         -theory with Landau-Ginzburg-Wilson 
functional


• equations of motion:

37

Model G
z = d/2

equilibrium distribution:
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dissipative damping

towards equilibrium

reversible mode couplings

(Poisson brackets!)

thermal noise

<latexit sha1_base64="opdv2rL8ltDkJ1R/3raQ9R2EuRs=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQiyeNYB6QLGF2MpsMmZldZmaFsOQXvHhQxKs/5M2/cTbZgyYWNBRV3XR3BTFn2rjut7O0vLK6tl7YKG5ube/slvb2mzpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo5vMbz1RpVkkH804pr7AA8lCRrDJpPvK3UmvVHar7hRokXg5KUOOeq/01e1HJBFUGsKx1h3PjY2fYmUY4XRS7CaaxpiM8IB2LJVYUO2n01sn6NgqfRRGypY0aKr+nkix0HosAtspsBnqeS8T//M6iQmv/JTJODFUktmiMOHIRCh7HPWZosTwsSWYKGZvRWSIFSbGxlO0IXjzLy+S5mnVu6ieP5yVa9d5HAU4hCOogAeXUINbqEMDCAzhGV7hzRHOi/PufMxal5x85gD+wPn8AQysjZo=</latexit>

O(N)

N(N-1)/2 charge densities:

(Generalized angular


momenta)

N-component

order parameter:

<latexit sha1_base64="EzntyFpZI17hhVAnMP1Jn+Q/WmI=">AAACQnichVDLSgMxFM3UV62vqks3wSK4scyIr41QdOOygn1Ipwx30kwbmskMSUYow3ybG7/AnR/gxoUibl2YPhBtBS+EHM459yb3+DFnStv2k5Wbm19YXMovF1ZW19Y3iptbdRUlktAaiXgkmz4oypmgNc00p81YUgh9Tht+/3KoN+6oVCwSN3oQ03YIXcECRkAbyiveCi8FPzt34x7zALuBBJK6MUjNgGffCOts5PAPxte/RsBesWSX7VHhWeBMQAlNquoVH91ORJKQCk04KNVy7Fi30+FcwmlWcBNFYyB96NKWgQJCqtrpKIIM7xmmg4NImiM0HrE/O1IIlRqEvnGGoHtqWhuSf2mtRAdn7ZSJONFUkPFDQWL2jPAwT9xhkhLNBwYAkcz8FZMemHC0Sb1gQnCmV54F9cOyc1I+vj4qVS4mceTRDtpF+8hBp6iCrlAV1RBB9+gZvaI368F6sd6tj7E1Z016ttGvsj6/AGwFsxM=</latexit>

nab = �a
@

@t
�b � �b

@

@t
�a

Charge densities (on operator level):
<latexit sha1_base64="sfOaoZHz4soOkVcKq6jofYjWQ+A=">AAACH3icbZDLSsNAFIYn9VbrrerSzWARXGhJRKsboejGZQV7gTaEk+m0HTqZhJmJUELexI2v4saFIuKub+M0LaKtPwz8fOcczpzfjzhT2rbHVm5peWV1Lb9e2Njc2t4p7u41VBhLQusk5KFs+aAoZ4LWNdOctiJJIfA5bfrD20m9+UilYqF40KOIugH0BesxAtogr1hpd6IB8+AECy/xSeri6wz4nS7lGrwESHqaEYJ/kJ96xZJdtjPhRePMTAnNVPOKX51uSOKACk04KNV27Ei7CUjNCKdpoRMrGgEZQp+2jRUQUOUm2X0pPjKki3uhNE9onNHfEwkESo0C33QGoAdqvjaB/9Xase5duQkTUaypINNFvZhjHeJJWLjLJCWaj4wBIpn5KyYDkEC0ibRgQnDmT140jbOyUylf3J+XqjezOPLoAB2iY+SgS1RFd6iG6oigJ/SC3tC79Wy9Wh/W57Q1Z81m9tEfWeNvPSejJA==</latexit>

