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Spectral functions
&
L the Functional Renormalization Group )

Non-Perturbative QFT in Euclidean and Minkowski

Im(p0)

Work in collaboration with: [ Nico|as W|nk ]

M. Bluhm, A. K. Cyral,

J. Horak, Y. Jiang,

M. Nahrgang, J. M. Pawlowski, Re(pO)
F. Rennecke, A. K. Rothkopf, ...
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l Motivation

[Spectral functions in QCD ]

A Spectral function

Resonances ——

Decay thresholds

Transport peak — |

Frequency

Nicolas Wink (Heidelberg University) Coimbra, September 2019 2



[Spectral functions in QCD ]

How to get non-perturbative correlation functions in Minkowski space-time

Reconstruction from Euclidean data

Direct calculation

N
T T T T

=
| L

=}

107 x Spectral function p, [GeV 7]
|
S

- Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
C 1 1

- Bl =138 MeV |

Motivation

1073

107%

Spectral function [1/MeV?]

—
Pawlowski, Strodt

hoff, NW, arxiv:1711.07444

—{|B| = 276 MeV
—1P| = 414 MeV | ]
B = 552 MeV | |

Pion

T=193 MeV &£=0.74 MeV

1 1 1 1 1 1 1 1 1 1
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[Spectral functions ]
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, Spectral representations

[Spectral representation ]

A ” Spectral function

What are spectral functions

Frequency
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, Spectral representations

[Spectral representation ]

What are spectral functions

Physical picture :

=) Encodes the spectrum of the theory ﬂ

m=) Linear response functions

Spectral function

Frequency
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, Spectral representations

[Spectral representation ]

A ” Spectral function

What are spectral functions

Physical picture :

=) Encodes the spectrum of the theory ﬂ

m=) Linear response functions

Pragmatic picture : j
d :
= Golpp) = [ LD ]\

2T —1ipg

Integral representation of the (Euclidean) propagator

Frequency

) Statement about the analytic structure of the propagator
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, Spectral representations

[Spectral representation ]

A ” Spectral function

What are spectral functions

Physical picture :

=) Encodes the spectrum of the theory ﬂ

m=) Linear response functions

Pragmatic picture : j
d :
= Golpp) = [ LD ]\

2T —1ipg

Integral representation of the (Euclidean) propagator

Frequency

) Statement about the analytic structure of the propagator

Axiomatic/Mathematical picture :

=) Existence linked to a restriction of the underlying functional space
c.f. talk of Peter Lowdon

Nicolas Wink (Heidelberg University) Coimbra, September 2019 8



Spectral representations

What about vertices?

[Higher order spectral representations ]

m=) | Vertices admit a spectral representation!

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
Pawlowski, NW, work in progress

Nicolas Wink (Heidelberg University) Coimbra, September 2019 13



Spectral representations

What about vertices?

[Higher order spectral representations ]

m=) | Vertices admit a spectral representation!

Consider Constrained by Z e; =0
F(n) (p17p27 o 7pn)

Analytically continue with p; — —i(w; + ig;)

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
Pawlowski, NW, work in progress
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Spectral representations

What about vertices?

[Higher order spectral representations ]

m=) | Vertices admit a spectral representation!

Consider Constrained by Z g; =0 Three-point function
F(”)(pl,pg,...,pn) e1/e gq/€ e3/e
Analytically continue with p; — —i(w; + i&;) Fg}m +2 —1 —1
r ., | -1 +2 ~1
r. | -1 ~1 +2
r. | -2 +1 +1
rAg | +1 -2 | 41
T | +1 +1 —2

Identities:
r®, =0 ana 18 = (119 )

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
Pawlowski, NW, work in progress

Nicolas Wink (Heidelberg University) Coimbra, September 2019 15



Spectral representations

What about vertices?

