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Context

e Improve understanding of hydrodynamics as universal dynamics

e Improve understanding of anomalous transport

e Reevaluate phenomenology
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Context

e Improve understanding of hydrodynamics as universal dynamics

e Improve understanding of anomalous transport

e Reevaluate phenomenology
- Chiral magnetic effect (heavy ions)
- Magnetogenesis, baryogenesis (cosmology)

- Chiral Q-bits
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Hydrodynamics
Magneto Hydrodynamics (MHD)
Microscopic realization: Classical EM on a lattice

Application: Chiral decay rate I's
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Plan

Hydrodynamics

Magneto Hydrodynamics

Microscopic realization:

Application:

Main result: verified from micro

Adrien Florio, Le Studium, 05.07.23

(MHD)
Classical EM on a lattice
Chiral decay rate I's

. I's o resistivity oc lim¢— oo (E(t)E(0))



Hydro from my UG

Euler,
Navier-Stokes, . ..
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Hydro as an EFT

. Conservation
Symmetries «——

laws

Equilibrium (static) state p

Hydro: Systematic expansion of
cons. laws around p

[Kovtun, 12], [Gloriosio, Liu, 18] for reviews



Hydro as an EFT Relativistic hydro

Conservation
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Hydro as an EFT

. Conservation
Symmetries «——

laws

Equilibrium (static) state p

Hydro: Systematic expansion of
cons. laws around p

[Kovtun, 12], [Gloriosio, Liu, 18] for reviews
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Relativistic hydro

p: Tr (e%u“pﬂ>

ut = (1—v2)"1/2(1,v)

Medium velocity

Typically v= 0

Cons. law: 0T =0



Relativistic hydro

Transverse proj
AHV nHY kg

Generically: T

p. Tr (e%"up”) T, = EUFu” + PAWY
+(q“UV + q”ullr) e
ut = (1—v2)"12(1,v)

Medium velocity

Typically v= 0

Cons. law: 0, =0
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Relativistic hydro

p: Tr (e%uﬂpﬂ)

ut = (1—v*)T12 (1)
Medium velocity

Typically v= 0

Cons. law: 0, =0
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Transverse proj
AHV nHY kg

Generically: T

Ty = Eutu? + PAM
+(q;1,uy + qyup,) + t,uy

Hydro:

&
P
qﬂf
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Relativistic hydro

p: Tr (e%uﬂpﬂ)

ut = (1—v*)T12 (1)
Medium velocity

Typically v= 0

Cons. law: 0, =0
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Transverse proj
AHV nHY kg

Generically: T

Ty = Eutu? + PAM
+(q;1,uy + qyuu) + t,Lu/

Hydro:
E =¢€(xt)
P =pxt)
9" =0
B =0

t

0t order (“ideal”)



Relativistic hydro

P Tr (e%uﬂpﬂ>

ut = (1—v*)T12 (1)
Medium velocity

Typically v= 0

Cons. law: 0, =0
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Transverse proj
ARV — V4 by

Generically: T

T, = Eutu” + PARY
+(q;LuV + quuu) + tluy

Hydro:

E =e(x,t) +fe(Ou,OT)
P =px,t)+fp(du,OT)
q* =0  +fq(0u,dT)
tv=0  +f(0u,0T)

'
0t order (“ideal”) T

15t order



Relativistic hydro

P Tr (e%uﬂpﬂ>

ut = (1—v2)"12(1,v)

Medium velocity

Typically v= 0

Cons. law: 0, =0
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Transverse proj
ARV — V4 by

Generically: T

T, = Eutu” + PARY
+(q;LuV + quuu) + tluy

Hydro

E =e(x,t) +fe(0u,0T) 4+ 0(0?)
P =px,t)+ fp(0u,0T) 4+ 0(8?)
g" =0 + f4(0u, 0T) + 0(6?)
t'=0  +f(0u,0T) +0(8%)

'
0t order (“ideal”) T

15t order



Transverse proj
ARV — Vg bV

Generically: T

T = Eubu” + PA#
+H@H U+ qruk) e

Hydro

E =e(x,t) +fe(0u,0T) 4+ 0(9?)

