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Functional Methods for QCD

FRG: JMP, NPA 931 (2014) 113
Dupuis et al, Phys.Rept. 910 (2021) 1
free energy at momentum scale k DSE: Fischer, PPNP 105 (2019) 1
I'r >~ T'ran Ak I'uv == Sa
k%O%ﬁ k — oo ab initio
k— Ak k
IR uv
flow
glue hadronic
quantum fluctuations quantum fluctuations

1 ® ® ///®\\\
functional RG: Oy |p] = 3 — . +% CRG-Scale k: t =1In k)
free energy/ oL

grand potential
quark
quantum fluctuations

closed form

5(I — S)
functional DSE : =

0Ag

AO : background field




Functional Methods for QCD

glue hadronic
quantum fluctuations quantum fluctuations

functional RG: Oy, [gb] —

free energy/
grand potential

quark
quantum fluctuations

Correlation functions

gluon propagator

(Apdy)(p)

Pure glue

+ matter loops




Functional Methods for QCD

glue hadronic
quantum fluctuations quantum fluctuations

® -
functional RG: Ol |0] = 5 B :

free energy/
grand potential

quark
quantum fluctuations

Correlation functions

gluon propagator quark propagator quark-gluon vertex quark—anti-quark scatterings

(AuAu)(p) (qq)(p) (9 Au)(P1,p2) (qqqq)(p1, P2, P3)

Eight tranverse tensor structures
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Functional Methods for QCD

glue hadronic
quantum fluctuations quantum fluctuations

® -
functional RG: Ol |0] = 5 B :

free energy/
grand potential

quark
quantum fluctuations

Correlation functions

gluon propagator quark propagator quark-gluon vertex quark—anti-quark scatterings

(AuAu)(p) (qq)(p) (9 Au)(P1,p2) (qqqq)(p1, P2, P3)

Eight tranverse tensor structures
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Dynamical hadronisation

+2§}\ —/'é\ + perm.

>< >@< % ﬁ EZ? %: //\\+2& + perm.

Hadronisation of mesons, diquarks, baryons
Fukushima, JMP, Strodthoff, 2103.01129




vacuum QCD with the fRG 15T principles

Input: fundamental parameters of QCD at a large momentum scale: A = 20 GeV

2-flavour QCD

(') Qs A

(i) My =mga=mpa(Mmg) m,. = 140 MeV
2+1-flavour QCD

(') Qs A

(i) My =mgpr =myr(Mmx) m,. = 140 MeV

o TUA

(iii) —— 27



vacuum fQCD: current set of correlation functions

r%

I (p)

3
Ffm (p,q)

4’3 p) A:l psvm
classical tensor  classical tensor
FRG %f % X quark-glue sector
2 (3) (4)
Ff()q) (p) I Aqq(p’ Q) I AAgqq pb\m A*qq p “m qqqq p p,—
gip"q complete, n <3 mom.—ind. tensors

2 4
r'%(p) r®p,—p) T

qq@(ﬁ(p’ —p7 0)

\ / AN s
® quark-meson sector
ne{3,..., 12}
(0, —p,0,00  T%0)

“classical” tensor “classical” tensor

(Aiming at apparent convergence)

Extension, work in progress:

Fu, Huang, Ihssen, JMP, Sattler, Schneider, Tan, Wink

Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006,
PRD 97 (2018) 054015

Cyrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005
Mitter, JMP, Strodthoff, PRD 91 (2015) 054035



fOCD: workflow

VertEXpand
Mathematica package for the derivation of
vertices from a given action using FORM

Denz, Held, Pawlowski, Rodigast;
unpub.

QMeS, DoFun

Mathematica package for the derivation of functional equations
QMeS: JMP, Schneider, Wink, arXiv:2102.01410

DoFun: Braun, Huber, CPC 183 (2012) 1290

Huber, Cyrol, JMP, CPC 183 248 (2020) 107058

Vertices/
Feynman Rules

GEFORDERT VOM

FormTracer  High-performance, general purpose, easy-to-use

Mathematica tracing tool using FORM @@ ]?u“r"gifmigisterium
Cyrol, Mitter, Pawlowski, Strodthoff; und Forschung

Algebraic Cyrol, Mitter, Strodthoff; CPC 219 (2017) 346
Flow Equations

&

B

Alexander von Humboldt
Stiftung/Foundation

LLIF

Der Wissenschaftsfonds.

