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Motivation

~

ultimate goal:

computation of physical observables from microscopic dynamics

~

credits: GSI Darmstadt

\
S ool experiment:
v y * thermodynamic potential,
= c Quarks and Gluons  pressure,
':) z Critical point? e entropy,
= & D@co,) : * screening masses, etc.
= e
i~ l KOS
Y 100t 2 Hadrons e,,%
- a %, :
kS, x ($, % study QCD phase diagram
2. .
& 3 fully non-perturbatively:
Color Super- . . .
/ Neutronstars conductor? | functional renormalisation group
Nuclei Net Baryon Density \

applicable for all temperatures
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taken from: Fischer, Maas, Pawlowski, Annals Phys. 324 (2009).
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Yang-Mills Theory - Basics

1 1
Yang-Mills action: Sy = /d433 <_ZF5VF§V -+ %(({%AZ)Z -+ CaauDZbe>
Landau gauge: § — ()
covariant derivative: DZ,/ — 5aba'u + gfabCAE

bc Ab
field-strength tensor: FILCLL,/ — a,uA,C/L — QVAZ — gfa CAMAIC/

effective action ['|A, ¢, c]

Z[J,n, 7] = VIl = / DADEDe e~ SA G+ [(J-A+n-c—en)

['A, ¢, c] = sup (/(J-A+77-c—c-77) — W[J,n,n])

J,1m,m

Leonard Fister, U. Heidelberg JINR, Dubna, 201 |



Functional Renormalisation Group (FRG)

A

Fk:/\ — Sbare

./ D
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Functional Renormalisation Group (FRG)

suppression of infrared fluctuation via a modification of the propagator

1
Sym — Sym + 5 / AYRY ., (p)A,, + / Ry (p, k)c”
P

p

R/(2K?)

propagator

Grle| = :

T[] + Ri(p)

\

p k-dependent
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Flow Equation (for Yang-Mills Theory)

Wetterich, Phys. Lett. B301 (1993) 90-94.

1

')A, e, c] + Ry

~N

(9tRk} — 0, Cy,

Leonard Fister, U. Heidelberg

JINR, Dubna, 201 |



Flow Equation (for Yang-Mills Theory)

Wetterich, Phys. Lett. B301 (1993) 90-94.
_____________________________ \
OTh| Az c] = ~Tr . : 5§' 9,C
yC, C| — — 1I'§: —
SRRE R R b v i el
Oy = k O """""""" y
full propagator regulator
v .
TOoo0000_ BOO000TD
3
A
atF[A,E ] - 1 . \|
2 \ l
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Yang-Mills Propagators

obtained from generating flow equation via functional derivation wrt the in-/out-going fields
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Yang-Mills Propagators

resummation: insert Dyson-Schwinger equations for

r@  p@

ECEC) C_:A2C

.. this is equivalent to taking a derivative of the DSE
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Dyson-Schwinger Approximation for the Ghost

Use: The flow equation is the differential form
of the Dyson-Schwinger equation.

DSE: --~-O>--" = cccomen - é@?%

Glel (o (T 1] + By ) ) Gl O e



Truncation

2 \ + / \
&) . Kl .
:/ \: :/ : \:
4 A\ 4 *\

\ / \ /

4

\

The non-triviality of the ghost-gluon vertex is crucial at finite temperature.
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Yang-Mills Propagators - Parametrisation

zero temperature:

& a b
ghost propagator Dgﬁ(p) — = p(f) 5’ - O 7

Z p2 a b
gluon propagator  Dgy ., (p*) = T1,,,.(p) (2 ) at T _JoO0

transversal projector in 4d

Leonard Fister, U. Heidelberg JINR, Dubna, 201 |



Yang-Mills Propagators - Parametrisation

zero temperature:

G a b
ghost propagator Dgﬁ(p) = — p(f) 5 -~—0) 3~
Z(p?) g b
b b
gluon propagator gl,;u/ (p2) — H?V (p) 2 3¢ IIOUGGGOUOZ;GGG\V

transversal projector in 4d

finite temperature (Matsubara formalism): po = 2nT'ny 5 Tp ... Matsubara modes

ghost propagator Dgﬁ (P5, P’ 2)

2 =2 2 2
| pab 2 »2y _ gabpT Zr (P, P ") 5ab pL Z1(p5,p ")
gluon propagator gl,uv (p07p ) _ v 2 — 2 v 9 — 2
T Po TP T Pop TP
transversal projector longitudinal projector
in 3d subspace in 3d subspace
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Ghost-Gluon-Vertex - Parametrisation

L
[
(3) _ 7
N CAC(T D Q) tgo 4u CAC(Tapa Q)
/ \ N— e’
,/ \\ class. vertex

choose symmetric point: p* = ¢* = r? = P*

cAc(T ) — ZCAC( )

identify momentum scale
with renormalisation group scale k

normalisation in the infrared: Z;4.(0) =1
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Flow Equation for Thermal Fluctuations

at non-vanishing temperature: quantum and thermal fluctuations

idea:
(1) calculate quantum fluctuations at zero temperature

(2) project onto thermal fluctuations and add to (I)

thermal flow:
Al'v 7 =11 — 't 7=0

- J

Litim, Pawlowski, arXiv: hep-th/9901063.
Litim, Pawlowski, JHEP 11 (2006) 026.