P =px,t)+fp(0u,dT) 4+ 0(8?)

g =0 +f4(0u, 0T) + 0(6?)

Y = () + f(0u, OT) + 0(0?)
T

0t order (“ideal”) T
1%t order
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For example (“Landau frame”)

fe(Ou,0T) =0
fp(0Ou,0T) = —(O,u*
fq(0u,0T) =0
fi(Ou,0T) = —noh

oHV = AV ABY (8au5 + 8gua — %Bauo‘mu)

¢ = bulk viscosity
n = shear viscosity



Recap #1

For example (“Landau frame”)

fe(9u,dT) =0

tp(0u, 0T) = —(O,ut o IR EFT of “slow modes”
fq(Ou,0T) =0

fe(Ou,0T) = —nat” e Built from conservation laws

ot = A sl (daug + 0gua = Foav®muv) | T, + other internal symmetries

¢ = bulk viscosity
71 = shear viscosity
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Recap #1

e IR EFT of “slow modes”’
o Built from conservation laws

T,.,+ other internal symmetries

Adrien Florio, Le Studium, 05.07.23

Weak coupling MHD

Goal: electrogmagnetic system

See e.g. [Bekenstein, Oron, 79]



Weak coupling MHD

Idea:

Goal: electrogmagnetic system

See e.g. [Bekenstein, Oron, 79]
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Weak coupling MHD

Idea: ® Maxwell egs:
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o T =T + T,
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Goal: electrogmagnetic system
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Weak coupling MHD

Idea: ® Maxwell egs:
8MFILV :]l/ , 0NF;11/ =0

o T =T + T3

8, T =0

Goal: electrogmagnetic system
‘]/:, = e€u, +lf[

See e.g. [Bekenstein, Oron, 79] Ohm’s law: ]i = o Fy,u”
——

E

I
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Weak coupling MHD

Idea: ® Maxwell egs:
8MFILV :]l/ , 0NF;11/ =0
o T =T + T,

8, T =0

Goal: electrogmagnetic system
‘]/:, = e€u, +lf[

See e.g. [Bekenstein, Oron, 79] Ohm’s law: ]i = o Fy,u”
——
E,.

Power counting:

e 0(0°) :u",T,B
e 0(8") : dur, OTE, . ..

Adrien Florio, Le Studium, 05.07.23 9 -10



Idea: ® Maxwell egs:
6MFNV :ll/ , 8'“;'/“/ =0

T, = Tfluid =+ TEM
*lu e All good, but:
T —

O 0 e Extra assumptions to hydro
oJp =+ e Ohm’s law at weak coupling only
Ohms law: /5, = o F, ,u”
——

; More “hydro EFT” approach?

m

Power counting:

0 0(d°) :u",T,B
0 0(d") : du", AT, E, . ..
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Higher form MHD

[Grozdanov, Hofman, Igbal, 16]

All gOOd, but: ];uz - F_,uu = %E[LV;)O'FPU

—

e Extra assumptions to hydro L .
conserved “2-current

e Ohm’s law at weak coupling only

Conservation # of magnetic lines!
More “hydro EFT” approach?

See also [Landry, Liu, 22] for equivalent
Schwinger-Keldysh derivation

Adrien Florio, Le Studium, 05.07.23 n -1



Higher form MHD

. ,"
[Grozdanov, Hofman, Igbal, 16]
qu = F,u,v = %ej_Ll/po'FpU {
conserved “2-current” /X‘ \
Conservation # of magnetic lines! \
[ ] n
See also [Landry, Liu, 22] for equivalent . ‘- ‘n

] L ]

Schwinger-Keldysh derivation ‘
# magnetic lines: 2 Particle

# electric lines: 1
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Higher form MHD

[Grozdanov, Hofman, Igbal, 16]

_F _ 1 o
qu - F,u,u - Qe/iupan

conserved “2-current”

Conservation # of magnetic lines!

