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Hydrodynamics

* A system at local thermal equilibrium Tg; — cU*UY — PAMY
can be described by macroscopic fields, B (1)
energy momentum tensor and number
density.
* The dynamics of the system can be o TH = ()
obtained from conservation laws and 4 e = e(P) (2)
. ont =0
equation of state. H

e Systems out of but near equilibrium can
be described by adding gradient

HU — KTV — 7% UV
corrections to the fields. 1" = eUPU” = PA" + 11

. 3)
[T ~ F(I1, 0 UY)

* For causal evolution of the system
additional degrees of freedom and their
evolution equations are required.




The Boltzmann Equation

* The one particle phase space u _ ”
distribution function can describe a P aﬂf (/)

system at low densities.

d3
* The Evolution of the distribution " = J é? p'p°f
function is given by the Boltzmann P
Equation. (5)
d’p
» We can obtain macroscopic fields from n* = [ v
the moments of the distribution P
function.
 The dynamics is obtained from the , d3p ,
Boltzmann Equation. [ = J 0 p"p“of (6)




Relaxation Time Model

 The Boltzmann Collision Kernel can be approximated
by a relaxation time model.

U-p
pro,f = — (f = Jeg) (7)
IR

 We can obtain an expansion (Chapman-Enskog) of
the distribution function in terms of equilibrium fields

Coefficient of gradient expansion vs order.
(arXiv:1608.07869v1)

T o0 !
fzfeq - Ul-qp pﬂaﬂf % J(D,X) = Joq + Z B Ufl.qppﬂaﬂ] Jeg(P>X)  (®)
n=1

* This expansion is divergent.




Solution to the RTA Kernel

* The first order partial differential equation

U - U -
(ol ="t o
IR IR
 We can write a formal integral solution to the RTA Kernel.
t
~ dt' Ut,t)-p _ , "U -
fO) =e " folt, 1p) + J ; —e T fo (8, 1) £ = J - a0

* The first term is a damped free streaming term and the second term contains the contributions from
collisions.




Gradient Expansion

 We can then obtain a gradient expansion from the integral solution.

o0 n k n
_ IR TN O B
G~ Z {1 € Ozk!} [ p.Up”f?ﬂ] Jog(X: 1) (11)

n=0

* First sum gives the Chapman Enskog gradients and the second sum gives
exponentially damped terms.

* [his expansion is convergent.




Approach to Hydrodynamics

* Applicability of hydrodynamics is determined by the damped term,

_502 ]‘i(: [_pT Upﬂa ] feq(x, 1) (12)

* |In the RTA model, Hydrodynamic equations describe the system if the large
gradients are suppressed by the damping.




Convergence of the Moments

1 )
« Moment equations in Bjorken flow  p,; = (27)3 JdBP(pO)n<p_> /

20+ 1 2l —n |
(pnl

afpn,l T pn,l I pn,l_|_1 — —

—_ pecl]) (15)
T T TR

n,

 |f the relaxation time is momentum independent, convergence is inherited by
the moments.

]
: 1
pui(7) = e F0p (7) + J dr'—e5(F) P, (7 (16)
b ° TR
to




Summary

* A formal integral solution to the RTA Boltzmann equation can be obtained

* (Gradient expansion of the integral solution contains non-hydrodynamic terms
that ensures convergence.

 Convergence is inherited by the moments.

* Under the RTA model smallness of the free streaming component and not the
gradient determines the validity of hydrodynamics.
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Thank You
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The Integral Solution

o Shift Operator
Shl — hl+1 (16)

 The moment Equation

20+ 1 1  2l—n 4 |
o4 (F -2 =0 ()

T R T




The Integral Solution

 The modified Damping factor

U201+ 1 1 2l—n A
( + — — S) (18)

T TR T

exp é\l(T, T') = I

T,

e The formal solution

n t ]
pn,l(T) — e_fl(fafo)pr(l)l(f) + J dt’ _6_51(77) eQ(T) (19)
, ) Tp
0

o0 o0 T —£
o) = ), €K, (@ )Pl @ pS(n) = ZJ dv—K, (.70 () (20)

k=0 —0 7o R




Explicit form of the solution

* [he solution can be explicitly written as

o0 o0 T —¢’
€
pui(®) = ), € 0K, (5. 70)p0 (D + ) J de'—K, @i, @) 2D
k=0 k=0 “ 7o

n

° Where <1—5>(k) - 21+1 " o) k
K, i (7,7) = (—) [1 — <—> ] (22)

k!

* This reduces to the known solution for the conformal case, (h =2, | =0, energy

G()‘de’e_gl T,) ) RN i I P R)
Pz,oT—T TTR A S S

density )

0




The Gradient Expansion

 We get the convergent gradient expansion

L ot

+ 1 o1
nl Z Z ron 50) [ ] K, (7. 0p, (7,1 + k) (23)

k=0 m=0