[�a, nbc] = �b�ac � �c�ab

Calculate Poisson brackets:⤳

<latexit sha1_base64="cXsvh4/M6KglHcppbfGv7jEJQmQ="></latexit>

[nab, ncd] = ��adnbc � �bcnad + �acnbd + �bdnac
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Structure of reversible mode couplings

Simpler example: O(2) model (e.g. planar antiferromagnets)


Verify: eom’s symmetric under displacement of       & 
           corresponding precession of 
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<latexit sha1_base64="abJ79TDsNU6gNoZE4qAE70t2TO0="></latexit>

@�a

@t
= ��0

�F

��a
+ g[�a,m]

�F

�m
+ ✓a

@m

@t
= �~r2 �F

�m
+ g[m,�a]

�F

��a
+ ~r · ~⇣

<latexit sha1_base64="0OVI0SqQqZvRA83wPrNK67sVqsg=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBiGihF3xVYo2lhGMBrJLmJ290cGZ3WXmbjAs+QUbf8XGQhFbOzv/xsmjMMYDA4dz7uXOOWEqhUHX/XYKU9Mzs3PzC8XFpeWV1dLa+rVJMs2hzhOZ6EbIDEgRQx0FSmikGpgKJdyE9+d9/6YD2ogkvsJuCoFit7FoC87QSq1SRVVwz+8Azx96O9THhI4Ju9SPQCKjqlUqu1V3ADpJvBEpkxFqrdKXHyU8UxAjl8yYpuemGORMo+ASekU/M5Ayfs9uoWlpzBSYIB8k6tFtq0S0nWj7YqQD9fdGzpQxXRXaScXwzvz1+uJ/XjPD9kmQizjNEGI+PNTOJLXB+/XQSGjgKLuWMK6F/Svld0wzjrbEoi3B+xt5klzvV72j6uHlQfn0bFTHPNkkW6RCPHJMTskFqZE64eSRPJNX8uY8OS/Ou/MxHC04o50NMgbn8wcdIZvy</latexit>

m(t, ~x) ! m(t, ~x) + �m

<latexit sha1_base64="TWsjyX/xKUJKTgTvpMhb1SLN3MI=">AAACGnicbVDJSgNBFOxxjXEb9eilMQgRJMyI2zHoxWMEs0Amhp7OS9KkZ6H7TTAM+Q4v/ooXD4p4Ey/+jZ3loIkFDUVVPV6/8mMpNDrOt7WwuLS8sppZy65vbG5t2zu7FR0likOZRzJSNZ9pkCKEMgqUUIsVsMCXUPV71yO/2gelRRTe4SCGRsA6oWgLztBITdv14q7I47HXB54+DI+ohxGF+1R4UQAdRnFIZxJNO+cUnDHoPHGnJEemKDXtT68V8SSAELlkWtddJ8ZGyhQKLmGY9RINMeM91oG6oSELQDfS8WlDemiUFm1HyrwQ6Vj9PZGyQOtB4JtkwLCrZ72R+J9XT7B92UhFGCcIIZ8saieSmvNHPdGWUMBRDgxhXAnzV8q7TDGOps2sKcGdPXmeVE4K7nnh7PY0V7ya1pEh++SA5IlLLkiR3JASKRNOHskzeSVv1pP1Yr1bH5PogjWd2SN/YH39AHuyoIs=</latexit>

�(t, ~x) ! ei!t�(t, ~x)