CreateKernels Mathematica package for the automatic generation
of compilable C++ kernels for use in connection
with the frgsolver

Cyrol, Mitter, Pawlowski, Strodthoff; unpub.

frgsolver Flexible, high-performance, parallelized C++ OOP

framework for the numerical solution of functional SR
equations - itasseess
Numerical solution Cyrol, Mitter, Pawlowski, Strodthoff; unpub. gﬂé rc

>
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vacuum QCD: Euclidean propagators

Two-flavour QCD

3 -
25
2 -
15
error estimate
1 m =140 MeV ——
m,=60 MeV
0.5 m, =285 MeV —— i
lattice, p=5.29, m_ =150 MeV ——x—
0 . . L] . . . . |
0.1 1 10

p [GeV]

lattice, e.g.: Oliviera et al, Acta Phys.Polon.Supp. 9 (2016) 363
Sternbeck et al, PoS LATTICE2016 (2017)
A. Athenodorou et al, PLB 761 (2016) 444

Csimple correlations)

0.8

0.6

0.4

0.2

o 1 _
Z q (p)
error estimate
m =140 MeV ——
i m,=60 MeV |
m_=285MeV ——
lattice, B=5.20, m_=280 MeV —x— A
lattice, p=5.29, m_=295 MeV
M, (p)
0.1 1 10

Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006



vacuum QCD: current set of correlation functions

‘ : ) 3 4
r% ) r(p) r? (p,q) rp,q) T4 (Deym)

classical tensor  classical tensor

FRG e j\ % % X quark-glue sector

4 () 4
I Sljqu (Psym) r A3Gq (psym) Ff,qz,q (p,p, —p)

g wnq complete, n <3 mom.—ind. tensors

Eight tranverse tensor structures

N s N LI S
— - ® quark-meson sector
n € {3,...,12}

¢ € {o, 7} “classical” tensor “classical” tensor

(Aiming at apparent convergence)

Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006,
PRD 97 (2018) 054015

Cyrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005
Fu, Huang, Ihssen, JMP, Schneider, Tan, Wink 10 Mitter, JMP, Strodthoff, PRD 91 (2015) 054035

Extension, work in progress:



Quark-gluon vertex

4 \
{Téqﬂ (p.q) = 1555 T° ZA P, q [ —qLL(p, q)
- Y,

covariant expansion scheme

qq - {Tq(qﬂu (p,q) = =iy i q: Tqﬁ (P, q) = (P — @) Laxa

e 18] wao=ip+roe—q, aiA],

A

T o) =i Do -,

Iy

7] w.0) = Lpd

(Aiming at apparent convergence)

quenched: Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
11 Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006



Quark-gluon vertex

CAiming at apparent convergence)

12 Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006



Quark-gluon vertex

CAiming at apparent convergence)

12 Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006



vacuum QCD: Quark-gluon vertex

Two-flavour QCD

Al(pa Q)

R

VP ¢
( p,q in MeV )

All (eight) tensor structures!

(simple correlations )

up-to-date 1st principles works:

FunMethods: Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
Gao, Papavassiliou, JMP, 2102.13053

Williams, EPJ A51 (2015) 57
Sanchis-Alepuz, Williams, PLB 749 (2015) 592

Williams, Fischer, Heupel, PRD 93 (2016) 034026
Contant, Huber, Fischer, Welzbacher, Williams, APP.Supp. 11 (2018) 483

Aguilar, Binosi, Ibanez, Papavassiliou, PRD 89 (2014) 065027
Binosi, Chang, Papavassiliou, Qin, Roberts, PRD 95 (2017) 031501
Aguilar, Cardona, Ferreira, Papavassiliou, PRD 96 (2017) 014029
PRD 98 (2018) 014002
Pelaez, Tissier, Wschebor, PRD 92 (2015) 045012
Eichmann, Sanchis-Alepuz, Williams, Alkofer, Fischer, PPNP 91 (2016) 1

lattice, e.g.: Oliveira, Kizilersu, Silva, Skullerud, Sternbeck, Williams, APP Suppl. 9 (2016) 363

13 Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006



Three remarks on Functional Methods for QCD

= off-shell representation of thermodynamic observables

e.q. 1T (q(x)q(x)) on-shell

off-shell = e e E

asympt. asympt.
states states

pressure, trace anomaly,

: e.g. hadron resonances
fluctuations, volume flucs,, ...

