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Functional Methods for QCD
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Functional Methods for QCD
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Functional Methods for QCD

Functional RG

JMP, AIP Conf.Proc. 1343 (2011)
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Functional Methods for QCD

Functional RG
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Functional Methods for QCD

Fister, JMP '11, 13

(Yang-Mills)

Ot "*‘O‘*‘_‘l — _,gi%+ + 8 () +_,§$jb_q%,_

DSE-flow

Yang-Mills propagators

2PI-resummation

4
484, 6.0 =—o—
324, 6.0 ——s
324 5.8 —i—
484 5.7
3 564, 5.7 s—tp—
\\ // \\
A4 AN + m
\\
@@ @i @)
7/ ‘\
’ Ay 2 L

Vg p [GeV]
e gy, 0 1 2 3 4 5 6
g E FRG: Fischer, Maas, JMP '08

lattice: Sternbeck et al. ‘06




Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)
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(Naturally encorporates PQM/PNIL models as specific low order trunations)
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Functional Methods for QCD

present best approximation
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Phase structure and thermodynamics




Confinement
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Confinement
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Confinement
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Full dynamical QCD

Phase structure
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Imaginary chemical potential
Nature of the RW endpoint

T [MeV]

Braun, Haas, Marhauser, JMP '09
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Full dynamical QCD

Improving models towards full QCD

Polyakov loop potential in full QCD
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Full dynamical QCD

Improving models towards full QCD

Polyakov loop potential in full QCD
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Full dynamical QCD

Phase structure
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UrQMD Frankfurt/M

Spectral functions & transport coefficients

Extraction of (7/s)qqp from AuAu@RHIC

H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, PRL106 (2011) 192301
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U+U 23 GeV/A

Spectral functions & transport coefficients

t=-17.14 fm/c

UrQMD Frankfurt/M

UrQMD Frankfurt/M

Extraction of (7/s)qgp from AuAu@RHIC

H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, PRL106 (2011) 192301
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UrQMD Frankfurt/M

Spectral functions & transport coefficients

Extraction of (7/s)qqp from AuAu@RHIC

H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, PRL106 (2011) 192301
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Heavy ion collisions

( Shooting the elephant )

Proof of principle calculation:

Zhi‘Qiu and U. Heinz, to be published e Take ensemble of sum of deformed Gaussian profiles,

) _iig'ﬁi‘fm&f ;/30'3)0.217:0.005 S(T_L) = sa9(7r ] ; &2, P2) + s3(r);Es, Y3), with
,'_'_'?:gﬁ}gjﬁﬁﬁj ?,5:28;,;};3%1 ) 1. equal Gaussian radii R% = R% = 8fm? to reproduce (ri) of MC-KLN
10 ™ ] source for 20-30% AuAu
=8 et 2. £9 and €3 adjusted such that
! 1 = _ 20—30% /« g
S8 - 3= (6213>KLN ("MC-KLN-like")
4 - £33 = (62’3)2G01_30% ("MC-Glauber-like")

3. g = 0, ¢3 (direction of triangularity) distributed randomly

2 Au+Au @2 RHIC, 20-30%
. e Use v3 (pr) from VISH241 for /s = 0.20 with MC-KLN initial conditions
80 oz 04 cevy® 08 10 for 20-30% AuAu as “mock data”

I MCOKLNIEe n/s ~0217 e Fit mock vg (pr) data with VISH2+1 for "MC-Glauber-like" or “MC-KLN-

4:'_"_','?}83{2::5'& B 0111 £0.001 like” Gaussian initial conditions with both elliptic and triangular deformations
i ) by adjusting /s

il — (n/s)kLN = 0.217 & 0.005 for “MC-KLN-like",

% : . (n/s)c) = 0.111 £ 0.001 for "MC-Glauber-like"

) - e Compute v; (py) for "MC-KLN-like" fit with (7/s)G=0.217 and repro-
duce it with "MC-Glauber-like” initial condition by readjusting n/s
== (*r;/s)g1 = 0.224 + 0.005 for “MC-Glauber-like"

Au+Au @1 RHIC, 20-30%

e Compute v3(pp) for “MC-Glauber-like" initial profiles with readjusted

86 o0z o4 o8 08 10 v ,
pr (GeV) (n/s)G3] = 0.224 and compare with "MC-Glauber-like” fit to original

mock data == clearly visible (and measurable) difference!