[Higher order spectral representations ]

m=) | Vertices admit a spectral representation!
Consider Constrained by Z g; =0 Three-point function
(n)
I (p17p27'°°7pn) 51/8 82/8 53/8
Analytically continue with p; — —i(w; + i&;) FﬁiA +2 —1 —1
r ., | -1 +2 ~1
. | . M | -1 | -1 | 42
Spectral representation of three-point functions: 2
o | (2)
) (po. o) = / (lm 2772 ( jgn()po)é(gn(ig) ) [m(my.nz) L P2l ) 2. | 41 _9 11
m m —1 r —1 — 1r
12 Do 0 T — 1Po 12 0 F%){A 11 11 _9
Identities:
. . %k
Spectral functions: 3) _ F(3) B F(g)
(3) (3) Degenerate for identical fields: Faae =0 and afy — \" aBy
p1 =2Re (FARA + FAAR) 8 '
B (3) (3) 7 — , Evans, Phys.Lett. B249 (1990)
p2 = 2 Re (FRAA ‘|‘ FAAR) pl (?71 772) ,02 (772 771) E\cl)ijr:l;el\rl,uscl\':ggls,.Ji3A7P41(71(?692O17)

Pawlowski, NW, work in progress

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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Spectral representations

What about vertices?

[Higher order spectral representations ]

m=) | Vertices admit a spectral representation!
Consider Constrained by Z g; =0 Three-point function
(n)
I (p17p27'°°7pn) 51/8 82/8 53/8
Analytically continue with p; — —i(w; + i&;) FﬁiA +2 —1 —1
r ., | -1 +2 ~1
. | . CiAr | -1 | -1 | +2
Spectral representation of three-point functions: 2
) (po. 1) = / dips drip_ —sgu(po)sgu(ro) [m(my.nz) YUY T | +1 -2 | 41
2w 2w (1 +m2) —i(po +10) | M — ipo N2 —iro F%){A 11 11 _9
Identities:
Spectral functions: *
i @, =0 and 1% = (1% )
H ; ; . oo
o1 = 2Re (FEEJ)%A +FE§34R> Degenerate for identical fields: apy
- Evans, Phys.Lett. B249 (1990)
3 3 —
p2 = 2Re (F%AA + qul)m) pr(ms12) = p2(, ) Generalizes to n-point functions e o

Pawlowski, NW, work in progress

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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, Spectral representation

[Application to scalar field ]

[ ¢d3-theory, 1-loop Perturbation theory from the FRG ]

Spectral function Euclidean Dressing

™ (po.po)
W9 | ™ (po,2po)
< > 1™ (po.~po)
7 preliminary
\o\.\_‘%qﬁ_,‘_o.__. po

dp dipp - | |
T3 (po. o) = / mdnp _ —sgn(po)sgn(ro)  [piln.m2)  p2(m.n2)
2w 27 (m +n2) —i(po +70) | m — ipo 12 — iro

Pawlowski, NW, work in progress

Nicolas Wink (Heidelberg University) Coimbra, September 2019 18






[ Implications of the analytic structure]

Applies to all functional methods (e.g. pert. theory, FRG, DSE, 2PI, ...)

Calculation

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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[ Implications of the analytic structure]

Applies to all functional methods (e.g. pert. theory, FRG, DSE, 2PI, ...)

Euclidean result is unique

Calculation

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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[ Implications of the analytic structure]

Applies to all functional methods (e.g. pert. theory, FRG, DSE, 2P|, ...)

Euclidean result is unique

=) Analytic continuation to Minkowski spacetime is unique

Calculation

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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[ Implications of the analytic structure]

Applies to all functional methods (e.g. pert. theory, FRG, DSE, 2P|, ...)

Euclidean result is unique

=) Analytic continuation to Minkowski spacetime is unique

m=) Deformation of integration contours necessarily required
c.f. talk of Gernot Eichmann

Calculation

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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[ Implications of the analytic structure]

Applies to all functional methods (e.g. pert. theory, FRG, DSE, 2P|, ...)