*gauge fixing = parameterisation

(q(@1) - q(zon) Ap(yr) -+ Ap(ym) h(z1) - - - h(z1))
Consequences

I: simple correlations I1: Difficult access to some observables

‘No free lunch theorem'’

='Your mean field is not my mean field'

0Q g 0p | . =7
¢—¢ 14 Qb quuant

= ()

full quantum equation of motion



Outline

® QCD from functional methods

QCD phase structure
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QCD at finite density fRG

Approximation scheme
Input Output

two flavour vacuum QCD

_ (n (n) (m)
TR Q- % — |:at]._‘ i| —|_ AFIOW |:F
Input Input
) r? ) rp.9
classical tensor  classical tensor vacuum: Braun, Fister, PaWIOWSki, Renne(:ke, PRD 94, 034016 (2016)
qq ]1 ’\qq p q 44qq 45/1(1 ’1’]‘7‘1 [) P, _p
qE) q complete, n < 3 mom.ind. tensors
| N . ) /N . ] ) / : \/-\“/
| N , N (N L, n
--®-- o
ne{3,..., 12}
r%(p) Ffle(p, -p) F%Lo(p, —p.0) F;‘;?P:;(p«, —p,0,0) (o)
¢ €{o, 7} “classical” tensor “classical” tensor

finiteTYang-MiIIs ) — )

I/ZC(ﬁ) ccA AI};S (p A4 p)
’@@@ﬁ@%@ '%‘i:
1/Z3 (p) 1/Z%(p) Nas (P) Nas (P)

chromo-magnetic propagator

: —T=0
. | — T=045T.
— T=098 T,

, — T=1.02 T,
o 3 T=1.07 T,
> T=136T.
“ — T=180 T,

1 Cyrol, Fister, Mitter,
1 JMP, Strodthoff,
1 PRD 97 (2018) 054015

b oz 075[) [Gevji 2 ; 16 Fu, JMP, Rennecke, PRD 101, (2020) 054032



QCD at finite density

Input

two flavour vacuum QCD

f(f)1(p) rg)(p) 43 [) (] 41 px

classical tensor  classical tensor

(2) (3)
qu (])> F,4q7<p7 q) 44(1(] p n ,ﬁqq qqqq [) D, —])
glp"q complete, n <3 mom.-ind. tensors
—
| A s AN | / N /
| N s N & m;
N N SN "
/'\ ne{3..., 12}
2 3 4 (5) (n
% p) Fqul(p, -p) Féqlo(p, =p,0) T s(p,—p.0,0) (o)
¢ €{o, 7} “classical” tensor “classical” tensor

finite T Yang-Mills

LA XK

Z.6) AN M, (5) AY., (p)
@@ﬁ% E@
YZNe) YA M%) XE, (p)

chromo-magnetic propagator

o | —1T=0

A — T=045 T

: — T=098 T,

> — T=1.02T.

o 1 Cyrol, Fister, Mitter,
N ] JMP, Strodthoff,

i PRD 97 (2018) 054015

Approximation scheme

— [atr(n

fRG

Output

+ AFlow™ [F(m)}

} Input

Input

vacuum: Braun, Fister, Pawlowski, Rennecke, PRD 94, 034016 (2016)

2+1 flavour QCD at finite T & mu

2
FE"(‘)(p) Ac( pa A’S pu A4 pi}m

classical tensor  classical tensor

| \ / \ | / \/‘\/

$1

\'/ "
/\ /.\ /.\ wefs 12

(n)
qq¢ qqod) qqos —p,0,0) i (0)