This exercise proves: (i) Fitting vs(pr) data with MC-Glauber and MC-KLN initial conditions yields the
same 77/ s (within narrow error band); (ii) The corresponding vo(pr) fits are quite different, and only one
(more precisely: at most one!) of the models will fit the corresponding v, (pr) data.

U. Heinz, talk at RETUNE '12
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Heavy ion collisions

(Computing the elephant )

Proof of principle calculation:

Zhi‘Qiu and U. Heinz, to be published o 1,0 ancemble of sum of deformed Gaussian profiles,

) :?:gl&:@%;/g?o.aw:0.005 s(ry) = sa(ry;E2,%2) + s3(r; €3, v3), with )
7::?{%}2;:};‘;:; ?,5:28;;;;;3;&';;,.‘ - 1. equal Gaussian radii R% = R% = 8fm? to reproduce (9 ) of MC-KLN
10 L™ ] source for 20-30% AuAu
= 8 e 2. £9 and €3 adjusted such that
! 1 = _ 20—30% /« g
£ e - 93 = (€2r3>KLN ("MC-KLN-like")
4 - 93 = (613)%3_30% ("MC-Glauber-like")

3. g = 0, ¢3 (direction of triangularity) distributed randomly

2 Au+Au @ RHIC, 20-30%
P o e Use v3 (pr) from VISH241 for /s = 0.20 with MC-KLN initial conditions
0 0z o.;r (Gw(;.s 08 . for 20-30% AuAu as “mock data”
° —MCKLNike, /s = 0207 e Fit mock v3 (p) data with VISH2+1 for "“MC-Glauber-like” or “MC-KLN-
4:'_"_','?}83}2::‘&}2: 3’/'2 St like” Gaussian initial conditions with both elliptic and triangular deformations
i by adjusting /s
al P = (n/s)kLN = 0.217 £ 0.005 for "MC-KLN-like",
= [ . (n/s)q; = 0.111 + 0.001 for "MC-Glauber-like"
i - e Compute v3 (py) for "MC-KLN-like" fit with (7/s)G=0.217 and repro-
[ duce it with "MC-Glauber-like" initial condition by readjusting 77/ s
1: PR —— == ('17/8)1(’-1.31 = 0.224 + 0.005 for “MC-Glauber-like"
g, e Compute v3(pp) for “MC-Glauber-like" initial profiles with readjusted
- Pr (GeV) ‘ - (77/5)2;3] = 0.224 and compare with "MC-Glauber-like" fit to original

mock data == clearly visible (and measurable) difference!

This exercise proves: (i) Fitting vs(pr) data with MC-Glauber and MC-KLN initial conditions yields the
same 77/ s (within narrow error band); (ii) The corresponding vo(pr) fits are quite different, and only one
(more precisely: at most one!) of the models will fit the corresponding v5(pr) data.




Transport in QCD

correlations of energy-momentum tensor

Flow

M. Haas, Fister, JMP "13
S L&,
® K )
ml T 2 —m—
Prr [3 J
full vertex

[3: classical vertea
Diagrammatic representation

pﬂ-ﬂ- - é:}+ %ﬁ+ :‘::“ /.::':. + -
g closed form

full computation Christiansen, Haas, JMP, Strodthoff, in prep.
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I
|
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Vertex corrections
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Transport in QCD

correlations of energy-momentum tensor

M. Haas, Fister, JMP "13
Flow

Current approximation

Pr /L ( 3: full vertea

Prr = with optimised RG-scheme from Fister, JMP '13

n rim.
PT/L The (Pr/r with MEM )

