From QCD kinetics to hydrodynamics

Derek Teaney
Stony Brook University

q\\\w Stony Brook University

1. L. Keegan, A. Kurkela, A. Mazeliauskas, DT, JHEP (2016)

2. A. Kurkela, A. Mazeliauskas, J.F. Paquet, S. Schlichting, DT, 65 pages, almost done




Mapping the CGC fluctuating initial conditions to hydro

- Hydro

Thydro’\’lf‘ “ .’

o ™~ 1/Qs

Rnuc Rprot 4 mip

Use QCD kinetic theory to map the CGC initial state to hydrodynamics with approximations:

Rnuc > Rprot ~ Emfp > 1/Qs



Mapping the CGC fluctuating initial conditions to hydro

o ™~ 1/Qs

Rnuc Rprot 4 mip

Causality limits the equilibration dynamics within a causal circle

Ryue > Rprot ~ émfp ~ CThydro > 1 / Qs



An approximation scheme for the equilibration dynamics:

look in causal circle

e(t) + de(t,x)

average

energy density in causal circle
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1. Determine the evolution of the average (homogeneous) background

Bottom-Up Thermalization!

2. Construct a Green function to propagate the linearized fluctuations.
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How to compute the background and perturbations:

o.f+ = .vf— g ¢ = ~Goolf] = Clenlf] |
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Bjorken expansion :{ ﬁ

Gluon distribution function for background and perturbations
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uniform background  transverse perturbations
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We will discuss the background and perturbations separately



Outline

|. Evolution of the backgound: “bottom-up” thermalization

ll. Evolution of the perturbations



The background and “bottom-up” thermalization Baier, Mueller, Schiff, Son

Classical Longitudinal Soft Stabalization Mini-jet parton
Production Squeeze shower
pr pr pr
Plasma
instabilities
dominate
screening?
Pz P Dz
Classical Fields Kinetic theory

Reach a thermal state in Thydro ~ 1/(0423/5623)



A numerical realization of bottom-up

e Builds upon the first numerical realization

Pl

Kurkela, Zhu PRL (2015)

p2f(p¢, pz) Initialization:

QsTZl

1. Partons are initialized with:
2 2 2
<pJ_> ™~ Qs <pz> ~ ()

2. Take a coupling constant of ag = 0.3

anisotropic

\ = dra, N, = 10

A\

theorists version of ag = 0.3
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corresponding to

Ui

Dz

7.5
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We see “Bottom-Up” in the computer code.



A numerical realization of bottom-up

e Builds upon the first numerical realization

Pl

p*f(pi,p:)

QsT =5

Dz

soft
stabilization

Kurkela, Zhu PRL (2015)

Initialization:

1. Partons are initialized with:
2 2 2\
<pL> ~ <p2> ~ ()
2. Take a coupling constant of g = 0.3

A=4ra;N, = 1Q

A\

theorists version of ag = 0.3

-~

corresponding to

75
T_06=

s T 4w

We see “Bottom-Up” in the computer code.



A numerical realization of bottom-up

e Builds upon the first numerical realization Kurkela, Zhu PRL (2015)
P’ f(pL,p.) Initialization:
1. Partons are initialized with:
Qs7 =20 minijet
—13/5 ' 2 2 2
Q.7 ~ a3/ quenching <PL> ~ Q? <Pz> ~ 0

then :
2. Take a coupling constant of ag = 0.3

hydro

Pl

\ = dra, N, = 10

A\

theorists version of ag = 0.3

-~

corresponding to

7.5
T—06=

D, s 4w

We see “Bottom-Up” in the computer code.



A numerical realization of bottom-up

e Builds upon the first numerical realization

Pl

p°f(pL,pz)
Q.7 = 500 Isotropic
and

2\

Dz

cooling down

Kurkela, Zhu PRL (2015)

Initialization:

1. Partons are initialized with:
2 2 2
<pJ_> ™~ Qs <pz> ~ ()
2. Take a coupling constant of ag = 0.3

\ = dra, N, = 10

\

theorists version of g = 0.3

-~

corresponding to

75
T_06=

s C 4r

We see “Bottom-Up” in the computer code.



When does the background stress tensor approach second order hydrodynamics?
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Measure time in a physical relaxation time given by 7p

Pr
2 €3 o Different_valugs of coupling
g IR give different n/s
* / P //H‘l,d me
a yaro regime In terms of eta/s, all couplings
|/ | thermalize at same scaled time
/. Keegan, Kurkela, Romatschke,Schee, Zhu
' A =10 (n/s =~ 0.62)
A=15(n/s~0.34) = - _ _ _ _
- /., A=20(n/s ~0.22) ===-~- Gives a basis for interpolating
h A=25(n/s ~0.16) from weak coupling results to
' 2nd hydro - - - - - :
vy | . . stronger coupling
1 2 3 4 5!