“classical” tensor “classical” tensor

16

Fu, JMP, Rennecke, PRD 101, (2020) 054032



DSE

QCD at finite density

Approximation scheme
Input Output

two flavour vacuum QCD

e ¢ «g« @éﬁ% % Input + Input )
| P /#ng((p., q) ‘ :

classical tensor  classical tensor fRG - as Si S"'ed DSE
1 ] 1
— Q@ 1 ] 1
1 ] 1
@) 3) o 0 o
I (p) L. @) 1 4 (Psym) 2 F4sqq(l) n) I L0005 D —D)
[ ] I eongplete, n < 3 Nl Jhdetepsons
| NN 2+1 flavour QCD at finite T & mu
e - o
ne{s..., 12}
o) MO .=p)  Tomy—p.0) T'p,=p,0,0)  T30)
¢ €{o, 7} “classical” tensor “classical” tensor
Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006 o S —
2 2 (3) (3)
) I (v) Lyoa(p) Iha)
Classical Vertex
New: all eight tensor structures
System of DSEs
F - - = . I
. 1
-1 -1 ! 1
> o = + . - + T 1 1 Next step
1
' :
' - E - = .
- aE = . '
TTTTETTTS — TTOTTTTOS - m@m ;m%mm 1 | E
1
1
+ e +5
” ! 1 \
““ l I- - o o 1
+ ovwITy 00T + 5
Gao, JMP, PRD 102, (2020) 034027

17 arXiv:2010.137005



fRG-DSE

QCD at finite density

Nf=2+1 Gluon and quark benchmark results in the vacuum and at finite T

— FRG N;=2+1
250 |= = FRGN,=2

’ - o

B Latticel;%,,:Boucaud et al
FRG:%,: Cyrol et al

FRG{:%.1 : FRG
FRGl53° : fRG

lattice:

— DSE: T=0
- - T=0.98T
-- T=1.3T,
10°
p[MeV]

Gao, JMP, PRD 102, (2020) 034027
PLB 820 (2021) 136584

Fu, JMP, Rennecke, PRD 101, (2020) 054032

Nf=2: Sternbeck, Maltman, Miiller-Preussker,
von Smekal, PoS LATTICE2012, 243 (2012)

2.5 i i T T ]
) Lattice: T=191MeV
\4 Lattice: T=218MeV
A Lattice: T=254MeV
2.0 < Lattice: T=277MeV ]
>  Lattice: T=305MeV \
FRG: T=191MeV .
1.5 H|l—— FRG: T=218MeV
—5) ——— FRG: T=254MeV
<AA> (p ) — FRG: T=277MeV
FRG: T=305MeV
1.0
0.5 i
fRG
0.0 — —
101 100
p|[GeV]

DSE: vacuum & finite T

Fischer, Luecker, PLB 718 (2013) 1036

Fischer, Luecker,Welzbacher, PRD 90 (2014) 034022
Isserstedt, Buballa, Fischer, Gunkel, PRD 100 (2019) 074011

Nf=2+1: Aguilar, De Soto, Ferreira, Papavassiliou, Rodriguez-Quintero,

Zafeiropoulos, EPJC 80 (2020) 2, 154,
Boucaud, De Soto, Raya, Rodriguez-Quintero,
Zafeiropoulos, PRD 98, 114515 (2018)

Finite T: Ilgenfritz, JMP, Rothkopf, Trunin, EP]J C78, 127 (201)
(Nf=2+1+1)
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fRG-DSE

QCD at finite density

Nf=2+1 Gluon and quark benchmark results in the vacuum and at finite T

— FRG N;=2+1
250 |= = FRGN,=2

Lattice: T=191 MeV
Lattice: T=218 MeV
Lattice: T=254MeV
Lattice: T=277MeV
Lattice: T=305MeV
FRG: T=191MeV
FRG: T=218MeV
FRG: T=254MeV
FRG: T=277TMeV
FRG: T'=305MeV

v A > < o]

1.5H

b
AN
=
&
T

1.0

B Latticel;%,,:Boucaud et al
¢ | = - FRG{: Cyroletal

1 - - - FRG{%. : fRG
...... FRGLE - fRG 0.5 i
—  DSE:T=0
- - T=0.98T, | fRG
--- T=1.3T, 0.0 —
107 10°
p[MeV]
fRG: Fu, JMP, Rennecke, PRD 101, (2020) 054032
DSE: Gao, JMP, PRD 102, (2020) 034027 _5
PLB 820 (2021) 136584 *g
=
(7]
(7]
®
=
<
®
)
O
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fRG-DSE