[m ) = 25 [ tgye 0K = 0K +-0)] (Verpr(R)pr (+ ) + Ve pr (k) (5 + ) + Vi pr (B)ow (5 + pﬁ
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Transport in QCD

correlations of energy-momentum tensor

M. Haas, Fister, JMP "13
Flow

, & RSN
] ® * 1 @ @

Current approximation

Pr /L ( 3: full vertea

Prr = with optimised RG-scheme from Fister, JMP '13

n rim.
PT/L The (Pr/r with MEM )

‘Those are my methods (principles),
and if you don’t like them...well, I have others’

direct computation Groucho Marx

[m 0) =252 [ gy (1K) =k + )] (Verpr(k)pr (k+ ) + Verpr(R)pu(k -+ p) + Viwon(0)ps (k + pﬁ
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Transport in QCD

correlations of energy-momentum tensor

Shear viscosity

M. Haas, Fister, JMP "13
1 d )

n= = - prr(w,0)| Kubo relation

20 dw| _,

Current approximation

Pr /L ( 3: full vertea

IOT/L Ntherm.

Prr =

(PT/ L with MEM)

[m )= 22 [ 0 Tah) 0k + )] (Viror (Rpr (K +5) + Vespr(Rpn(k-+ 5) + Veson (Rpu i+ pﬁ
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Viscosity In pure glue

Transversal Propagator G
FRG: T =0 *
—— — FRG: T =0.3617, |
----- FRG: T = 0.903 7.,
—— - — FRG:T=181T,

[ ) Lattice: T'=10

< Lattice: T = 0.361 7.,
[ | Lattice: T'= 0.903 T,
(o] Lattice: T = 1.817.

0.0 0.5 1.0 1.5 20

imaginary time correlations

M. Haas, Fister, JMP "13

transversal gluon propagator

momentum p [GeV]
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Viscosity In pure glue

spectral functions

M. Haas, Fister, JMP "13

Io.05
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transversal

w/T
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0.01
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- 10.04

- 10.02
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Viscosity In pure glue

spectral functions

Gluon Propagator - Real Part

spectral function(w)

2.5

=
@

—_

0.5

T=100 MeV .

FRG+MEM

1 1.5 2 2.5 3 3.5 4 45 5

Complex DSEs

transversal spectral function

M. Haas, Fister, JMP "13

— ghost: p

—— gluon: Py

Ipl [GeV]

Strauss, Fischer, Kellermann ‘12

pion and sigma spectral functions

i Pr —
1000 Po
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1F \

01 F
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0.0001

1e05 analytic complex FRG

1e-06
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Kamikado, Strodthoff, von Smekal, Wambach '13
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Viscosity In pure glue

spectral functions

Gluon Propagator - Real Part

=0

Spectral function for p

Complex DSEs

— ghost: p

—— gluon: Py

25

Ipl [GeV]
, - - l , - Strauss, Fischer, Kellermann ‘12
T=100 MeV - 1 GeV | pion and sigma spectral functions
1000 | S—
100 |
10 F
1F T ——
transversal spectral function - o1k I
* oot}
M. Haas, Fister, JMP "13 0.001 |
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p A7

Viscosity In pure glue

spectral functions

pion and sigma spectral functions

4d N=2 exponential regulator, e=0.1 MeV

100 g

10

0.1k
0.01 k
0.001 |

0.0001

nlumelricallcomplex IFRG

1e-05 EE—
0 50 100 150 200 250 300 350 400 450

o [MeV]
JMP, Strodthoff, in preparation

‘Those are my methods (principles), and if
you don’t like them...well, I have others’

direct computation Groucho Marx
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p A7

