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Motivation
Quark-gluon plasma is almost-perfect fluid

elliptic flow v2 @ hydrodynamic simulations @ CGC/Glauber
4

measurement/extraction of a constant ratio 7/s
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Motivation

Quark-gluon plasma is almost-perfect fluid

elliptic flow v2 @ hydrodynamic simulations @ CGC/Glauber

I

measurement/extraction of a constant ratio 7/s

From the energy-momentum tensor
™ = u'u”(e + P) — Pg"” + 1"

the shear viscosity 77 parameterizes
the traceless part of 7.
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Motivation

Quark-gluon plasma is almost-perfect fluid

elliptic flow v2 @ hydrodynamic simulations & CGC/Glauber

)

measurement/extraction of a constant ratio 7/s

From the energy-momentum tensor
™ = u'u”(e + P) — Pg"” + 1"
the shear viscosity 77 parameterizes

the traceless part of 7.

Aim of my work:

Microscopic calculation of the (T, u)-
dependence of 1/s within a large-Nc
Nambu—Jona-Lasinio (NJL) model
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Snapshot of the NJL model and its large- N scaling

o two-flavor Lagrangian with scalar/pseudoscalar interactions (parameters mo, G, A):

R =9 (1~ mo) ¥+ 5 [ + (Fins7h)]
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Snapshot of the NJL model and its large-IN. scaling
o two-flavor Lagrangian with scalar/pseudoscalar interactions (parameters mo, G, A):
_ G - - —_—
Lxg =¥ (10— mo) ¥ + 5 [(9)* + ($irsTy)’]
o L3, imitates the (approximate) symmetries of QCD:
CPT x SU(3)c x SU(2)L x SU(2)r x U(1)v

@ QCD building blocks for NJL vertices:
V4 four-gluon vertices,

V3 three-gluon vertices,
V, quark-gluon vertices,

L momentum loops.

Ne

1
=- connected vertex with 2N¢ external quarks: | V4 + §(V3 +Vy)=Ne—1+1L
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o two-flavor Lagrangian with scalar/pseudoscalar interactions (parameters mo, G, A):
_ G - - —_—
Lxg =¥ (10— mo) ¥ + 5 [(9)* + ($irsTy)’]
o L3, imitates the (approximate) symmetries of QCD:
CPT x SU(3)c x SU(2)L x SU(2)r x U(1)v

@ QCD building blocks for NJL vertices:
V4 four-gluon vertices,

V3 three-gluon vertices,
V, quark-gluon vertices,

L momentum loops.

Ne

1
=- connected vertex with 2N¢ external quarks: | V4 + 5(\/3 +Vy)=Ne—1+1L

From the running coupling in QCD, as = as(Ne):

! e.g. four vertex G :
NCNf—l-‘rL—l - NCNf71 ’ = Nc

Nc-scaling for 2N¢ NJL vertex:
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Rediscover standard many-body approaches

GAP O(1) : - = 4 &HJr (D
BSE O(N;) >:-:< >/< >/<:>:-:<

[Vogl, Weise: Prog.Part.Nucl.Phys. 27 195 (1991)] [Quack, Klevansky: PRC49(6) 3283 (1994)]
[Oertel, Buballa, Wambach: Nucl.Phys.A 676 247 (2000)] [Heckmann, Buballa, Wambach: EPJA 48 142 (2012)]



Rediscover standard many-body approaches

GAP O(1) : - = ¢ &Hjt N,
I

[Vogl, Weise: Prog.Part.Nucl.Phys. 27 195 (1991)] [Quack, Klevansky: PRC49(6) 3283 (1994)]
[Oertel, Buballa, Wambach: Nucl.Phys.A 676 247 (2000)] [Heckmann, Buballa, Wambach: EPJA 48 142 (2012)]
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@
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Solving the Gap equation (GAP) and
Bethe-Salpeter equation (BSE) leads to

