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Introduction

In high energy nuclear collisions, the Quark Gluon Plasma
is the fluid with the largest acceleration and vorticity ever
produced in laboratory. The hydrodynamic simulations and
recent experimental measurements indicate [1];

al == 0.05 ¢*/fm ~ 510" m /s’
w| ~ 0.06 ¢/fm ~ 210 s~

We studied how acceleration and vorticity affects the
thermodynamics of the system and showed that the
stress-energy tensor gets non-dissipative quantum
corrections which are quadratic in vorticity and acceleration
2, 3, 4], which may not be negligible for the hydrodynamic
simulation of the Quark Gluon Plasma.

General global equilibrium

The most general equilibrium distribution in relativistic
quantum statistical mechanics is described by the covariant
statistical operator [5, 6):
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where 3 is the four-temperature vector and defines a

hydrodynamical frame |7 uw = B8/+/ 5%, ¢ = u/T, p the

chemical potential and 2. is an arbitrary spacelike 3D
hypersurtace, provided that 5 is a Killing vector:

VB, + VB, =0, 9,(=0.

The Minkowski spacetime solution ¢ =constant and
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describes a system with constant thermal vorticity =
(hence with acceleration and rotation) and simplify p

into |7]
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where P, JM are the Poincaré group generators.

- 1 - ~
~buP* + w0, 0" + (Q

Expansion for small vorticity @
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The mean value of an operator in general equilibrium can
be calculated through an expansion in w if the thermal
correlation length is much smaller than the length over
which the fields 8 and ( significantly vary (hydrodynamic

limit), that is 08/ < 1/8, 1/m and w < 1
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where < .. > 8(2) is the mean value with familiar

homogeneous thermodynamic equilibrium at constant
four-temperature equal to 8(x) in the point x, that is with

the density operator: p = %exp [— ﬁuﬁ“ + C @} .

Acceleration and rotation components

We can decompose w into two spacelike vectors
proportional to acceleration and rotation by projecting onto
the four-velocity u

o = aol'u’ — " u' + € w, u,
= 5/
> = whu, = at/T

> W = PP, woe = W/ T

ut four-velocity
a' acceleration
w angular velocity

>y = e"Pw, o) U, ~vH transverse vector

We can then adopt the non-normalized tetrad {u, o, w, v}.

Restoring the natural units:
h|al h || T=300 MeV
ckpl k' |@~c|@]~0.05 /fm
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Non-dissipative second-order hydrodynamic coefficients

The final expression of the stress-energy tensor up to second order in w [§]:
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The coefficients can be calculated systematically in the rest frame as Euclidean connected correlators

between appropriate stress-energy tensor components and generators ot the Poincaré group:
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All corrections to T*” are of quantum origin, as all the coeflicients U, D, A, W, GG turn out to have a finite
classical limit for the free gas, while o ad w have an A factor (see previous frame).

Results for free fields

The stress-energy tensor and current operators for free charged scalar field are
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instead for free Dirac field are
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From the previous operators we obtain the analytic expression for the coefficients, whose behavior in temperature
is plotted in the figure in the case of massive fields with zero chemical potential |8, 9|.
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Figure: The coefficients divided by energy p or pressure p for m > 0 and p =0

The coeflicients in the massless case correspond to the asymptotic values at high temperature in figure.

In the same way, the mean values of the vector current ﬂ and the axial current (for Dirac field: JA p = 0 %75@2 )

have the corrections:
Julz) =nu, + (onN@ + wQNw) w, + Gv 1y, jAM(az) = w, Wa,

where the coefficients N, V,, Gv and W are also given by Euclidean connected correlators.
In particular, W recover the Axial Vortical Effect [10], that for m = 0 is
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Consequences and conclusions

» The stress-energy tensor has equilibrium non-dissipative corrections if the fluid is rotating or
accelerating. Such corrections may be phenomenologically relevant for system with very high acceleration, such
as in the early stage of relativistic heavy ion collisions.

» These corrections are pure quantum effects (they vanish in classical limit).

» We have an easy prescription on how to evaluate them, as they are Kuclidean correlators of conserved
quantities (7}, and Poincaré groups generators).

» We recovered the anomalous transport coeflicients describing the Axial Vortical Effect.
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