Euclidean result is unique

=) Analytic continuation to Minkowski spacetime is unique

m=) Deformation of integration contours necessarily required

Calculation

-

\_

GEe(po,p) = /OO dnn P01 P)

o T n?+ph

Map cuts to poles via their
spectral representations

J

c.f. talk of Gernot Eichmann

=) Unique integration prescription can be obtained by a smooth deformation of the Euclidean path (keep all residues)

Nicolas Wink (Heidelberg University) Coimbra, September 2019

24



[ Implications of the analytic structure]

Applies to all functional methods (e.g. pert. theory, FRG, DSE, 2P|, ...)

Calculation

Euclidean result is unique

=) Analytic continuation to Minkowski spacetime is unique

-

N\

GEe(po,p) = /OO dnn P01 P)

o T n?+ph

Map cuts to poles via their
spectral representations

~

/

m=) Deformation of integration contours necessarily required

=) Unique integration prescription can be obtained by a smooth deformation of the Euclidean path (keep all residues)

c.f. talk of Gernot Eichmann

=) Analytic continuation problem at finite temperature resolved by demanding preservation of this structure

Evans, Nucl.Phys. B374 (1992)

Baym, Mermin, Journal of Mathematical Physics 2, 232 (1961)

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[ With spectral representation ]

Calculation

tttttttt

do + Po

Vacuum polarization

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[ With spectral representation ]

Sufficient to consider frequency dependence:

m=) Contains full information in vacuum due to Lorentz invariance

=) Independent, relevant variable at finite Temperature/chemical Potential

Calculation

llllllll

do + Po

Vacuum polarization

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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Calculation

[ With spectral representation ]

llllllll

Sufficient to consider frequency dependence:

" qo + po

m=) Contains full information in vacuum due to Lorentz invariance Vacuum polarization

=) Independent, relevant variable at finite Temperature/chemical Potential

D(po) = (2m)~" [ d%q G(q)G(p + q)

Polarization diagram as example:

Nicolas Wink (Heidelberg University) Coimbra, September 2019 28



Calculation

[ With spectral representation ]

llllllll

Sufficient to consider frequency dependence:

" qo + po

m=) Contains full information in vacuum due to Lorentz invariance Vacuum polarization

=) Independent, relevant variable at finite Temperature/chemical Potential

D(po) = (2m)~" [ d%q G(q)G(p + q)
*dn p(n,p)

Polarization diagram as example:

m) |nsert spectral representation for all non-trivial propagators/vertices GE (pO7 p) — / N 5 5
o T M TPy

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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Calculation

[ With spectral representation ]

llllllll

Sufficient to consider frequency dependence:

" qo + po

m=) Contains full information in vacuum due to Lorentz invariance Vacuum polarization
=) Independent, relevant variable at finite Temperature/chemical Potential

D(po) = (2m)~" [ d%q G(q)G(p + q)

Polarization diagram as example:

~d
m=) Insert spectral representation for all non-trivial propagators/vertices GE (p()7 p) — / il n '0(77’ p>

o T n°+pi

D(p) =4(2m) "7 / mn2p(n1)p(n2) / d%q - : :

n1 2 >0 ) 2402 (q+p)>+13,

Perturbative integral with arbitrary masses

Nicolas Wink (Heidelberg University) Coimbra, September 2019 30



[ Without spectral representation ]

D(po) = (2" / 4% G(q)G(p+ q)

Calculation

tttttttt

" qo + po

Vacuum polarization

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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Calculation

[ Without spectral representation ]

tttttttt

D(po) = (ZW)_d/ddq G(q9)G(p+q) o " 4o + Do
acuum polarization
Im(go)
Do

Re(qo)

\ Integration contour

Analytic structure polarization diagram

NN AN AAANAANAN

Nicolas Wink (Heidelberg University) Coimbra, September 2019 32



Calculation

[ Without spectral representation ]

tttttttt

" qo + po

Vacuum polarization

D(po) = (2" / 4% G(q)G(p+ q)

Im(QO) Im(QQ)

Po Do
— cC
Re(qo) po- §/ Re(qo)