@ thermal quark masses m

masses[MeV]
B
8

N
=}
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@ thermal meson masses m, and m,

I coupling by meson clouds

T[MeV]
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Rediscover standard many-body approaches

GAP O(1) : - = ¢ &Hjt N,
I
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i = 200 MeV

@
Q
=)

Solving the Gap equation (GAP) and
Bethe-Salpeter equation (BSE) leads to

@ thermal quark masses m

masses[MeV]
B
8

N
=}
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@ thermal meson masses m, and m,

I coupling by meson clouds ‘ ‘ R

T[MeV]

4/11



Shear viscosity from Kubo formalism

@ energy-momentum tensor in the NJL model: T}, = i1/_)fy,ﬁl,1/)

o Kubo formula for (static) shear viscosity

z—0w—0

7 := lim lim n(w Z, o) / dt e“”t/d3r (To1 (7, t), To1 (2, x0))

[Iwasaki, Ohnishi, Fukutome: Prog.Theor.Phys. 119(6) 991-1004 (2008)]



Shear viscosity from Kubo formalism

e energy-momentum tensor in the NJL model: T}, = ithy, 0,

o Kubo formula for (static) shear viscosity

— Tim 1 = L e [ - S
n:= il_r%il_r%n(w,a:,xo) = T/o dt e /d r (To1(7, t), To1 (&, z0))

[lwasaki, Ohnishi, Fukutome: Prog.Theor.Phys. 119(6) 991-1004 (2008)]

@ 4-point (Green's) function and Optical Theorem

n=-— %Im " (w)

w=0

with retarded correlator IT" (w) = —i [;° dt € [ d®r ([T21(7,1), T21(0)])
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Shear viscosity from Kubo formalism

e energy-momentum tensor in the NJL model: T}, = ithy, 0,

Kubo formula for (static) shear viscosity

z—0 w—0 T

n:i= lim lim 77(‘*’757‘» $0) = l/ dt eth/dgr (T21(F7 t)7T21(fa 1'0))
0

[lwasaki, Ohnishi, Fukutome: Prog.Theor.Phys. 119(6) 991-1004 (2008)]

@ 4-point (Green's) function and Optical Theorem
d R
=— S ImII
U 3o m I (w) L
with retarded correlator IT" (w) = —i [;° dt € [ d®r ([T21(7,1), T21(0)])

calculation of Matsubara correlator in thermal field theory and in large-Nc:

O(NH)+ O(NQ) + ...

=
€

s
I
I
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Shear viscosity from Kubo formalism

e energy-momentum tensor in the NJL model: T}, = ithy, 0,

o Kubo formula for (static) shear viscosity

— Tim 1 = L e [ - S
n:= il_r%il_r%n(w,a:,xo) = T/o dt e /d r (To1(7, t), To1 (&, z0))

[lwasaki, Ohnishi, Fukutome: Prog.Theor.Phys. 119(6) 991-1004 (2008)]

@ 4-point (Green's) function and Optical Theorem

n=-— %Im " (w)

w=0

with retarded correlator IT" (w) = —i [;° dt € [ d®r ([T21(7,1), T21(0)])

@ calculation of Matsubara correlator in thermal field theory and in large-N.:

O(NH)+ O(NQ) + ...

=
€

s
I
I

NN
n= 82T

/ " de [ @ pnt @11 = (0] Trw bap(esPren(e, )
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Study of the shear viscosity - |
Ansatz for the full quark propagator:
1

7) = 1
GR(PO,P)—p_m+iF(p), =p= 7TIrnGR



Study of the shear viscosity - |
Ansatz for the full quark propagator:

1

Gr(po,p) = p—m——f-ll"(m ’

1

= n['(p)]

_ 16NN /°° de /°° i p°m’T*(p) nf ()[1 — nf (€)]
15m3T J_o o [(2 —p2 —m2 + I‘2(p))2 + 4m?2T? (p)]2

Ay

n= T + Ao+ AT + AoT? 4.