Viscosity In pure glue

spectral functions

100 g

0.1 E
0.01 F
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0.0001

1e-05

10

pion and sigma spectral functions

4d N=2 exponential regulator, e=0.1 MeV

nlumelricallcomplex IFRG
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o [MeV]
JMP, Strodthoff, in preparation

O(N)-model
iteration step oo [MeV] d, [%]  mpole [MeV]  Mgcreen [MeV] 6y, [%]
0 93.55 0.0043 130.3113 136.7593 4.9
1 100.05 0.0028 126.6390 126.4590 0.14
5 99.38 0.0043 127.0347 127.0110 0.019
iteration step oo [MeV] 0, [%]  Mpole [MeV]  Mgcreen [MeV] 0y, [%)]
0 96.25 0.0052 91.4911 134.8281 47
1 99.56 0.0044 90.8841 91.1611 0.30
5) 99.56 0.0073 90.9244 91.1551 0.25
QM-model

6Z(p?) - p?2 [MeV?]

QM-model
inverse pion propagator in the linear QM-model
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Viscosity in pure glue

spectral functions
M. Haas, Fister, JMP "13
transversal
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P m0.15
0.2
0.1
0.1+ .
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Viscosity In pure glue

shear viscosity

n/s

1.2+
o MEM result
1.0 — MEMHit
| ® Nakamura (2005)(SU2)
0.8"
] o Meyer (2007/2009)(SU3)
fffffffffff KSS bound

T/T ¢

T < 2T, : MEM+optimised RG-scheme systematic error estimates

Shaded area: MEM error estimates

Prm =

1
minimum at T = 1.25T,.: i — 1.45—
S 4
_ _ 7 1 H. Meyer '09
scale matching with QCD: | — = 2.27—
S 4 Boyd, Engels, Karsch '95

D

entropy density s
[#y)

N
T

M. Haas, Fister, JMP "13

Kubo relation
1 d

20 dw|,_,

n = p?ﬁr(wv())

Diagrammatic representation

- closed form

entropy lattice

(6)]
T
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Summary & outlook
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Summary & outlook

*Phase diagram of QCD

* Phase structure and thermodynamics at finite 1’ &

»2+1 flavours, baryons, phenomenology, non-eq. dynamics

spectral functions
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Summary & outlook

*Phase diagram of QCD

* Phase structure and thermodynamics at finite 1’ &

»2+1 flavours, baryons, phenomenology, non-eq. dynamics

QCD meets cold quantum gases: two-colour QCD

mesons & baryons
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250¢
<yy>=0
200+ <YyyYy>~0
praecondensation
150:
—_—
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Summary & outlook

*Phase diagram of QCD

* Phase structure and thermodynamics at finite 1’ &

241 flavours, baryons, phenomenology, non-eq. dynamics

*Phase diagram of cold quantum gases
* quantitative precision, dynamics

Many-body fermion physics: I 035 :, Critical behavior:
® close collaborations with experimental groups e ot e o i, T o dstance seles b

]
1

1

1
!
1
/
/

Few-body physics of
effective dimers:

0.15 - , :
- microscopic scales ep
® close links to QCD 0.10 -
B Two-body bound state
0.05 - Zero crossing of
B / fermion chemical potential

-2 -1 1 2

EMMI (akp)™!
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Summary & outlook

*Phase diagram of QCD

* Phase structure and thermodynamics at finite 1’ &

241 flavours, baryons, phenomenology, non-eq. dynamics

*Phase diagram of cold quantum gases
* quantitative precision, dynamics

Many-body fermion physics: I 035 :, Critical behavior:
® close collaborations with experimental groups e ot e o i, T o dstance seles b

‘You name it, we do it’

John Thomas

1
1
1
]
]
1
1
QGP meets cold atoms-Episode III /

Few-body physics of
effective dimers:
microscopic scales ep

0.15F
0.10 -

B Two-body bound state
0.05 - Zero crossing of
B / fermion chemical potential
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EMMI (akp)™!