\ Integration contour \ Integration contour

Analytic structure polarization diagram

NN AN AAANAANAN

c.f. talk of Gernot Eichmann

Nicolas Wink (Heidelberg University) Coimbra, September 2019 33



Calculation

[ Without spectral representation ]

tttttttt

" qo + po

Vacuum polarization

D(po) = (2" / 4% G(q)G(p+ q)

Im(QO) Im(QQ)

Po Do
— cC
Re(qo) p()- §/ Re(qo)

\ Integration contour \ Integration contour

Analytic structure polarization diagram

NN AN AAANAANAN

# Generalizes to vertices

c.f. talk of Gernot Eichmann

Nicolas Wink (Heidelberg University) Coimbra, September 2019 34



[Functional Renormalization Group ]

Calculation

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[Functional Renormalization Group ]

1
atfk[fl)] = 5 — | !

Calculation

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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Calculation

[Functional Renormalization Group ]

P 4 ['h=p =S

LA * Non-perturbative first principle method
high ! K * Access to physical mechanisms
/,{X}\\ N k-Ak  No sign problem
1 / \ low * Chemical potential
Oy [®] = 5 - ! ! e Real time
\\ // v O Pk:O p— F

Nicolas Wink (Heidelberg University) Coimbra, September 2019 37



Calculation

[Functional Renormalization Group ]

P 4 ['h=p =S

o 1 A * Non-perturbative first principle method
Regulator derivative . t
high : :
\ ! K e Access to physical mechanisms
R~ A k-AK * No sign problem
1 ,'/ \\ low * Chemical potential
O 'y [®] = 5 - ! ! e Real time
\\\\ ”// v O Fk:O p— F
Dressed regulated propagator < » All quantities fully dressed

—1
0, [®] = (F(2)+Rk) 9, R

1
2 ab

Nicolas Wink (Heidelberg University) Coimbra, September 2019 38



Calculation

[Functional Renormalization Group ]

P 4 ['h=p =S

o 1 A * Non-perturbative first principle method
Regulator derivative i t
\ g ! K e Access to physical mechanisms
AR 3 k-Ak * No sign problem
1 ,'/ \\ low * Chemical potential
O L' [®] = 2 - ,' * Real time
\\\\ ”// v O Fk:O p— F
Dressed regulated propagator < » All quantities fully dressed
1 2 -1 b
OTK[0] = - (F< )+ Rk) R
a

[ No new (major) conceptual problems ]

Nicolas Wink (Heidelberg University) Coimbra, September 2019 39



L T T Calculation
[Yang—MiIIs theory ] 10°
gL
8= E -+
5107 [ :
s | E
o F :
107 E
2 L N
10° F =
E 111 \:
0.1 1 10 100
p [GeV]
3 I I T ’ I I I I L
I -—-- RG scale dep. |
- — — 1D mom. dep. |

Zaen: 3D mom. dep.

[\

[S—

gluon propagator dressing

.-
el

Cyrol, Fister, Mitter, Pawlowski, Strodthoff, Phys.Rev. D94 (2016)

Nicolas Wink (Heidelberg University) Coimbra, September 2019 40



[ Regulator ] Regulator introduces inconviences
# Analytic structure of (full) regularized propagators altered

Calculation

Nicolas Wink (Heidelberg University) Coimbra, September 2019

41



[ Regulator ] Regulator introduces inconviences
# Analytic structure of (full) regularized propagators altered

]
I'®(p) + Ri(p)

G(p) =

Calculation

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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[ Regulator ] Regulator introduces inconviences
# Analytic structure of (full) regularized propagators altered

G(p) = 1 Two options o Ri(p) = Zpp*r(p?/k?)

') (p) + Ri(p)  Ri(p) = Zp*r(p?/k?)

Calculation

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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Calculation

[ Regulator ] Regulator introduces inconviences
# Analytic structure of (full) regularized propagators altered

G(p) = 1 Two options o Ri(p) = Zpp*r(p?/k?)

') (p) + Ri(p)  Ri(p) = Zp*r(p?/k?)

~

Shape function, e.g.

rix)=e

—Z

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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Calculation

[ Regulator ] Regulator introduces inconviences
# Analytic structure of (full) regularized propagators altered

G(p) = 1 Two options o Ri(p) = Zpp*r(p?/k?)