<latexit sha1_base64="//yi5M1xzM4JAbwUBb5N5o+AOMs=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRLxtRGKblxWsA9oQplMbtKhM0mYmQgldOvGX3HjQhG3/oE7/8Zpm4W2HrhwOOde7r3HTzlT2ra/rdLS8srqWnm9srG5tb1T3d1rqySTFFo04Yns+kQBZzG0NNMcuqkEInwOHX94M/E7DyAVS+J7PUrBEySKWcgo0UbqV7GbCIgIvsJuKAnNo3Hu0gEbYzcArgkW/WrNrttT4EXiFKSGCjT71S83SGgmINaUE6V6jp1qLydSM8phXHEzBSmhQxJBz9CYCFBePv1kjI+MEuAwkaZijafq74mcCKVGwjedguiBmvcm4n9eL9PhpZezOM00xHS2KMw41gmexIIDJoFqPjKEUMnMrZgOiElEm/AqJgRn/uVF0j6pO+f1s7vTWuO6iKOMDtAhOkYOukANdIuaqIUoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8Ac1Hmck=</latexit>

! =
g

�
�m

<latexit sha1_base64="404ysJQvNAEqahCDrtzag7k04yk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIsgCCUpvjZC0Y3LCvYBbQiT6aQdOpmEmYkQSv0VNy4UceuHuPNvnKRZaOuBmXs4517mzvFjRqWy7W+jtLK6tr5R3qxsbe/s7pn7Bx0ZJQKTNo5YJHo+koRRTtqKKkZ6sSAo9Bnp+pPbzO8+EiFpxB9UGhM3RCNOA4qR0pJnVgfxmF5nl+ec0rw2PLNm1+0c1jJxClKDAi3P/BoMI5yEhCvMkJR9x46VO0VCUczIrDJIJIkRnqAR6WvKUUikO82Xn1nHWhlaQST04crK1d8TUxRKmYa+7gyRGstFLxP/8/qJCq7cKeVxogjH84eChFkqsrIkrCEVBCuWaoKwoHpXC4+RQFjpvCo6BGfxy8uk06g7F/Xz+7Na86aIowyHcAQn4MAlNOEOWtAGDCk8wyu8GU/Gi/FufMxbS0YxU4U/MD5/AM1FlDw=</latexit>

� = �1 + i�2here

<latexit sha1_base64="RZPk4QoybUxtcOb+t5qHV4V+jbI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVo16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD2M2M+w==</latexit>m
<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

exact symmetry! ⤳ Ward identities

Larmor frequency:

Order parameter

Magnetization

(conserved)
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<latexit sha1_base64="abJ79TDsNU6gNoZE4qAE70t2TO0="></latexit>

@�a

@t
= ��0

�F

��a
+ g[�a,m]

�F

�m
+ ✓a

@m

@t
= �~r2 �F

�m
+ g[m,�a]

�F

��a
+ ~r · ~⇣

<latexit sha1_base64="0OVI0SqQqZvRA83wPrNK67sVqsg=">AAACEXicbVC7SgNBFJ2N7/iKWtoMBiGihF3xVYo2lhGMBrJLmJ290cGZ3WXmbjAs+QUbf8XGQhFbOzv/xsmjMMYDA4dz7uXOOWEqhUHX/XYKU9Mzs3PzC8XFpeWV1dLa+rVJMs2hzhOZ6EbIDEgRQx0FSmikGpgKJdyE9+d9/6YD2ogkvsJuCoFit7FoC87QSq1SRVVwz+8Azx96O9THhI4Ju9SPQCKjqlUqu1V3ADpJvBEpkxFqrdKXHyU8UxAjl8yYpuemGORMo+ASekU/M5Ayfs9uoWlpzBSYIB8k6tFtq0S0nWj7YqQD9fdGzpQxXRXaScXwzvz1+uJ/XjPD9kmQizjNEGI+PNTOJLXB+/XQSGjgKLuWMK6F/Svld0wzjrbEoi3B+xt5klzvV72j6uHlQfn0bFTHPNkkW6RCPHJMTskFqZE64eSRPJNX8uY8OS/Ou/MxHC04o50NMgbn8wcdIZvy</latexit>