® close links to QCD
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Summary & outlook

*Phase diagram of QCD

* Phase structure and thermodynamics at finite 1’ &

»2+1 flavours, baryons, phenomenology, non-eq. dynamics

*Phase diagram of cold quantum gases

* quantitative precision, dynamics

*Hadronic properties

* hadron spectrum & in medium modifications

*"low energy constants
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Gauge dynamics far from equilibrium

Heavy-ion collision timescales and “epochs” @ RHIC

@ @® @
® @Q@ ® @ ® @ @
® e®e © o © © ©0 ©° ¢°° o
? V" ) efee?® »

Freezeout
T > 7 fmlc
Hot Hadron Gas

[
5<T <7 fmlc g

\

Equilibrium QGP
2< T <5fm/c

Non-equilibrium QGP
0.2< T <2fmlc

Semi-hard particle production
0<T <0.2fm/c

Strickland

"
__

A

i

’
T S
B L
A i
7ok
H

ot

beam direction

=

*1 fm/c ~ 3 x 10~ %* seconds
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Gauge dynamics far from equilibrium

Abelian Higgs model in 2+1 dim

Gasenzer, McLerran, JMP, Sexty ‘13

(¢ Higgs)

ase i = 7:90]
ph EQM (&

Classical action:

[S[A/u ¢] = — / EFWF“” + (Dpg)* D" + V(cb)] J
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Gauge dynamics far from equilibrium

Abelian Higgs model in 2+1 dim

Gasenzer, McLerran, JMP, Sexty ‘13

(¢ Higgs)

ase i = “0]
ph E¢| (&

Classical action of Yang-Mills theory in diagonalisation gauges:

1 1 ¢
{ Svm ifxtery + §Ltr (D“AQ)QJ [Ag = A2(xo,x1)J

Wilson loop

Classical action:

{S[Aw ¢] = — / EFWFW + (Dpg)* D" + V(qb)] J

Vortex winding phase

Lo
_ - — exn i _ ! 2 e tr b B Bid ¢
{WQ = Pexp {z /o dxo Ag(az)} = exp{1 Qb}J [n(S) = 160 ]{Sd T €it1 ¢ 06 0;¢ 9]
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Quiz

Complex scalar vs Abelian Higgs

Gasenzer, McLerran, JMP, Sexty ‘13

phase ¥ of scalar field

‘tachyonic’ initial conditions

classical statistical lattice simulations

Which is which?
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Quiz

Complex scalar vs Abelian Higgs

Gasenzer, McLerran, JMP, Sexty ‘13

phase ¥ of scalar field

mt=000000 mt=000000

‘tachyonic’ initial conditions

classical statistical lattice simulations

Which is which?
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Gauge dynamics far from equilibrium

Abelian Higgs model in 2+1 dim

Gasenzer, McLerran, JMP, Sexty ‘13

magnetic field phase of Higgs

241 dim

‘tachyonic’ initial conditions

classical statistical lattice simulations
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Gauge dynamics far from equilibrium

Abelian Higgs model in 2+1 dim

magnetic field

mt=000000

‘tachyonic’ initial conditions
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0.000384
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0.000382
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Gasenzer, McLerran, JMP, Sexty ‘13

phase of Higgs

mt=000000

classical statistical lattice simulations
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Gauge dynamics far from equilibrium

Abelian Higgs model in 2+1 dim

Gasenzer, McLerran, JMP, Sexty ‘13

magnetic field phase of Higgs

241 dim

‘tachyonic’ initial conditions

classical statistical lattice simulations
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Gauge dynamics far from equilibrium

Abelian Higgs model in 2+1 dim

‘overpopulation’ initial conditions

modulus of Higgs relative phase
y g =— =
6 2 2
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° 0 parallel transport U
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Q. t=7000 Q. t = 45000 Gasenzer, McLerran, JMP, Sexty ‘13
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Gauge dynamics far from equilibrium
Abelian Higgs model in 2+1 dim
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