QCD at finite density

Chiral order parameter benchmark results at finite T

renormalised condensate

T T T T T T T T 25 T T - 1 I I
2 - —
8 04 MB_O /_,-_—:-‘" == -0 = = =  up=400MeV
c Ar | = . ’ : - - . =500MeV ||
o u;=200MeV 7 : 1B A T AT A 0.0
A 5= 600MeV =~ —
-g -+ u =400MeV l.’ " l,R( MLLB) l( MUB) l( 3 )
o [ —-—-u,=600MeV | s ]
5 ! s
= 0.2t [ ! -
-O .
Q ! T 0 _
2 / | AT, pup) = v M (q(x)q(x))
/ )
£ DSE A j -
8 0.0 e "? ’| |0‘00 . 109 200 0.0 . - AL n
S 70 50 100 150 200 250 O 50 100 150 200 250 300

T[MeV] T[MeV]

lattice: S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C. Ratti, and K. K. Szabo, JHEP 09, 073 (2010)

DSE: quark condensates

See also

Fischer, Luecker, PLB 718 (2013) 1036

Fischer, Luecker,Welzbacher, PRD 90 (2014) 034022
Isserstedt, Buballa, Fischer, Gunkel, PRD 100 (2019) 074011

fRG: Fu, 3MP, Rennecke, PRD 101, (2020) 054032
DSE: Gao, JMP, PLB 820 (2021) 136584
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fRG-DSE

QCD at finite density

Chiral order parameter benchmark results at finite T

renormalised condensate

T T T T T T T T 25 T T - I I I
2 N —
8 Mg=0 z - = up=400MeV
S 04r _ _ -u=200MeV 7 - = pp=500MeV |7 A T A (T A0.0
% S I 5= 600MeV =~ —
g -+ u =400MeV l.’ . Lr(T, pB) (T, p1p) 1(0,0)
o [ —-—-u,=600MeV | : ]
IS | Tte
2 g2} i L :
© ) N
) ! T 0 _
_(_CL‘: /'/ : | Aq(jjy ,UB) — v mq <Q(x)Q(x)>
g DSE s '.' T
% 0.0 e / - ST w0 a0 0.0 ‘., "'.'7"'\-'-? .
o 0 50 100 150 200 250 0 50 100 150 200 250 300
TMeV
T[MeV] [MeV]
lattice: S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C. Ratti, and K. K. Szabo, JHEP 09, 073 (2010)
reduced condensate
1.0 1 1 1 I
s mg—my=120MeV
— my—m;=150MeV
0.8} — — i, — 1 =155MeV i
-, —m;=160MeV 2
M Lattice: WB Continuum m?
0.6 | _ AZ(T7/’LB)_ (mg) AS(T7MB)
;'i pup =0 AZ,S(T7 ILLB) - mo 2
- A(0,0) = (1) A4(0,0)
0.2 |
fRG .
0.0 ' ' ' ' fRG: Fu, IMP, Rennecke, PRD 101, (2020) 054032
0 50 100 150 200 250 300 19

T[MeV] DSE: Gao, JMP, PLB 820 (2021) 136584



QCD phase structure

Fischer, Luecker,Welzbacher, PRD 90 (2014) 034022
Isserstedt, Buballa, Fischer, Gunkel, PRD 100 (2019) 074011

pp [MeV]

See also

- =4 ]
= ==: DSE-fRG: self-consistent | _
------ DSE-fRG: STI construction @ v
- === fRG:Fu et al @

ZZZZZ2 fRG:inhom & i
Lattice: WB @ @
Lattice: HotQCD ® |
= « = DSE: Fischer et al.
B  freezeout: STAR PNE
< freezeout: Alba et al. —
@ freezeout: Andronic et al.
B>  freezeout: Becattini et al.
O freezeout: Vovchenko et al. ]
4# freezeout: Sagun et al.
T ] ] | |
200 400 600 800