m(t, ~x) ! m(t, ~x) + �m

<latexit sha1_base64="TWsjyX/xKUJKTgTvpMhb1SLN3MI=">AAACGnicbVDJSgNBFOxxjXEb9eilMQgRJMyI2zHoxWMEs0Amhp7OS9KkZ6H7TTAM+Q4v/ooXD4p4Ey/+jZ3loIkFDUVVPV6/8mMpNDrOt7WwuLS8sppZy65vbG5t2zu7FR0likOZRzJSNZ9pkCKEMgqUUIsVsMCXUPV71yO/2gelRRTe4SCGRsA6oWgLztBITdv14q7I47HXB54+DI+ohxGF+1R4UQAdRnFIZxJNO+cUnDHoPHGnJEemKDXtT68V8SSAELlkWtddJ8ZGyhQKLmGY9RINMeM91oG6oSELQDfS8WlDemiUFm1HyrwQ6Vj9PZGyQOtB4JtkwLCrZ72R+J9XT7B92UhFGCcIIZ8saieSmvNHPdGWUMBRDgxhXAnzV8q7TDGOps2sKcGdPXmeVE4K7nnh7PY0V7ya1pEh++SA5IlLLkiR3JASKRNOHskzeSVv1pP1Yr1bH5PogjWd2SN/YH39AHuyoIs=</latexit>

�(t, ~x) ! ei!t�(t, ~x)

<latexit sha1_base64="//yi5M1xzM4JAbwUBb5N5o+AOMs=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRLxtRGKblxWsA9oQplMbtKhM0mYmQgldOvGX3HjQhG3/oE7/8Zpm4W2HrhwOOde7r3HTzlT2ra/rdLS8srqWnm9srG5tb1T3d1rqySTFFo04Yns+kQBZzG0NNMcuqkEInwOHX94M/E7DyAVS+J7PUrBEySKWcgo0UbqV7GbCIgIvsJuKAnNo3Hu0gEbYzcArgkW/WrNrttT4EXiFKSGCjT71S83SGgmINaUE6V6jp1qLydSM8phXHEzBSmhQxJBz9CYCFBePv1kjI+MEuAwkaZijafq74mcCKVGwjedguiBmvcm4n9eL9PhpZezOM00xHS2KMw41gmexIIDJoFqPjKEUMnMrZgOiElEm/AqJgRn/uVF0j6pO+f1s7vTWuO6iKOMDtAhOkYOukANdIuaqIUoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8Ac1Hmck=</latexit>

! =
g

�
�m

<latexit sha1_base64="404ysJQvNAEqahCDrtzag7k04yk=">AAAB/HicbVDLSsNAFL2pr1pf0S7dBIsgCCUpvjZC0Y3LCvYBbQiT6aQdOpmEmYkQSv0VNy4UceuHuPNvnKRZaOuBmXs4517mzvFjRqWy7W+jtLK6tr5R3qxsbe/s7pn7Bx0ZJQKTNo5YJHo+koRRTtqKKkZ6sSAo9Bnp+pPbzO8+EiFpxB9UGhM3RCNOA4qR0pJnVgfxmF5nl+ec0rw2PLNm1+0c1jJxClKDAi3P/BoMI5yEhCvMkJR9x46VO0VCUczIrDJIJIkRnqAR6WvKUUikO82Xn1nHWhlaQST04crK1d8TUxRKmYa+7gyRGstFLxP/8/qJCq7cKeVxogjH84eChFkqsrIkrCEVBCuWaoKwoHpXC4+RQFjpvCo6BGfxy8uk06g7F/Xz+7Na86aIowyHcAQn4MAlNOEOWtAGDCk8wyu8GU/Gi/FufMxbS0YxU4U/MD5/AM1FlDw=</latexit>

