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Motivation

-At high energies chiral symmetry is restored

-Extremely large magnetic fields ~ 10*T
2 ~
-Topological gauge configurations, Q,, = # / d*zF FI* € Z
Axial U(1) is anomalous
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[Kharzeev,Tu, Zhang, Li, Phys. Rev. C (2018)] 3
[Kharzeev, Prog. Part. Nucl .Phys. (2014)] [STAR Collaboration, Phys. Rev. Lett. (2009)]
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Motivation II
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Initial fluctuation hydrodynamic model final state interactions
[Nonaka,Asakawa; PTEP (2012)]

Fluid dynamic approximation needs to start early 7~ 1fm/c

Time when gluons at weak coupling as < 1 reached thermal equilibrium 7 > 6.9 fm/c [Baier,Mueller,Schiff,Son,Phys. Rev. B (2002)]

Suggestion: Perhaps full thermalization not needed...only isotropy of energy [Arnold, Lenaghan,Moore, Yaffe, Phys. Rev. Lett. (2005)]
momentum tensor?

[Romatschke, EPJC (2017)]
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Use holography to model isotropization .


https://projects.ift.uam-csic.es/holotube/600-2/

AdS Geometry - Setup

1
Bulk Action S = _/d5x167rG [V —g(R —2A — L2F/WFMV)] + %EO‘BWS”AaFﬁvFém
S } !
Einstein-Hilbert U(1) Kinetic Term Chern-Simons term

To produce chiral charges we want aligned electric and magnetic fields!

Gauge ﬁeldAnsatZ AM — (¢(U7T)7Bx27 Bxlap(var)y()) *xl

2 2
- Magnetic field SO(3) — SO(2) E
- Zo Parity symmetry along B > x3>
>
-Broken by electric field B
Metric Ansatz To

1
ds? = 2dv(dr — §Adfv) + S2%eP (dz? 4 da3) + S%e ?Pdas +2Fdvdrs
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AdS Geometry - Setup II

Equations of motion

1 1
R,uy - §g,u1/R + Ag,uv = 2L2 FpAFé - guuZFaBFaﬂ )

vV, F* = PN 5Py,

v
8\/ng2

655" = —352(B')” — 4¢*B (P')*
3S3F" = —35%8' (6FB' + F') — 35% (ZB/F’ +F (23” + (B/)Z))
—45F (22 (P') = 3(8)") +12P (yPB+ p)
1262B G5 — 2B gh (esz (B')2 L A2BEBF + 2B (1‘")2 + 2/15,5;)

— 4¢P SPFS' (FB' +2F') — 4¢*P4* P°B°
482 (I“Z ((,m (51)2 _ B (P’)z) + Bz)
— 8e*ByPpB — 4¢?B p* + 2478 56

22854 P = _9e2B 51 (PB’ + BP’) +¢2BS (2pF B’ + 2P F2P'S + pF)
— 'BS2F (F (4B'P' + P") + 2P'F')
+9PB (e*BS (2FB' + F') — 2¢*PFS' +4B)
~ S ($P' 4 PS') 4 p (1B ~ 227 FS)

6628515 = —¢'BSFS' (11FB' + 4F") — 9¢2P 5% (S‘B” + BS’)
— B2 (2FB’F' +F? (33” +2 (B’)Z) — 8PP - (F’)z)
+4eiBF? (625 P+ (s’)z) —aB?

6cPS0A" = 66205 (3B’ + 4) + 24¢* P S°FS' (2F B/ + F)

>

Using our ansatz gives this mess

+e20st (12620 FBF + 3620 F2 (18" + 3(B)') )

+e2Bgt (—8925PP’ ~ 3628 (F')? 4 725’5/) 1 2862842 P23
482 (&BF‘2 (525 (P -3 (s’)z) + 532) — 48¢1B pSFP
—8¢*PyPB (6¢*” SFP' — Tp) + 28¢*7p°

Equations written along radial null geodesics partially nest — .voi - v (oms o anss (s asans)

+4e*B~2P2B2 4 1B 51 (IGPP' +3 (1-")2> +8e2ByPpB + 4¢2P p? — 45232)
+3¢2858 (s” (A'F’ - 4F‘B’> +8P(YPB + p) + S (4FS/ - GSF/))

—Bg2ps (—1353/5’ — 382 (23” + (B/)Q) 4 ((JB (P +3 (s/)?))