S

n
See also [Landry, Liu, 22] for equivalent P
L ]

>
.-"\_’/

.
Schwinger-Keldysh derivation ‘
# magnetic lines: 2 Particle

# electric lines: O
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Hydro, again

0'. ’;
R Ty (ef (WP —ih’)
p:
ok = %kaek,jdX"dX’. (no k-sum)
\ ut = (1-v)"12(1,y)
Medium velocity
h# = (1 —h2)=1/2(0, h)
\ Direction along field lines
[ ] (]
. .
. | .
v L} [ ]
# magnetic lines: 2 Particle

# electric lines:0
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Hydro, again

0'. ’;
. Tr e%<u“PL“h’¢l)
P
ok = %kaek,jdX"dX’. (no k-sum)
\ ut = (1—v3)"12(1,v)
Medium velocity
h* = (1 —h2)=1/2(0, h)
\ Direction along field lines
| | ]
. .
' B M Cons. law: 0T =0
# magnetic lines: 2 Particle 9 =0

# electric lines:0
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Hydro, again

N Tr (e¥ (U“PL“h’q") )

P
k_ 1 Rk i 1y
O = 5 [ Blegdx'dd (nok-sum) Same game as before!
ut = (1=v2)~1/2(1,v) For instance:
Medium velocity
hi = (1 - h2)=1/2(0,h) Tie! = (e+p)uru” +pn + ahih”
Direction along field lines ,;jial — /3 (h/Lul/ o hl/u/t)
Cons. law: 0, =0
ap,jl“/ — 0

Adrien Florio, Le Studium, 05.07.23 14 - 15



Key points

o Valid at all coupling
Same game as before!

For instance:
ideal __ v v LV
Tt = (e + p)uru” + pnt* 4+ ah*h

Iidea[ — ‘B (h“UV o hl/u/l,)

nv
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Key points

o Valid at all coupling
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Key points

o Valid at all coupling
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coupling
For instance:
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Key points

o Valid at all coupling

Same game as before! e Reduce to standard MHD at weak
coupling
For instance:
o Fideal _ VooU?JP7 =0
Tideal _ % Nz +vh*h" H ] Hyp
o = (4Pt +pn™ £ a automatically!
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e Fundamental transport:
resistivity r not conductivity o
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Key points

Same game as before!

For instance:

Ti%al — (e + p)uru” + pnt” + ah"h”
Iidea[ _ “8 (h“UV o h:/ull,)

nv

e Fundamental transport:
resistivity r not conductivity o
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Key points rvso

Retarded propagator:

GR(x,) = 0(t){[0(x,1)0(0,0)])

Kubo formula:

e
=
8

/N
()]

o m
=
I

e
£

N—

_‘
I
€
L=
€=
W=

Il
-

e Fundamental transport:
resistivity r not conductivity o

Q
I
€=
LB
ISA
W=
IMe
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Key points rvso

Retarded propagator:

GR(x,) = 0(t){[0(x,1)0(0,0)])

Kubo formula:

e Fundamental transport: P
resistivity r not conductivity o -
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rvso Recap #2

Retarded propagator:

G2(x, t) = 6(t)([O(x, £)O(0, 0))) e Can formulate from conservation
of magnetic fluxes
Kubo formula: e Valid at strong coupling

r= e Fundamental transport:

i r= hm Z Im (GE’ (k=0, ))

Adrien Florio, Le Studium, 05.07.23 17 - 18



Does it matter in practice?

Study microscopic realization!