114,/ (470 /5)

= 1/sTe instead of ag:

7 _ mTea(7)
/s

TR =
STeff

with

TR

Can start hydro when 71T¢ /47 /s ~ 1



Translating earliest hydro starting time into physical units:

1. At late times the dynamics is ideal hydro:  Tog(7) = Ap/(ApT)1/3

dN/dy at the end of hydro

. This integration constant determines
lim 777°(7) = A% i )
T—00

2. Hydro fits to multiplicity give:

(e

= 1.6 GeV? xx A%

7=1.2fm
highly constrained by ‘fi—]yv!
3. The estimate for Thydro:
7-hydroT'eff (Thydro> —1
Am(n/s)

Find that hydrodynamics is applicable for times later than:

3 1/2
~ dr(n/s)\ 2 [ 1.6 GeV Veff \ 3/8
Tryaro & 0.85 fim ( : ) ( = ) (55)




How much to gluons multiply during the equilibration process?

8 : 1 dN
5 ' nr=——
I I
= . A dy
= .

5 1
: A=10(n/s ~ 0.62) —
0.2 | | )\:15277/3%0.34) =
. A=20(n/s ~ 0.23) - -
0 v\ = 25(n/s ~ 0.16)
0 0.5 1 1.5 2 2.5 3

7Tia./(47n/s)

The final gluon multiplicity is 2.5 times the initial gluon multiplicity

independent of the coupling or 77/ s!



Outline

v’ Evolution of the background: “bottom-up” thermalization

ll. Evolution of the perturbations



The Green functions fourier mode by fourier mode:

e Compute the response in “bottom-up” to an initial perturbation, & fi e+ L

* Then sum them up

Properties of Green Functions
oe(r, @) g (7, x)

1. Has free streaming for k — o0
2. Has hydro for k — O

3. Depends on 77/ s and time through

Green
. G(x; 1,79 TTos (T)
unctions
4m(n/s)
For hydro need:
de(ro, ') Ope(ro, " T et (T) o1

e(to) = e(mo) L 4m(n/s)



A practical algorithm for implementation:

Implemented for
TRENTO and
IP-Glasma

70 ~ 0.1fm

(i) For each point, average the energy in causal circle

* Find the scaling time corresponding to 79 and Thydro for given 77/5 and energy

(i) Propagate background and perturbations in scaled time

* Sometimes need to regulate the response



A practical algorithm for implementation:
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Do hydro results depend on Thydro ?
1. Implementation in TRENTO. 77/s = 2/4m. Central LHC.

2. Kinetics runs from 79 = 0.1 up to Thydro, then hydro up to Tynout-
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Remarkably insensitive to Thydro as we want !

10



Do hydro-results depend on Thydro ?

1. Implementation in TRENTO. 77/s = 2/4m. Central LHC

2. Kinetics runs from 7
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Remarkably insensitive to Thydro as we want !
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Are the constitutive relations are satisfied at late times?

e For times sufficiently late times Navier-Stokes should be valid:

TTest /(471 /S)

= —pohv

N——
navier stokes

Scaling
variable

Thydlro = 08fml —_—
Thydro — 1.0fm ——
Thydro — 1.2fm ——

Expect the cells near
the line to be equilibrated
and obey constitutive equations



Are the constitutive relations are satisfied at late times?

e For times sufficiently late times Navier-Stokes should be valid:
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navier stokes
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e-density
80 — |
kinetic theory ———
70 | free streaming —-—-—--
60 |-

0.5

—0.5

Comparison with free streaming to kinetics at Thydro = 1.2:

Uy

re3/* > 0.1 GeV?

ANVANIVAN
\/ N7 7
kinetic theory ———
free streaming ——-—--
=9 0 5 10
x fm

In free streaming + hydro we readjust the initial energy density to reproduce d/V / dy,

leading to an ambiguity in the early-time energy density



Comparison with free streaming to kinetics at Thydro = 1.2:

e-density 7T 4 Yy
80 — ‘ 12 ‘ R ‘
kinetic theory ——— Kinetic theory ———
70 - free streaming --—-—-- i free streaming —-—-—--
10 B N’]’]O'IU’V ........
60 - i

(m*® 4 1Y) GeV /fm?
o

In free streaming + hydro we readjust the initial energy density to reproduce dN/dy,

and " 4+ mYY evolves discontinuously.



Hadronic observables are forgiving:

AN, /dy
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Kinetic theory results are independent of Thydro,

while the free streaming results are (mostly) independent after retune



Hadronic observables are forgiving:
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while the free streaming results are (mostly) independent after retune



Kinetics give a smooth transition from CGC to Hydro
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A leading order smooth matching of effective theories and the whole collision



Summary

1. Still under the spell of “bottom-up” after all these years.

* A big next step are non-linear corrections — especially for small systems!

2. The tool is easy to use and fast. Use it!

* It gracefully connects any initial state to fully developed hydro
Other items:
1. Hadronic observables — no surprises!

2. Comparison with other approaches:
* Free streaming:

* The Pratt pre-flow (in super-SONIC) is a low £ limit of our results.

Thank You!