') (p) + Ri(p)  Ri(p) = Zp*r(p?/k?)

~

[ No regulator known that preserves spectral structure & Lorentz invariance ] 7“(:13) =€

Shape function, e.g.

—Z

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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Calculation

[ Regulator ] Regulator introduces inconviences
# Analytic structure of (full) regularized propagators altered

G(p) = 1 Two options o Ri(p) = Zpp*r(p?/k?)

F®(p) + Ri(p) o Ri(p) = Zuir(p?/k?)

\ |

Shape function, e.g.
r(z)=e"

[ No regulator known that preserves spectral structure & Lorentz invariance ]

Take additional poles explicit into account Explicit breaking of Lorentz invariance

see e.g. Foerchinger, JHEP 1205 (2012) see e.g. Kamikado, Strodthoff, von Smekal, Wambach, Eur.Phys.J. C74, 2806 (2014)

Pawlowski, Strodthoff, NW, PRD98 (2018) Tripolt, Strodthoff , von Smekal, Wambach, PRD89 (2014)
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Calculation

[ Regulator ]

Take additional poles explicit into account

Foerchinger, JHEP 1205 (2012)

see e.g.
Pawlowski, Strodthoff, NW, PRD98 (2018)

Numerically tedious
(but constant effort)

-2L -
10 T = 55 MeV
L == Pjon - LPA -
== Pion - LPA'+Y
1074 = Sigma - LPA |
==Sigma - LPA'+Y

[y

<
[e)]
]

—

<
0]
1

Spectral Function [1/MeV?]

.l...l....lJ..l....l....l..-

200 300 400 500 600 700
Frequency w [MeV]

Pawlowski, Strodthoff, NW, PRD98 (2018)

0 100
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[ Regulator ]

Take additional poles explicit into account

Foerchinger, JHEP 1205 (2012)
Pawlowski, Strodthoff, NW, PRD98 (2018)

see e.g.

Numerically tedious
(but constant effort)

_2_1 T T T T lll-
10 T = 55 MeV
%3 L == Pion - LPA -
b == Pion - LPA'+Y
= 10~ — Sigma - LPA |
5 == Sigma - LPA'+Y
Qo -
©
ug_ 10—6-
TE L
O
810—8-
)]
| I | IR M l....lJ..l....l....l..
0 100 200 300 400 500 600 700
Frequency w [MeV]

Pawlowski, Strodthoff, NW, PRD98 (2018)

Calculation

Explicit breaking of Lorentz invariance

see e.g Kamikado, Strodthoff, von Smekal, Wambach, Eur.Phys.J). C74, 2806 (2014)
Tripolt, Strodthoff, von Smekal, Wambach, PRD89 (2014)

Convient for very simple approximations
(then also tedious)

[AGY]

100

0.01

107 - - : - : - - w[MeV
0 100 200 300 400 500 600 700« MV

Tripolt, Strodthoff, von Smekal, Wambach, PRD89 (2014)

Nicolas Wink (Heidelberg University)
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Application 1

~

\Low energy effective theory of QCD/

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[Transport approach to QCD]

Transport

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[Transport approach to QCD]

m=) Describe non-equilibrium QCD in the linear response regime around an equilibrium state

Transport

Nicolas Wink (Heidelberg University) Coimbra, September 2019
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[Transport approach to QCD]

Transport

m=) Describe non-equilibrium QCD in the linear response regime around an equilibrium state

oI’ ¢
=) Evolution of critical mode via a transport equation / o Yox \

4 )

Quantum equation of motion o N?'Se field ]
K (D|5$|pat|on-FIuctuat|orD

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[Transport approach to QCD]

Transport

m=) Describe non-equilibrium QCD in the linear response regime around an equilibrium state