12578 = F* (6625 (A'S' + 28B' — 2B5") = 6625° (BB’ +4) + 42052 P*B?
TetBgt (786”1'319’ T B (P 4 2455’) 1 8¢2ByPpB + 4¢P p? 1 45282)
25 (-3584' +4¢*7 P2 + 33252)
— tBg2pt (—52 (B')? —4SB'S' + 425 (P')? — 4 (s/)Q)
+4e* B G FF (SB' +28) + 12¢2PS°F (SF’ - FS’)
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AdS Geometry - Near the boundary

Expanding near the AdS boundary ...

Also yields 2 ODE’s:
S8E

ay(t) = 5~ EOE +p2(t))  fi(t) = E((po + Et)BY + p)

4

Cannot be solved

1
without full evolution fa(t) = E((pot + §Et2)87 + pt) + ff

Bo,r) = 29 | 1oery ..

r4

Av,r) = (r +€(v))* = 2¢'(v) + a‘;&“) +log(r) -

F(v,r)= fi(zv) + log(r) -,

P(Uar)=po+E(v+%> +p2r(2v) + log(r) - - -
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AdS Geometry - Solutions

i 1.0
Rad.lalz B, (U7 z) Radial z 1.0 P (v z)
S Y

Timev 3

Numerical Routine: Characteristic Formulation [Chesler,Yaffe JHEP (2014)]
Chebyshev spectral representation Details:

) ... . Solve for scaled subtracted functions, ex.
Solve partially nested structure for S, F, S, B, P, A, F

Extract time derivatives, ex. 9,B = B — A0, B

B(v,2) = 2°2 B,(v, 2) + A(v, 2)
P(v,2) = 2°°P,(v, 2) + Ap(v, 2)
Extract b4(t),aa(t), fa(t), p2(t) + Fix apparent horizon on every time step

Step forward with RK4 9
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https://arxiv.org/abs/1309.1439

1 point functions: Energy Momentum Tensor

Vary renormalized on-shell action
AnGs (Tuw) = 95) — 95 Tr(9")) + (Log(pr) + C) hiy)

Energy-Momentum Tensor Components

2_
€, PTJ PL? Jf?L)
Functions of 0 . Very little early time change!
as(t), ba(t), fa(t) '
sl 770
....... f}/ = _€
-4 PT
P,
-6} ~Lu
0.0 05 1.0 15 2.0 25 3.0 35
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Time t
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1 point functions: Axial Current

Vary renormalized on-shell action

k
—4nwGs (J*) = lim —r3L*n"v 9, A, + §eWOéﬁAyFoéﬂ.

7 —00

Time and x3 Component of Current Density

2,

v #0

0 ....... ’7 g
0
—q(t) q(t) = J°(t)
J3
o]
_4)
0.0 05 1.0 15 2.0 25 3.0 35
Time t 11
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https://link.springer.com/article/10.1007/JHEP03(2010)095

—

Spatial Current Evolution (J)

1 point functions

t = 3.74976

t = 1.87455
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Current Density <J(t)> at t

"

Current Density <J(t)> at t:
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Current Density <J(t)> at t:
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Hydrodynamics

Can we understand some of this behavior?

Field theory

Conservation equations: BMTW = FWJM [9MJ“ - e“’/o‘ﬁOFWFag

Assume: T = eb/o5 + Jp, (0405 + 0505) + peoL o + pi05 0y
J'U“ = (JO’ —CwlBE, —C-CC2BE7 J3)7

9;J% = CE3Bs O Jy, = E3J° Ope = E3J°

1
Two can be solved:  J°(t) = CEsBst +qo  Ju(t) = Es (§CEng,t2 + qgt) + jn

Near boundary analysis was exactly field theory conservation equations
-Final equation cannot be determined without additional information

L 13
-Joule heating 9, = F3J> = E - J

Casey Cartwright, University of Alabama


https://www.trialsitenews.com/first-ever-use-of-cold-plasma-technology-in-clinical-trial-to-remove-microscopic-cancer-tumors/

Observations

1 .
Heat current Ji(t) = E5 (§CE333152 - th) + Jn

Axial current jO(t) = CE;Bst + qo

Deep
Unbounded growth! Thoughts
Whats happening?
Translational invariance » Perfect conductor/no resistivity
[Blake,Tong,Vegh Phys.Rev.Lett (2014)]
Axial anomaly » Anomalous production of chiral charges at

rate £ - B

Perfect conductance+anomalous production=unbounded current growth
14
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.071602