Recap #2 Model

Scalar QED at finite T
e Can formulate from conservation
of magnetic fluxes

e Valid at strong coupling

e Fundamental transport:

r= hm Z Im (GE’ (k= w))

Adrien Florio, Le Studium, 05.07.23 18 - 19



Recap #2 Model

Seatar-QED-atfimiteT

o Can formulate from conservation - Non perturbative transport???

of magnetic fluxes
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Recap #2 Model

Seatar-QED-atfimiteT

o Can formulate from conservation - Non perturbative transport???

of magnetic fluxes

] ] Classical scalar QED at finite T
e Valid at strong coupling

e Fundamental transport:

r= hm Z Im (GE’ (k= w))
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Recap #2 Model

Seatar-QED-atfimiteT

o Can formulate from conservation - Non perturbative transport???

of magnetic fluxes
Classieal QED-atfinitet
- UV divergent

e Valid at strong coupling

e Fundamental transport:

r= hm Z Im (GE’ (k= w))
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Recap #2 Model

Seatar-QED-atfimiteT

o Can formulate from conservation - Non perturbative transport???

of magnetic fluxes
Classieal QED-atfinitet
- UV divergent

e Valid at strong coupling

e Fundamental transport:
Lattice regularized

Eilh —
r= hm Z Im (G (k= w)) classical scalar QED at finite T
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Recap #2

e Can formulate from conservation
of magnetic fluxes

e Valid at strong coupling

e Fundamental transport:

r= hm Z Im (GE’ (k= w))

Adrien Florio, Le Studium, 05.07.23

Model

Seatar-QED-atfimiteT

- Non perturbative transport???

Classieal QED-atfinitet
- UV divergent

Lattice regularized
classical scalar QED at finite T

-Same hydro, what we study



Model

S | QEB Efﬁﬁite T L= —iF/me/ + D[L(ZS*D,LL(ZS - V(¢)
- Non perturbative transport???

E.o.M.:
Classi - OED-atfiniteT L
- UV divergent )

E; + Zj,k e,-,-k8,-Bk = 2e2Im (¢*D,¢)
Lattice regularized T
classical scalar QED at finite T !

Gauss law: V - E = ¢

V() = Alg|* +m?|g|?

-Same hydro, what we study

Adrien Florio, Le Studium, 05.07.23 19 - 20



Method

o 77E
L=—1F,F"+D,¢*D,¢ — V(¢) N ;55
E.o.M.: Monte-Carlo thermal ensembles
DD+ = =0
E+ Z,-,k €jk0;Br = 2e*Im (¢*Dj¢))
T <« Measure
I
Gauss law: V - E = ¢! tr

V() = Alg|* +m?|¢|?
Solve classical E.0.M. numerically!

Adrien Florio, Le Studium, 05.07.23 20- 21



Method Classical limit

Monte-Carlo thermal ensembles d
G3(x.t) = (O(x,£)0(0,0))F

Tm (Gg) ~ 63

Measure Thermal equilibrium (KMS)

Solve classical E.o.M. numerically!

Adrien Florio, Le Studium, 05.07.23 21 - 22



Classical limit

GO(x, 1) = (O(x,1)0(0,0))
Im (GF) ~ G

Thermal equilibrium (KMS)

Adrien Florio, Le Studium, 05.07.23

Strategy

Strategy:

Compute: o GE(t) = [ dx3GE(x,t)

22 - 23

od de3GI Xi')
ol’—fo dtGE

ooffo dtG/

Comparel!



N =200,¢*=1

1.0 1

0.5 1

E
Gcl

0.0 1

—0.5 1

0 200

r=1.059 = 0.032

Adrien Florio, Le Studium, 05.07.23
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N =200,¢*=1

1.0 1

0.5 1

E
Gcl

0.0 1

—0.5 1

0 200 400
t

r=1.059 = 0.032

Adrien Florio, Le Studium, 05.07.23

N =200,¢*=1
0.1 A1
0.0 1
0 200 400
t



N =200,¢*=1 N =200,¢*=1

1.0 4
0.5 1 011
R T
O
0.0 1
0.0 1
—0.5 1
0 200 400 0 200 400
t t
r=1.059 £ 0.032 o = —0.0001 £ 0.00014 ?!

