QCD and String Theory
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Nuclear physics at low temperatures:

“Low” temperature nuclear physics of a dilute pion gas.



Nuclear physics at modest temperatures:

. 3
At modest temperatures the pion density increases like n, & (hlc)



Nuclear physics at high temperatures:

Non-abelian plasma is special:

1. Ultra-relativistic

2. Non-linear

Expect a transition at for temperatures 7' ~ m,c? ~ 140 MeV



How nonlinear? The strong coupling constant at finite temperature:
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The real QGP is neither completely weakly nor strongly coupled making life hard!



Lattice QCD and the QCD equation of state:

Compute the equation of state by sampling fields with the statistical weight:
Z ~ / (D AJeS@cnlAl

The largest single computational project in human history!



The QCD Equation of State (Budapest-Wuppertal Collaboration)
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1. The “critical” energy density and temperature are
ec ~ 1GeV/fm’ T, ~ 160 MeV

2. The EOS state should be computable at high temperatures

p(T)=T*(1+g*+¢°+g" +9°+¢°log(1/g) +...)

The equation of state is close to ideal gas — but important 20% deviations exist.



Discussion influenced by, Braaten and Nieto, hep-ph/9508406, and 9501375.
Also influenced by discussions with Mike Strickland
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Failure of the strict perturbative expansion
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Hard Thermal LOOp Perturbation Theory from Braaten, Andersen, Leganger, Strickland, Su
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Result from Braaten, Andersen, Strickland, Su
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Gives a much better agreement with lattice results! But . . .

EQCD resummation scheme gives similar results
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Entropy of Super Yang Mills Theory at Large V..

1. The coupling constant in Super Yang Mills Theory

A= g2NC — 4o N,

v

“theorist’s” coupling

2. The entropy is function of coupling

S entropy

A
S0 ideal gas entropy \u
function of coupling

(a) Weak coupling (quasi-particles), A < 1
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The Entropy Of Supel’-Yang M|”S Theory VS. )\ Blaizot, lancu, Kraemmer, Rebhan

e Strong coupling result, A > 1:
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At strong coupling, all of those interactions add up to ~ 25% correction



References:
1. My favorite d'Hoker and Freedman. hep-th/0201253

2. The disscussion follows, Teaney and Schaefer, Section 4.
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The AdS Black Hole
2 2

,
ds® = 73 (= f(r)dt* + dx*) + O

\

dr*  where  f(r)=1- (E)Ll

AdS geometry

Gravity

“Our” world r = >0

Black Hole r = r,

I’'m not seeing the QGP here!



The AdS Cavity with Hawking Radiation

ds” = 73 (-f(?“)dt + dx ) + P dr where  f(r)=1— (7)
AdS g;gmetry
Gravity Induced T

“Our” world r = o0

reflecting boundary

Hawking flux of g

The fluctuations are small in large [V, justifying the classical gravity approximation

Black Hole r = r, = 71’



The AdS Cavity with Hawking Radiation

ds” = 73 (-f(?“)dt + dx ) + P dr where  f(r)=1— (7)
AdS g;gmetry
Gravity Induced J#*

“Our” world r = o0

reflecting boundary

Hawking flux of A,

The fluctuations are small in large [V, justifying the classical gravity approximation

Black Hole r = r, = 71’



Gauge-Gravity Duality

Quark Drag String Pulling on Quark
Our world ‘9 Quark
F drag
0 j Gravity
average dra%
M % = —nNU Black Hole

lts physics not math!



Gauge-Gravity Duality

Brownian Quark Stochastic String Pulling on Quark

Our world Quark
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5D equilibrium is a competition between dissipative gravity and hawking radiation:

classical probability oc e~ %]

Again, its physics not math!
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Greatly influenced by, Arnold, Moore, Yaffe, hep-ph/
0209353. For a review with progress to "NLO" see Ghiglieri

and Teaney arXiv:1502.03730.
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Greatly influenced by,  Arnold, Moore, Yaffe, hep-ph/0209353.  For a review with progress to "NLO" see Ghiglieri and Teaney arXiv:1502.03730.
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Plots of energy density in a heavy ion collision:

Initial Condition ldeal Hydro Viscous Hydro
t=1fm/c t=7.25fm/c, ideal t=7.25fm/c, n/s=0.16

86-4-202468 86-4-202468 86-4-202468
X (fm) X (fm) X (fm)

Viscosity diffuses out fluctuations!
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Real calculation of 77/8 at LO Arnold, Moore, Yaffe (red curves)

g ;2(00+0110g(mD/T)+ CQ(mD/T) +)

AMY-Leading order “NLO”, |.e. order g
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At leading order you can get whatever you want for 77/3!



Calculation of 77/8 at NLO Moore, Ghiglieri, Teaney
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For any reasonable value of the coupling the first correction is huge!

Correction is dominated by Gsoft
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Derek Teaney
TextBox
Start of strong coupling calculation of shear viscosity. The orginal paper,  hep-th/0205051, is very clear.
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n/s from AdS/CFT

Induced 1Y

r = 00

\ \ Y gavity waves
filling cavity hy,(r,t)

=
|
—_

where, u = 1/1?
0 —iw/4nT tw
hey = hg,(w) (1 — u) / 1 — T log(1 +u) + O(w?)] .

Solve and evaluate the induced stress from the discontinuity in the extrinsic curvature
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Real calculation of 77/8 Arnold, Moore, Yaffe (red curves)
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Thermalization of Strongly Coupled Plasmas
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Bjorken Expansion at weak coupling:

E e Condition for hydro to apply:
B Expanding
T Collision rate > Expansion Rate
0 g_ NOé%TO N;?To
%3 2 1 0 1  — 'Zal
Find:

1. For a fixed coupling o, need I'7 larger enough to have hydro

1
—2<<7'T
Qg



Bjorken Expansion at weak coupling:

E e Condition for hydro to apply:
B Expanding
T Collision rate > Expansion Rate
0 g_ NOé%TO N;?To
%3 2 1 0 1  — 'Zal
Find:

1. For a fixed coupling o, need I'7 larger enough to have hydro

1
—2<<7'T
Qg

What about when avg — o0 ???




Strong coupling answer: (M. Heller et al, PRL)

e Find at strong coupling must have
0.6 < 7,7,

before we can use (viscous) hydro
— | will review work of Michal Heller, R. Janik, R. Pechanski

— See also recent work by Keegan, Kurkela, Romatschke, van der Schee, Zhu



The setup

e Specify intial conditions and solve

w

time
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- Immense number of initial conditions with the same initial energy density
* Specify initial conditions in the fifth dimension
- Specify an effective temperature 1 g (’7’) from the energy density at all times

energy density(7) = (constant) (Teg (T))4
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hydro
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Remarkably fast convergence to the universal hydro regime
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But, viscous (anisotropic) corrections are important for everything

PT — PL x 3pL
€ € a sample init condition
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Viscous (anisotropic) corrections are important for all observables.

Hydrodynamics is seemingly much more robust than what one expects!