(

m=) Evolution of critical mode via a transport equation

\_

Quantum equation of motion

\

ol
P G
Noise field
(Dissipation-FIuctuatiorD

m=) Utilize 2+1 flavor low energy effective description of QCD

-

=) FRG for equilibrium calculations Flow equation for QCD

1
OLi[?) = 5

\_

Q-
-,
s

Bound states efficiently taken into\
account via Dynamical Hadronization

/

\I n 1
/ 2

J

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[Transport approach to QCD]

Transport

m=) Describe non-equilibrium QCD in the linear response regime around an equilibrium state

m=) Evolution of critical mode via a transport equation

(

\_

Quantum equation of motion

\

/%Zf\

Noise field

(Dissipation-FIuctuatiorD

m=) Utilize 2+1 flavor low energy effective description of QCD

=) FRG for equilibrium calculations

-

Flow equation for QCD

Bound states efficiently taken into\

account via Dynamical Hadronization

J

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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Transport

[Low—energy effective theory of QCD ]

Phase structure contains a critical endpoint

1502 s P, :
i -""s.,__\\ \\\
;I 100} \\‘s \\\ |
%} - \\\\\ \\\
= \\:::\
o0} .
O ey
0 50 100 150 200 250 300
p [MeV]

Schaefer, Rennecke, PRD96 (2017)
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Transport

[Low-energy effective theory of QCD ]

Phase structure contains a critical endpoint

1502 s P, |
i -""s.,__\\ \\\
;I 100} \\‘s \\\ 1
%} - \\\\\ \\\
= \\:::\
o0} 1
O P T T [ R T T S [ S T S T I S S S S R S T S S H S S T
0 50 100 150 200 250 300
p [MeV]

Schaefer, Rennecke, PRD96 (2017)
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[Linear response function ]

Transport

Sigma meson spectral function at T =130 MeV
and vanishing chemical potential

|

Mass peak

g - JTUT

timelike A

Sigma Meson

1P| = 200 MeV

T =130 MeV
u =0 MeV

More decays

ﬁ?‘ - spacelike
2 107k
O
e [
§: !
Q
c 100?
O -
© i
§ L | Transport
T " peak
2107
Q :
» X
'S I I B
0.0 01

0.2

0.3

0.4

05 06 0.7

Frequency w [GeV]

0.8

Pawlowski, Rennecke, NW, in prep.

Nicolas Wink (Heidelberg University)
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Transport

Sigma meson spectral function at T =130 MeV

[Lmear response function ] and vanishing chemical potential

E 10'L Sigma Meson ]
— f| T=130MeV =
2 | p=0MeV

3 .

= 10° —=
O :

= = |D| = 0.1 GeV

= = |D| = 0.2 GeV

S 107 3 = -
+ wmm 0] =0.3GeV| T
O -
a WY

00 01 02 03 04 05 06 07 038
Frequency w [GeV]

Pawlowski, Rennecke, NW, in prep.
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[Transport equation ]

Evolution governed by transport equation:

Split into equilibrium and fluctuation part

Transport

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[Transport equation ]

White noise approximation:

(€(t)) =0
Evolution governed by transport equation: E@)E)) = V(S(t — t')me1n coth <
ol B
=
with Spatial isotropy approximation:
{Reff)(w, 7), ImI'?) (w, p), U(O‘)} cTl o(Z) =o(r)

Split into equilibrium and fluctuation part

Initial conditions:

Quench from ,,high temperature”

o(r) =0= 0io(r)

Mg
2T

)

Transport

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[Equilibration time ]

0.20

©
=
(9]

Temperature T [GeV]
o
o

0.05

Reference time scale

il t/TO

. 2.25

2.00

11.75

- 1.50

1.25

I 1.00

7o = 0.4 fm/c :

1 | 1 1 | 1
0.10 0.15

Chemical potential p [GeV]

Bluhm, Jiang, Nahrgang, Pawlowski, Rennecke, NW, in prep.

High Moments ko®

Transport

Critical endpoint and phase
boundary clearly identifiable

Critical slowing down at the
critical endpoint

Impact on observables?