Adrien Florio, Le Studium, 05.07.23



r=1.059 +0.032

o = —0.0001 £+ 0.00014 !

Adrien Florio, Le Studium, 05.07.23

o*tbo — () in dynamical EM

Reason:
OEi(k = 0,t) = jel(k=0,1)
1
—w?GE (k= 0,w) = G5 (k= 0,w)

C

24 - 25



Recap #3

o*tbo — () in dynamical EM

Reason: e Study MHD of micro. model
OEi(k = 0,t) = jel(k=0,1)

1
—w?GE(k=0,w) =G

o r finite, ofubo = ()

Adrien Florio, Le Studium, 05.07.23 25 - 26



Recap #3

e Study MHD of micro. model

o r finite, ot = ()

Adrien Florio, Le Studium, 05.07.23

Application: chiral physics

Chiral Magnetic Effect (CME):

Constant B background
+

Chiral imbalance 5

Magnetic current

CME _ 1

J — 4xn2 /LSB

26 - 27



Application: chiral physics

Chiral Magnetic Effect (CME):

Constant B background
+

Chiral imbalance 15

Magnetic current

CME 1
J = 2 M5

Qo)

Adrien Florio, Le Studium, 05.07.23

27 - 28

Credit: Kharzeev, Liao, Voloshin, Wang, arXiv: 1511.04050



Application: chiral physics

Chiral Magnetic Effect (CME):

Constant B background
+

Chiral imbalance 5

Magnetic current

TME 1

J A2 /LSB

Adrien Florio, Le Studium, 05.07.23

Chiral instability

Constant B, 12

27 - 29



Application: chiral physics

Chiral Magnetic Effect (CME):

Constant B background
+

Chiral imbalance 5

Magnetic current

TME 1

J A2 /LSB

Adrien Florio, Le Studium, 05.07.23

Chiral instability

27 - 29

Anomaly:

Constant B, 12

dO5 — d,u.s .

a — XA qt

_1_
272

E.

B



Application: chiral physics

Chiral Magnetic Effect (CME):

Constant B background
+

Chiral imbalance 5

Magnetic current

TME 1

J A2 ,USB

Adrien Florio, Le Studium, 05.07.23

Chiral instability

Constant B, 12

dQs — dus

Anomaly: 9% = y, ke = _LF.

Ohm's (?): JME = oF

27 - 29
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Application: chiral physics

Chiral Magnetic Effect (CME):

Constant B background
+

Chiral imbalance 5

Magnetic current

TME 1

J A2 ,USB

Adrien Florio, Le Studium, 05.07.23

Chiral instability

Constant B, 12

dQs — dus

Anomaly: 9% = y, ke = _LF.

Ohm's (?): JME = oF

Exp. instability: us = ple1st
Chiral rate: T'g = g5 - B8

27 - 29
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Application: chiral physics Chiral instability

Constant B, 12
Chiral Magnetic Effect (CME):

. Anomaly: 4% = y,d4s — L F. B
Constant B background

i Ohm's (2): jM = oE

Chiral imbalance 5 Exp. instability: 15 = Mge—rst

Chiralrate: T'g = -1, L 1B2
. 5 87t xa o
Magnetic current
- [Das, Igbal, Poovuttikul, 22] 1 1 2
TME _ 1 I — 1,8
J T 4n? psB [Landry Lin221 ~ ©  87* Xa

Adrien Florio, Le Studium, 05.07.23 27 - 29



What happens in our micro.?