Study of the shear viscosity - |
Ansatz for the full quark propagator:

GR(p07ﬁ):m7 =>p=—%ImGR
_ 16NN PGW?FQ( ) g (€)[1 — ng (e)]
= M= g / / dp —p2 —m2 +T2(p))” +4m2I'2(p)]”

’r]:

Convergence criterion for 7

The asymptotic behavior of I'(p) is
forbidden to converge too rapidly to zero:

nfp) <oo & p’2e ™€ o(l(p)
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Study of the shear viscosity - |
Ansatz for the full quark propagator:

~ 1
GR(p07p) =

p—m+il(p) ’

1
= p= ——Im Ggr
™

meZFQ() F(E)[l—n?(e)}

16 NNt
= () = oo / / o

—p? —m? +T2(p))” + 4m?T2(p)]”

"7:

Convergence criterion for 7

The asymptotic behavior of I'(p) is

forbidden to converge too rapidly to zero:

nfp) <oo & p’2e ™€ o(l(p)
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Possible parameterizations of the
spectral width:

Teonst = 100 MeV

Fexp (p) = Foornste_lep/8
Bp
r or = 1—‘cons T Ao
vrl) = Lo T e

Fdiv (p) == 1—\const \Y 517




Study of the shear viscosity - |l

n(HGeV?]

I
I

0.0

n=0

= == Mo

----- Tlexp /

Teonst ,

------- Tdiv /

T

150 200
T[MeV]

no momentum

cutoff



Study of the shear viscosity - |l
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Study of the shear viscosity - |l
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Study of the shear viscosity - |l

0.010F ‘ ‘ ‘ : 0.4} ‘ ‘ ‘ ]
7= 100MeV, g =0
0.008 0.12¢ T = 100 MeV, 4= 200 MeV
N — 0.10F T =200MeV, p=200MeV
> @
& 0006 2 0.08f
= <
& 0.004 = 0.06p
= 0.04F
0.002f -
. 0.02f
0.000 0.00
100 150 200 250 300 0
T[MeV] M [MeV]
momentum cutoff A = 651 MeV mass dependence
0.06 . . . — ‘ ‘
;
0.05F thermal mass M(T) / 1
Fexp =====-- /
0.04f  Tegna 1

T,

exp

Teonst

160 180 200 220 240 260 280 300
T[MeV]

thermal vs. constant quark masses



Study of the shear viscosity - |l
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Study of the shear viscosity - Il
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Shear viscosity from mesonic fluctuations - |
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Shear viscosity from mesonic fluctuations - |

1 /o= ‘/‘/m\ P
Self energy at O(N: ) 57 (Pyvn) = =FmXo —p-FX3 + Unysa Xa
1 1

Determination of the new pole: Gr(po,p) = m =5

= pe=p24+mP+Q, with [Q =757 (255 — 254) + m? (£250 — 254)
N——

free part



Shear viscosity from mesonic fluctuations - |

Ve
Self energy at O(N:Y): E;/”(p, Un) = SN W FmEo — P X3 + UnYa Za

1 1

Determination of the new pole: Ggr(po,p) = m =3

= po=p 4+ m>+Q, with |Q=p5> (255 — 25,) + m® (£250 — 254)
N——

free part

Modified dispersion relation = old ansatz for Gr is invalid, i.e. Gr # m

2N N 3.
e = 0 [ e [Cop 2 [-weat - et ]

with p; = Im (32;r + Zj) for j =0,3,4,
and A, B,C, D being lengthy expressions in p;.
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Shear viscosity from mesonic fluctuations - |l

— lengthy and complex self energies X, but their imaginary parts are analytical

IitqqT In (n; (Emax) nB(Emin + po))
167p ng (Emin) n8(Emax + Do)