advantages: * 7 — 0 limit trivially satisfied
e truncations for (l) and (2) may differ
* only the difference is sensitive to truncations
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Flow Equation for Thermal Fluctuations

technique (1) take zero-temperature propagator 1“,(~C )0 T—o asinput

(2) evolve initial condition from % — A : Fl(f:)A -
(3) evolve propagator at finite temperature

dk’
ad (2) F(Z)A — F(2) _|_/ f 815/ ECZ’)T:O
\/./ 0 k ’

inmput

UV input for temperature calculation

dk’
@ D =T2, + / . 9T,
A

Leonard Fister, U. Heidelberg JINR, Dubna, 201 |



Flow at T=0 vs T>0
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Solving the Flow Equation at T=0

A
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Solving the Flow Equation at T>0

A
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Ghost-Gluon Vertex
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Ghost-Gluon Vertex

was dropped

tree-level
b2 a 1+A(p*pop’) ——
1.15
o 11
@\
S
Ng/ 1.05
¥ 1
0.95
oo F T 1+A(p22;p2/%,pz> -
1+A(p~2p~,p°) —  —
085 o : P : L : Lol
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p [GeV]

W. Schleifenbaum, A. Maas, J. Wambach, R. Alkofer, Phys. Rev. D72 (2005) 014017.
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Ghost-Gluon Vertex
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Ghost-Gluon Vertex
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Ghost-Gluon Vertex
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Ghost-Gluon Vertex

/
3.9 ] /II T = 0 MeV
L _
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Ghost-Gluon Vertex

T — 0 MeV
= T = 100 MeV
-------- T = 200 MeV
—_— - —— - = T = 300 MeV
— = e T — 500 MeV
____________ T—= 1GeV

k |GeV]
stabilisation effect together with ghost propagator
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Stabilisation of Ghost-Sector

The non-triviality is crucial at finite temperature.
A vanishing ghost-gluon vertex stops the ghost-flow.
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Stabilisation of Ghost-Sector

The non-triviality is crucial at finite temperature.
A vanishing ghost-gluon vertex stops the ghost-flow.
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Numerics

initial condition: Iteration
k dk/
Fl(:z‘)ﬂ — chn:)o,z' + /0 ?Flowq(:i)l (Fl(:i)v Flowgn)

finite temperature: Evolution

n) | kic1 —k; n)
,ii) | 7 FIOW,(%

1

o=

1—1

) /o
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Propagators
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Longitudinal Gluon-Propagator

4.5 +
4 \ Longitudinal Propagator G,
T = 0 MeV
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~
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Longitudinal Gluon-Propagator

Longitudinal Propagator Gy,

T = 0 MeV
— — — T = 300 MeV

05+ -
1 0 L | | | | | -

2
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Transverse Gluon-Propagator

3.5

31 Transversal Propagator G
T = 0 MeV
/ --------- T = 200 MeV
oL \ — - — . — T =300 MeV
TS \ — i — e =T = 500 MeV

/ \\

15 B // s\ memmem—m—————— T f— ]_ G-eV
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Ghost-Propagator

4.5+
4 Ghost Propagator G
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Ghost Wave-Function Renormalisation

0.75 -
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Lattice Results

Cucchieri, Maas, Mendes, Phys. Rev. D 75, 076003 (2007).
Fischer, Maas, Mueller, Eur. Phys. J. C 68, 165 (2010).
Bornyakov, Mitrjushkin, arXiv: 1103.0442 [hep-lat].

Aouane, Bornyakov, Ilgenfritz, Mitrjushkin, Mueller-Preussker,

Sternbeck,
arXiv: 1108.1735 [hep-lat].

Temperature dependence: Transverse propagator

Temperature dependence: Longitudinal propagator
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A. Maas, arXiv: 0911.0348 [hep-lat].




pPe]jm .
lnap
Y
Pressure

Leonard Fister, U. Heidelberg JINR, Dubna, 201 |



Pressure

the thermal pressure is the effective action evaluated on the EoM,
normalisation to zero in the vacuum

Pr (f_l) — —AF;@T(A)

projection onto physical subspace:

e one chromoelectric mode
e one chromomagnetic mode
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Pressure from Other Methods

- 08}
2 0;
‘ ".\ 06 -
0SS F }/
'
04 ¢ zf
| .
>
(.3 F ~
a |
02 rle¢ ‘ : o . ="
0.1 ¢ :
3
o L&
|

10

71,

Andersen, Strickland, Su,

Phys. Rev. Lett.

104 (2010).
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Pressure with T=0 props
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Pressure without Polyakov Loop
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Pressure with Polyakov Loop
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Summary / Outlook

motivation:  Yang-Mills propagators and thermodynamics, QCD

idea: introduce thermal flow equation and add to zero temperature part

Pk,T — Fk,O -+ Arij for propagators

/ A \ for pressure

(purely) thermal flow

flow at finite temperature |

zero temperature result (,,input™)

ghost-gluon vertex
temperature-dependent, non-perturbative propagators
chromoelectric and chromomaguetic fropagalons suppressed
first results for pressure
drofp-off for low tempernatunes, Polyatkou loot and T-dep. propagaters crucial
thermodynamic quantities
e couple to full QCD calculation

J. Braun, H. Gies, J. M. Pawlowski, Phys. Lett. B684 (2010) 262-267.
J. Braun, L. Haas, F. Marhauser, J. M. Pawlowski, Phys. Rev. Lett. 106 (2011) 022002.

have seen:

outlook:
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