� = �1 + i�2here

<latexit sha1_base64="RZPk4QoybUxtcOb+t5qHV4V+jbI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVo16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD2M2M+w==</latexit>m
<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

exact symmetry! ⤳ Ward identities

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

<latexit sha1_base64="myaCM3WDjqUKuytetUVihKRRvK0=">AAACBnicdVDLSsNAFJ3UV62vqEsRBovgKiTa50IoCuKygn1AE8pkMmmHTh7MTIQSunLjr7hxoYhbv8Gdf+O0TUFFD1w4nHMv997jxowKaZqfWm5peWV1Lb9e2Njc2t7Rd/faIko4Ji0csYh3XSQIoyFpSSoZ6cacoMBlpOOOLqd+545wQaPwVo5j4gRoEFKfYiSV1NcPh/Ac2j5HOLU9wiSCV5MFCyZ9vWga5gzQNEqVWqV+pohZLdeVYmVWEWRo9vUP24twEpBQYoaE6FlmLJ0UcUkxI5OCnQgSIzxCA9JTNEQBEU46e2MCj5XiQT/iqkIJZ+r3iRQFQowDV3UGSA7Fb28q/uX1EunXnJSGcSJJiOeL/IRBGcFpJtCjnGDJxoogzKm6FeIhUplIlVxBhbD4FP5P2qeGVTHKN6Vi4yKLIw8OwBE4ARaogga4Bk3QAhjcg0fwDF60B+1Je9Xe5q05LZvZBz+gvX8BlQSYnA==</latexit>

h =
�F

�m

Larmor precession

Larmor frequency:

Order parameter

Magnetization

(conserved)
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Results for dynamic scaling behavior

39

Model G
z = d/2

JR, S. Schlichting, L. von Smekal, Y. Ye, in preparation

described by universal scaling function 
for different reduced temperatures Tr

Diffusion coefficient of isovector 
and isoaxial charges:

<latexit sha1_base64="WB4P401nMdG0Mv+VG1aTIDhrtss=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYnvcmQmdl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9o6jhVFBs05rFqh0QjZxIbhhmO7UQhESHHVji6nfqtJ1SaxfLBjBMMBBlIFjFKjJXaXSbsFtS9csWrejO4y8TPSQVy1Hvlr24/pqlAaSgnWnd8LzFBRpRhlOOk1E01JoSOyAA7lkoiUAfZ7N6Je2KVvhvFypY07kz9PZERofVYhLZTEDPUi95U/M/rpCa6DjImk9SgpPNFUcpdE7vT590+U0gNH1tCqGL2VpcOiSLU2IhKNgR/8eVl0jyr+pfVi/vzSu0mj6MIR3AMp+DDFdTgDurQAAocnuEV3pxH58V5dz7mrQUnnzmEP3A+fwBFa5Aj</latexit>

=)

<latexit sha1_base64="uoRUYHw9W+YFFFT6DDmyT3i+ROI=">AAACGHicbVDLSgMxFM3UV62vUZdugkWoUNuZ4msjFHXhsoJ9QKeWTJq2oZnMkGSEOsxnuPFX3LhQxG13/o3pdBZaPRA4nHMuN/e4AaNSWdaXkVlYXFpeya7m1tY3NrfM7Z2G9EOBSR37zBctF0nCKCd1RRUjrUAQ5LmMNN3R1dRvPhAhqc/v1DggHQ8NOO1TjJSWumb5uhvxuBAUHYXCQ3gB5X1UOXqM4UyXQVELdtnhYZwkumbeKlkJ4F9ipyQPUtS65sTp+Tj0CFeYISnbthWoToSEopiROOeEkgQIj9CAtDXlyCOyEyWHxfBAKz3Y94V+XMFE/TkRIU/KsefqpIfUUM57U/E/rx2q/nknojwIFeF4tqgfMqh8OG0J9qggWLGxJggLqv8K8RAJhJXuMqdLsOdP/ksalZJ9Wjq5Pc5XL9M6smAP7IMCsMEZqIIbUAN1gMETeAFv4N14Nl6ND+NzFs0Y6cwu+AVj8g2GWZ7d</latexit>

Dn(p, ⌧) = s2�zDn(sp, s
1/⌫⌧)

Dependence of dynamic critical 
exponent on spatial dimension:
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z =
d
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confirmed non-perturbatively!
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