. — -
Au + Au Collisions at RHIC
0-5% centrality
4l Iyl <0.5,0.4 <p;<2(GeVic) |
@ net-proton
3 A anti-proton .
O proton
[0 BES-ll error for net-p
UrQMD for net-p
| #
17777777777”:A~-, A:w# 77777777777777 —
A 2; % A &
0 #‘ mETETT ‘ =
2 5 10 20 50 100 200

Colliding Energy Vs, (GeV)
Luo, Xu, Nucl.Sci.Tech. 28 (2017)

Nicolas Wink (Heidelberg University)
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Application 2

Dyson-Schwinger equations

~

J

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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DSE

[ Dyson-Schwinger equations ]

m) Scalar d*-theory (in the broken phase)

Work with Jan Horak, Jan M. Pawlowski

Horak, Pawlowski, NW, wip
Nicolas Wink (Heidelberg University) Coimbra, September 2019 73




DSE

[ Dyson-Schwinger equations ]

Truncation:
* Full two-point function

. .
mm) Scalar ¢*-theory (in the broken phase) e Classical vertices

Work with Jan Horak, Jan M. Pawlowski

Horak, Pawlowski, NW, wip
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DSE

[ Dyson-Schwinger equations ]

Truncation:
* Full two-point function
e Classical vertices

1 Q 1 | 1
) _ - - _ - -
U ° *3 9 6 5

m) Scalar d*-theory (in the broken phase)

Work with Jan Horak, Jan M. Pawlowski

Horak, Pawlowski, NW, wip
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DSE

[ Dyson-Schwinger equations ] T "
runcation:

* Full two-point function
e Classical vertices

e O Q@@

Insert spectral represenations for all propagators

m) Scalar d*-theory (in the broken phase)

@)
|

v
D(p) =4(2m) "7 / mn2p(n1)p(n2) / d%q - : :

712 >0 . >+ 07 (g +p)* +n3,

Perturbative integral with arbitrary masses

Work with Jan Horak, Jan M. Pawlowski Horak, Pawlowski, NW, wip
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DSE

[ Dyson-Schwinger equations ] T "
runcation:

* Full two-point function
e Classical vertices

— O

m) Scalar d*-theory (in the broken phase)

Insert spectral represenations for all propagators [ Dimensional regularization ]
D(p) =4 (2m)~ "7 / mnzp(m)p(nz2) / d’q 1 :
112 >0 . ¢>+mi (g +p)°+m3,

Perturbative integral with arbitrary masses

Work with Jan Horak, Jan M. Pawlowski Horak, Pawlowski, NW, wip

Nicolas Wink (Heidelberg University) Coimbra, September 2019 77



DSE

[ Dyson-Schwinger equations ]

[ Dimensional regularization ]

| A
0.005;
a 2-particle threshold
g 0.004; )
S >
O 7 o
% 0.003} &
G i (q0)
o | =
S
) 0.002+
U L
Q
S 3-particle threshold
0.001+
0.000O 1 5 3 4'-(4)
Work with Jan Horak, Jan M. Pawlowski Frequency W

Horak, Pawlowski, NW, wip
Nicolas Wink (Heidelberg University) Coimbra, September 2019 78
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Reconstruction

[Spectral reconstruction ]

Spectral function (discontinuity)
Im(p0)

Advanced propagator Retarded propagator

Re(p0)

Euclidean data

Propagator in the complex plane

Nicolas Wink (Heidelberg University) Coimbra, September 2019 80



l Reconstruction

. d
[Spectral reconstructlon] Invert: G g(po, p) :/ ! P(ﬁ,.P)
2m 1 — 1po
*dn p(n,p)
=) more convenient Gg(po,pP) = / n
o T M +pg
Spectral function (discontinuity)
Im(p0)
Advanced propagator Retarded propagator

Re(p0)

Euclidean data

Propagator in the complex plane
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l Reconstruction

: dn p(n,p)
[Spectral reconstruction ] Invert: Gg(po,p) = / > s
T 1 — 1po
O
d
=) more convenient Gg(pg,p) = / 77?7 ,02(?7,13)2
o T N +DPh
Consider finite temperature (includes vacuum as special case)
mm) Reconstruct analytic function from equally spaced points in one half-plane Matsubara modes
|
Spectral function (discontinuity)
Im(p0)
Advanced propagator Retarded propagator