Summary of Results

« Azimuthal influx of axial charges

« Conservation equations determine
evolution of (non)-conserved quantities

» v | boundary?
438 [Grozdanov,Poovuttikul, JHEP (2019)]
' ) ' e Can we model the 1 point functions in a more

realistic boundary theory? Radial flow?
[van der Schee, Phys. Rev. D. (2013)]
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Appendix 1 point functions: Energy Momentum Tensor

Vary renormalized on-shell action
AnGs (Tow) = 95) — 95 Tr(9™) + (Log(pr) + C) hiy)

Energy-Momentum Tensor Components

-True theory is Ssy pr+mar = Ssy M Min.Coupled + SEM

-Total stress energy tensor is renormalization point independent

Trot = T (pir) + ATsy pr(pr) ol

Energy momentum tensor contains energy density, transverse and 0
longitudinal pressures and heat current

4F? 5 5
€ = —3aq(t) — = + 2(E* 4 B*) log ()

=2t

v #0 -
J13{ = 4f4(t) i T Y= PZ ]
E? 2 2 2 6 —Fu |
Pr = —ay(t) + 4by(t) — . B* +2(E* + B*) log(pr) }
82 0.0 0.5 1.0 15 2.0 25 3.0 35
PL = —a4(t) — 8b4(t) + T — 2(E2 + 82) log(ﬂr) Time t

1 Very little early time change!
Trace anomaly 77 (T) = —ZF2 =E*-B° g g ® 16
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Appendix EI’ItI'Opy Production

Entropy Growth During the Production of Axial Charges

18

=
[e)}

s(t)
----- Fit s(t) =at+b |
a = 1.85245
b=12.0762 |

Entropy Density s(t)
=
F

—
N

0.0 0.5 1.0 15 2.0 25 3.0 38
Time t

How does this compare to thermodynamic entropy?
a

Sth = W <<TOO> + % (% ((TH) +(T%%)) + <T33>)>

-Late time linear growth is due to Joule heating of
continuously produced axial charges
-Choose a to match late time growth a = 0.437209

Entropy density
s =4nS(v,ry)?

- T3, is apparent horizon location
- Late time linear growth

Entropy Growth During the Production of Axial Charges

—
%
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Appendix Entanglement Entropy

Ryu-Takayanagi conjecture S, = A(v4) Aa:2

1GR,

oxH* Ox?
A= /d3a\/det (guuﬁ W) D

T
We compute for a strip in the field theory, )2 7
z
Perpendicular/Transverse: x" = (v(0), z1(0), 2, x3,2(0)) >
)2
S| = V—L fda\/—v2Ae BG4 _ 2”"‘6 202e” BST 4 266 /

Parallel/Longitudinal: X" = (v(0), 1, 22, 23(0), 2(0))

2e¢2B 5492
.2
Z—2 + SGCCQ, . ]

A
S| = “ /da\/ Ae2B S492 + 2e2B F S4)x5 —

18

Casey Cartwright, University of Alabama
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Appendix Minimal Surfaces-Time dependence

-Oscillations around Linear growth
-Fit form S = at + b

L ar [ b | g | b
v=0 | 228 | 2.15 | 2.28 | 2.27
v=1/2 | 2.49 | 1.60 | 2.54 | 1.64
s, _ dS
dt — dt

-Entanglement velocity vg o a

Entanglement Entropy S (t)

105 ©

ent Entropy S(

Entanglém

Entanglement Entropy Growth
~_With and Without the Productlon of Axial Charges

19

Casey Cartwright, University of Alabama



Appendix Minimal Surfaces-Time dependence

on of bulk minimal surfaces
Transverse direction: 0 B -

Numerical method: Relaxation

Embedding Coordinates: x* = (v(0),1(0), 22,73, 2(0))

Strip width: ¢ = 0.8

Ultra-violet cutoff: zyy = 0.075

Grid size: 350 points

20



Appendix Minimal Surfaces - Length dependence

o o o
R (=] (=]
| | |

Radial Coordinate z’

o
o
|

Horizon crossings

Apparent Horizon

7&5 sections of bulk minimal surfaces at t=3.6 _
2,

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
x4 Coordinate

Apparent horizon does not act like a wall for minimal

surfaces, [Abajo-Arrastia,Aparicio,Lopez, JHEP (2010)]
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