Im EO(pO,p) = -

2
T
9IMqqPO Hay (E) | Emax

2
m
Im ¥3(po, p) = (1 + 2*2) R T Brain

gM T E[l)ax
Im Z4(p0,p) =Im X + 67?;;00 H34(E)|Emin

with the auxiliary functions

Hs4(E) = (E + po) lnng (E) — T Lis (-W) — T'Li, (1 - n;@)) :

Emax/min = ﬁ (mM —2m ) V m?2 +p ﬂ:pmM\/mM - 4m2:|
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Shear viscosity from mesonic fluctuations - Results
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Shear viscosity from mesonic fluctuations - Results

n/s

0.0FE.

200 220 240 260 280 300
T[MeV]

entropy density at LO in 1/N,, i.e. free Fermi gas with thermal quark masses m(T, 1)
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Summary

In this talk:
o From HIC: quark-gluon plasma is almost-perfect fluid

o Shear viscosity in NJL model from Kubo formalism
= Large-IN. formalism for bookkeeping

@ (Scalar) shear viscosity is highly sensitive to the NJL parameters, e.g. A
o New Kubo formula for i with full Dirac structure

@ In the NJL model Shear viscosity decreases as function of 7" and p undershooting
the AdS/CFT benchmark 1/4x

Thank YOU for your attention!
This work has been supported by:

GEOR0EATVOM

* Bundesministerium
AN | firBildung
und Forschung

NRICH Uny

S &

K RO
g

(S ¢, Fp— \

2%
2 -—
=~ TUM Graduate School .RI I{: N
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Backup: Expressions for full Dirac shear viscosity

Ny =pp (1—p1) —p* (1—p3) —m* (1—pp),
2 —2 2
Nz = pops —p~"p3s —m po ,

A =poNi — 2N ,
B =p4sN; —2N> ,
C = p3N1 — 2Nz,
D = N{ +4N3 .

One has in general for the quark spectral width:

1 1 -
p=—=Im Gr = ——— [mA +poyo B — p7 (]
m wD

and the off-shell relation:

—m?A? 4+ paB® — p?C? = (—m?py — p°pi + popi) - D
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Backup: Dissipative hydrodynamics

T" = diag (¢, P, P, P)




Backup: Dissipative hydrodynamics

T" = u"u"(e + P) — Pg"”




Backup: Dissipative hydrodynamics

™ = u'u”(e + P) — Pg"” + "

Q u,m™" =0, with v*(z) = M =(z)(1,v(x))
@ 7"" is a function of first-order derivatives

@ 2"¢ law of thermodynamics: O, s" = %7, 0 u” >0

=1 =n|0fu” +Tu" - %AHV@L “u)| +EAM (DL - u)

with
o =0" —u(u-9), AP = gM — "
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Backup: Shear viscosity from Kubo formalism

o0(p)] = 16NN / ds/ dpp m2T2(p) nr(e)(1 — nr(e))
1573T —p2 —m?+T2(p))? + 4m2F2(p)]2
0.012 P, e N large
ootof & "7 Mev e LO ladder diagrams at small
[\ e T = e - . .
—ooost N . ;::szez LZ compared to NLO ring diagrams
% 0.0061 “-\‘\\ ''''' = 100MeV, = 100MeV A, )
= N N[l = T + Ao+ A1l + AoT" + ...
= 0004 YT
0.0025 N = NJL model for I' < m, perturbative
Py - L
Lo s 1 15 2
2 4
x =my/T

ladder-diagram resummation

& perturbative NJL model
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Backup: Shear viscosity vs. resistance in a parallel electric circuit

N electric resistances in parallel circuits

N
_ _ R
Rto};zgRil, = Rtot_>N (N—)OO,RERz)