Scalar QED + massless fermions



Chiral instability

Scalar QED

(*) [Figueroa, AF, Shaposhnikov, 19]:

Constant B, /.3 e Same micro. theory (¢, E, B)
z = Effective us(t),
Anomaly: 9% =y, = L F. B ° 15 (1), X

+anomalous coupling

Ohm's (?): JME = oF

Exp. instability:

Chiral rate:

[Das, Igbal, Poovuttikul, 22]

[Landry, Liu, 22]

Adrien Florio, Le Studium, 05.07.23

rg

Iy =

[15 = pge

—I'st

1p2

11
87t x4 O

1 1 2
= ErB

29 - 30



Chiral instability

Scalar QED

(*) [Figueroa, AF, Shaposhnikov, 19]:

Constant B, pd e Same micro. theory (¢, E, B)
- o Effective u5(t), xa
Anomaly: 4% =y, 4 — L F.B o
Y ar = XATa T e +anomalous coupling
Ohm's (?): JME = oF (): T'5/B2|e2—; = 0.00788 = 0.00004
Exp. instability: us = ple st
Chiral rate: T'g = g7 - 1B2
™ xa 0
[Das, Igbal, Poovuttikul, 22] r 1 1 2
[Landry, Liu, 22] F5 - Wﬁ”B

Adrien Florio, Le Studium, 05.07.23
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Chiral instability Scalar QED

(*) [Figueroa, AF, Shaposhnikov, 19]:

Constant B, pd e Same micro. theory (¢, E, B)
I Effective p5(t), xa
Anomaly: 4% = ,d4s — L F. B * o
Y lar = XAar T e +anomalous coupling
Ohm's (?): JME = oF (): T'5/B2|e2—; = 0.00788 = 0.00004
Exp. instability: us = ple st This work:
Chiral rate: T'g = g5 - 2B I'g/B?|e2y = o0
[Das, Igbal, Poovuttikul, 22] Fr o LLI’BQ F’:r)/B2|92:1 = 000815 :l: 000024

Landy.lin2z1 ~ D 87% xa

Adrien Florio, Le Studium, 05.07.23 29 - 30



Chiral instability Scalar QED

(*) [Figueroa, AF, Shaposhnikov, 19]:

Constant B, pd e Same micro. theory (¢, E, B)
I Effective p5(t), xa
Anomaly: 4% = ,d4s — L F. B * o
Y lar = XAar T e +anomalous coupling
Ohm's (?): JME = oF (): T'5/B2|e2—; = 0.00788 = 0.00004
Exp. instability: us = ple st This work:
Chiral rate: T'g = g5 - 2B I'g/B?|e2y = o0
[Das, Igbal, Poovuttikul, 22] Fr o LLI’BQ F’:r)/B2|92:1 = 000815 :l: 000024

Landy.lin2z1 ~ D 87% xa

Perfect agreement!

Adrien Florio, Le Studium, 05.07.23 29 - 30



Scalar QED Open questions

(*) [Figueroa, AF, Shaposhnikov, 19]:

e Same micro. theory (¢, E", B)

o Effective 5(t), xa
+anomalous coupling

). ' /B?|e2—1 = 0.00788 + 0.00004
) /B ez1 e Recover o from micro.?

This work: e Relevance to pheno.?
Fg/B2 ‘92:1 =0

T /B2|e2_; = 0.00815 = 0.00024

Perfect agreement!

Adrien Florio, Le Studium, 05.07.23 30- 31



Take home

e Fundamental transport of MHD is
resistivity not conductivity

[Grozdanov, Hofman, Igbal, 16]

Adrien Florio, Le Studium, 05.07.23 32 -



Take home

e Exemplified in a
micro. description

Adrien Florio, Le Studium, 05.07.23
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Take home

o Affects chiral phyiscs

Adrien Florio, Le Studium, 05.07.23

(): T'5/B2|e2_1 = 0.00788 & 0.00004

This work:
Fg/BQ ‘92:1 =0

I /B2|.2_; = 0.00815 = 0.00024
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Thanks!



