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“Mach Cone”

P. Chesler, L. Yaffe (2007)

* Simulate the “Mach Cone” at Weak Coupling.

* Solve the Boltzmann Equation at Leading-Log Approximation :
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Hot QCD vs. N=4 SYM

Boltzmann
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Outline

* Boltzmann Equation

* Mach Cone

* Hydrodynamics
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Boltzmann Equation
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Boltzmann Equation

* Linearization : (O +vp-0z)f(p,x) =C[f.p|
f=n,+0f Ny, = 1
p p ep/To — 1

* In a Leading-Log Order : 2 - 2 Scattering

!

P P
Hard p. k ~ T
Soft 4 ~ 91

* Small Angle Scattering :
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Boltzmann at Leading Log

!
/p
e Collision Term :

k/ \k’

Clpl~ [ IMES (P [f('p)f(k)[l + @O+ FRY) = F) R+ )1+ f(k)]]

5f(p) = n,(1+ ny)x(p)

* Boltzmann with Loss/Gain :

Iosslterm
| 1

N %, )
(O +vp-Ox)of =T g - [np(l + nyp) ;X } +|gain terms]

Op Op’
201 2
[y = g-Camp log i J. Hong, D. Teaney (2010)
’ 87 “\mp
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Energy/Momentum Conservation

* Loss : Random Walk of Hard Particles M

o _ d 5 0y
a()f — T'L{'Aé:)—p’: [np(_l -+ rzp)a—pi]

9 i
— ~p ppa(l+ 2ny)0f] + V T'p1A0 f]

: 1B 13 J
* Work on Excess Particles : LT = —Tm/ - 1)’3 Ny (14 1,)p -
a .

* Gain : Energy/Momentum Conservation

N

X

1

- [1 0 dE 1 [a
galn terms = —

—pnp(l+ n.p)] — 4+ —

p2 Ip dt &g

d
535/‘3)?133(1+71p)
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Particle Number Change

Ap ~ ¢gT
* Emit/Absorb Soft Gluons at small p :

p=Ap (ISP _ 72
_/pzo W”’P(l + np)x(P) = Fx(ﬂ)/;\p

* Absorptive Boundary Condition : X(P)l, 0 =0

P. Arnold, C. Dogan, G. Moore (2006)

* Particle Number Change!
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Transport Coefficients

e Use the Boltzmann Equation to Determine Transport Coefficients :

1, C? T TII I)? TJ s * -

. T
04613

* Shear Viscosity : T
S 1A

* Second Order Hydrodynamic Coefficient :
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J. Hong, D. Teaney (2010)
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Mach Cone
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Heavy Quark Source

* Linearized Boltzmann Equation with Source : Ny S(p)

(O +vy-0g)df(t.z,p)=C[f.p| + S(t.x.p) \ﬁ

* Source : Collision Integral with Delta Function

S(t,@,p) = S(p)d*(x — vyt)

~ [ PSP [ﬂp)fH(k)u + F@L+ PO = 00O+ FP[L+ far (k)

fu(k) = (2m)%0° (k — kg )6% (@ — vt)

2T
*VH=C: S(p) = }g—gn.p(l + ny) [(_l—) + 1+ Q-np) + (14 2n,)p - vy
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Kinetic Theory

* Boltzmann Equation in Fourier Space :

* Kinetic Theory : 0T (w. k) = 1/9/1)“5f(w=k-.2?)
D

* Fourier Transform : 0T (t, x) = / etk ®sTO () k)
w,k
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Energy Density/Flux Distributions

(SRS,

* Energy :
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* Momentum
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Angular Distribution

* Energy : AE = 67" R =i+,
“E —ArR?AE(R
* Momentum : AS = [6T"
dSr

9 R2sin HRR -AS(R)
dbr
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Boltzmann vs. AdS/CFT

AdS/CFT by P. Chesler

14 0.4
12 - — Boltz 0.2
101 ... AdS/CFT
r 8 T 0
Z 6 =
@ 4 — 0.2
g - =
s % -04
Ll_] O ------ U) c =20
S S o8| vt AdS/CFT ) ]
"6‘ " R =RsTc 2(4n/3) 08| S=RsTcH@n3) 40 4
_8 | | | | _1 | | | |
80 100 120 140 160 180 80 100 120 140 160 180
Or (°) Or (°)
e Sound Wave and Wake
* Shear Length Unit
N . T " 1
- = 04613 — S
Boltzmann: - o AdS/CFT : = 7

» Zero Temperature Contribution in AdS/CFT (R=1)
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Hydrodynamics
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Hydrodynamics

 Constituent Relation in Conformal Limit (Static) :

T}f;fr , = (e+P)ul'v” + Pyt —2n (0'u”) — 201 (0" 0" InT)
\ Y J o\ ' f
1st 2nd

R. Baier, P. Romatschke, D. T. Son, A. O. Starinets , M. A. Stephanov (2007)

* Equation of Motion : 0,T" =F". ..
. y dp” y
¢ Force . '-:nz'.c-ro — dt — /ppr S(p)
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Source Correction

P. Chesler, L. Yaffe (2007)

O (Tt + () = F”

hydro
W Th-yd-ro + ik Th.y(i'ro T F:rn.-ic-ro —ik'T
ASource

o 7" |Localized near Quark

* Acts as a Source : ASource ~ 9 [0°(x — vt)] + 00 [§*(z — vpt)]

| ) \ )
I I

1st 2nd

e r#” Determined by Comparison: 7" (w. k) = Tiro(w ) + 71 (w, k)

* Expand in Powers of w, k : Determine #’s for Boltzmann, AdS/CFT.

— ik = ?%Eiwvir + #ikf + ‘#wgt% + #kzuf;f + #wkj'+ O(k?)
Y Y

1st 2nd
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15t Order Hydrodynamics

[dER/d0R] / 1y

12— Boltz
101 ... 1st hydro

[dER/dOg] / [y 22212

% = RsTe 2/(4n/3)

_8 | | | ”‘l
80 100 120 140 160 180

6r (%)

* Energy Density : Sound Mode

N O N B~ OO

1 1 1
(o)} e

—— AdS/CFT
------ 1st hydro

R = RsTe 2/(4n/3)

80 100 120 140
Or (°)

* Boltzmann : Hydrodynamics at Longer Distances
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274 Order Hydrodynamics

[dER/dOR] / 1y

14

12 - —— Boltz

10 F e 2nd hydro

8 -

6 -

4 L

2 L

0

-2 F

4| % =RsTc2/(4n/3)

-6 - | | | |

80 100 120 140 160

B (%)

[dER/dOR] / [y A12T%/2]

180

— AdS/CFT
2nd hydro

R = RsTe 2/(4n/3)

120 140 160

Or ()

100 180

* Boltzmann : Reactive to High Frequencies

* AdS/CFT is Amazing!
* Differences due to 7
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Summary : Boltzmann vs. AdS/CFT

* Boltzmann : Slow Transition to Hydrodynamics

6.32 . [411/3]
= 1.9

* Boltzmann : Tn = o7 24T
2 —In2 _{4n/3
A FT : - = = 0.6/
ds/C T” 27T .65 [(%HT]

* The Larger the Second Order Hydrodynamic Coefficient is,
The Longer it Takes to Reach the Hydrodynamic Regime.

DPF2011
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Backup

DPF2011
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Flux : 15t Order Hydrodynamics

[dSg/dOs] / iy
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Flux : 2" Order Hydrodynamics

[dSR/dOR] / iy
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