N uncorrelated dissipative processes

N
Ciot = ZI‘i ,  nl] ~ % (perturbative approach)
i=1

N
Mot =D My = e — 1 (N —=o00,n=m)
i=1




Backup: Kinetic approach vs. Kubo formalism
Kinetic theory

ﬂ d3 4
n=1e (27:))3 % Tfo(1 =+ fo) e 0 f small

e 7 large

e no spatial dependences
Kubo formalism

n= %/ di ei“t/d% (T (7, 1), TH (0)) e linear response theory
0
e (B) < (A)
g [ dp

H 2
'I’]|)\¢4 = % WW”B(E) []. + nB(E)] ° perturbatlve '~ A < 1

BUT: Within the (diagrammatic) Kubo formalism at LO in A¢* theory ladder diagram
resummation is necessary due to existence of pinch poles.

= Kinetic approach and resummed LO Kubo formalism are equivalent.
[Aarts, Hidaka, Jeon, ...]
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Backup: Entropy of non-interacting quarks

In the limit Nc — oo the NJL model becomes a free Fermi theory! (G ~ N7')

In Zy = 2N, NfV/ ,BW +In (1 4 e Blw— #)) +1n (1 +e (w+#)):|
In ZO 8P0
= Py= = —
0 BV 5 So (9T
In the massless (Boltzmann) limit mq = 0 (= w = p):
1217 . By ) o .
s(To) = == [ (is(=e™) ~ Lis( ™)) Lin(z) = > Zn (Polylog)
+4T (Li4(—e*6”) + Li4(—eB"))} k=1
u Lin(1) = ((n)
73
15 T3 + 2T 2 Lln( ) (21 n 1)C( )

= Polynomial structure of

; : Lis(—e ™) — Lis(—e"
There is no Feynman representation of Zy (or In Zy)! 3 ) s(—e")
foundations and discussion of “perturbative” theories: Li4(—e_z) =+ Li4(—ez)
[R.C. Helling arXiv:1201.2714]

Remark

17 /11



Backup: Entropy of interacting quarks (1 = 0)

107
orf
s
010
2 omf 6
3 ?
= oot B
) ar
oo f
oo} 2
000 E: . " . . oL . . . .
0 50 100 15 200 20 o 50 o 0 o =0
T[MeV] T[MeV]

Figures: Boltzmann limit (dashed) vs. thermal-mass entropy density (solid); soft cutoff scheme used

InZ=InZo+InZint =InZo+1nZ1 +1nZs+... where In Z; = gVt~
aav [ & 1 o ’
_ p o
() e[S [ ] -
A 2 2
s1 = 0 Inz 2Gﬁvf\/aNf [/ dp £ (1 - nF(W))]
T BV m 0 w \2
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Backup: Entropy of interacting quarks (1 = 0)

‘v; 008 [ ™
%oos— % L S —rT
0 =
T[MeV] T[MeV]
Figures: Boltzmann limit (dashed) vs. thermal-mass entropy density (solid); soft cutoff scheme used
mZ=mZo+WnZnw=InZy+InZi +InZs+... where In Z; = VU~V
2
GpV = d3p R
(R e[ £ [ s -
2GRV A :
oo 2 =2V Nentat [ [Can (5 - o) )]
oTr BV ™ 0 w \2
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Backup: Overview of perturbative corrections to the entropy density

[J.1. Kapusta, C. Gale: Cambridge 2006]

o ¢* theory
2m°T? 15X
T) = 1-— e
s(T) 45 [ 8%2] +
o QED .
17T 25

e QCD )
1( 7dF)7%(cA+gSF)} T

T) =4daT? | = (1 + —=
s(T) = 4da {5 Yidn) 4

o XPT [N. Kaiser] [P. Gerber and H. Leutwyler, Nucl.Phys.B 321, 387 (1989)]

s(T) :% [4T°hs (Bmr) + 3miha(Bmx)]

2
_ 136777:7‘7;; hs(Bmx) [2T2h3(ﬁmﬂ) + mih1(,3mﬁ)] +..
/°° g &=
3

where h, () = = 1
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