20

1000

fRG:
DSE:

fRG-DSE

Fu, JMP, Rennecke, PRD 101, (2020) 054032
Gao, JMP, PLB 820 (2021) 136584



QCD phase structure

|
1%7: 2
T =4 |
===: DSE-fRG: self-éonsistent . -
------ DSE-fRG: STI construction @ v
- === fRG:Fu et al @
ZZZZZ2 fRG:inhom ® B
Lattice: WB @ -
Lattice: HotQCD ® _
-+ = DSE: Fischer et al.
B  freezeout: STAR PNE
< freezeout: Alba et al. —
@ freezeout: Andronic et al.
B>  freezeout: Becattini et al. .
© freezeout: Vovchenko et al.
4# freezeout: Sagun et al.
T ] ] | |
200 400 600 800 1000
pp [MeV]
CEP fRG-DSE
20

fRG:
DSE:

fRG-DSE

Fu, JMP, Rennecke, PRD 101, (2020) 054032
Gao, JMP, PLB 820 (2021) 136584



fRG-DSE

QCD phase structure

|
KB _ 4
- | curvature fRG-DSE
] krra = 0.0142(2)
. kpse = 0.0147(5)
===: DSE-fRG: self-éonsistent . il
------ DSE-fRG: STI construction @ v ]
———- fRG'Fu et al & curvature lattice
] fRG:inhom - " =
Lattice: WB ‘ : _
Lattice: HOtQCD .- g e | rwp = 0.0149(21)

- o om DSE Fischer et a|_ WB, PLB 751 (2015) 559

@ freezéout: STAR PNC

< freezeout: Alba et al. — _

&  freezeout: Andronic et al. RhotQCD — 0015(4)

B  freezeout: Becattini et al. ) hotQCD, PLB 795 (2019) 15

@ freezeout: Vovchenko et al.

4 freezeout: Sagun et al.

| |
200 400 600 800 1000
g [MeV]
area beyond quantitative reliability bound
CEP fRG-DSE

(T, 18 )cer = (107,635) MeV

(T, 18)cer = (109,610) MeV
20

fRG: Fu, 3MP, Rennecke, PRD 101, (2020) 054032
DSE: Gao, JMP, PLB 820 (2021) 136584




fRG-DSE

QCD phase structure
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Some applications (fQCD)
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® QCD from functional methods

Hyper-fluctuations
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On the unreasonable effectiveness of low energy effective theories
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Fluctuations of conserved charges

Benchmark at vanishing density
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Fluctuations of conserved charges

Fluctuation of conserved charges

QCD-assisted LEFT vs lattice results (Taylor expansion) at small chemical potential
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Fluctuations of conserved charges

Fluctuation of conserved charges

QCD-assisted LEFT: Taylor expansion vs full results
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® QCD from functional methods

® QCD phase structure

Outline

QCD phase structure
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Summary & Outlook

*Towards apparent convergence in functional approaches to QCD

" Results & predictive power for the phase structure of QCD

*Observables: quark condensates, fluctuations of conserved charges

*Towards quantitative precision at high densities

sSystematic improvements under way for ,uB/T Z 4
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Transport approach to QCD

Blum, Jiang, Mitter, Nahrgang, JMP, Rennecke, Wink

Time evolution of the critical (scalar) 0 -mode

oI’

Yol

quantum equation of motion noise field
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see also
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Transport approach to QCD

Blum, Jiang, Mitter, Nahrgang, JMP, Rennecke, Wink

Time evolution of the critical (scalar) 0 -mode
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kinetic term diffusion term n 8150' effective potential
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Phase structure of low energy QCD

2+1 flavour quark-meson model strangeness neutrality & strangeness fluctuations
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Transport approach to QCD

Blum, Jiang, Mitter, Nahrgang, JMP, Rennecke, Wink

Time evolution of the critical (scalar) 0 -mode
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quantum equation of motion noise field
Input from equilibrium low energy effective action of QCD
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Phase structure of low energy QCD

2+1 flavour quark-meson model Comparison of truncations (2 flavours)
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Pion & sigma spectral functions

Show case in linear sigma model
Sigma & Pion spectral functions
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Pion & sigma spectral functions

Show case in linear sigma model
Sigma & Pion spectral functions
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2+1 flavour quark-meson model sigma spectral function
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Pion & sigma spectral functions

2+1 flavour quark-meson model sigma spectral function

Sigma Meson
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Time evolution of cumulants

Blum, Jiang, Nahrgang, JMP, Rennecke, Wink, NPA 982 (2019) 871

Time evolution of sigma-kurtosis
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Equilibration time phase structure

Blum, Jiang, Nahrgang, JMP, Rennecke, Wink, NPA 982 (2019) 871

Equilibration time of sigma-kurtosis
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Equilibration time phase structure
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Equilibration time of sigma-kurtosis
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