Re(p0)

Euclidean data

Propagator in the complex plane
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l Reconstruction

: dn p(n,p)
[Spectral reconstruction ] Invert: GE(pO,p) = / 5 ~
T 1 — 1po
*d
==) more convenient GE(po,p) = / 7777 p2(?7,p)2
o T N +DPh
Consider finite temperature (includes vacuum as special case)
mm) Reconstruct analytic function from equally spaced points in one half-plane Matsubara modes
|
Math tically:
athematicatly Spectral function (discontinuity)
=) Uniqueness by Carlson’s theorem Im(p0)
Explicit construction of spectral function possible,
=) H .. .
owever the problem is ill-conditioned
Cuniberti, De Micheli, Viano, Commun.Math.Phys. 216 (2001) Advanced propagator Retarded propagator

Re(p0)

Euclidean data

Propagator in the complex plane
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l Reconstruction

: dn p(n,p)
[Spectral reconstruction ] Invert: GE(pO,p) = / 5 ~
T 1 — 1po
*d
==) more convenient GE(po,p) = / 7777 p2(?7,p)2
o T N +DPh
Consider finite temperature (includes vacuum as special case)
mm) Reconstruct analytic function from equally spaced points in one half-plane Matsubara modes
|
Math tically:
athematicatly Spectral function (discontinuity)
=) Uniqueness by Carlson’s theorem Im(p0)
Explicit construction of spectral function possible,
=) H .. .
owever the problem is ill-conditioned
Cuniberti, De Micheli, Viano, Commun.Math.Phys. 216 (2001) Advanced propagator Retarded propagator

Usual reconstructions:

Re(p0)
=) Linked functional basis and
determination of coefficients
Idea: Physically inspired basis that resprects Euclidean data
analytic structure of the propagator

Propagator in the complex plane

Nicolas Wink (Heidelberg University) Coimbra, September 2019 84



Reconstruction

[Spectral reconstruction ]

Guiding principles:

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945

Nicolas Wink (Heidelberg University) Coimbra, September 2019 85



l Reconstruction

[Spectral reconstruction ]

1 )
Guiding principles: ~ ((po +1)2 + Mz)

a
\ 4

m) Chose a suitable functional basis Utilize structures with a physics picture

m=) Start from generalized Breit-Wigners

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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[Spectral reconstruction ]

Guiding principles:

m=) Chose a suitable functional basis

m=) Utilize all prior knowledge

a

v

A

v

l Reconstruction

- (<po+F;2+J\42)(S

Utilize structures with a physics picture

m=) Start from generalized Breit-Wigners

Include/Enforce known asymptotics

1
[ lim 0,,G(po) = —5 lim &m(w)]
p

0—07F w—07F

Analytic relation for IR asymptotic

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945

Nicolas Wink (Heidelberg University)
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l Reconstruction

[Spectral reconstruction ]

1 )
Guiding principles: ~ ((po +1)2 + Mz)

m=) Chose a suitable functional basis

a
\ 4

Utilize structures with a physics picture
m=) Start from generalized Breit-Wigners

m=) Utilize all prior knowledge

A
v

Include/Enforce known asymptotics

1
[ lim 0,,G(po) = —5 lim &m(w)]
p

0—07F w—07F

Analytic relation for IR asymptotic

a
v

m) Determine coefficients in a reliable way Different levels of quality

x2-fit =) Bayesian Inference (Hamiltonian Monte-Carlo)

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
Nicolas Wink (Heidelberg University) Coimbra, September 2019 88




Reconstruction

[Spectral reconstruction ]

Continued Retarded sheet :> Physical/Retarded sheet
D
<
. . [ [ ]
Connection to the analytic structure <
: . : ° <§ \‘boo
Consider the analytically continued retarded o q (§\’Q
propagator S &
q S
° D (
3 < =
s ) ¢
E ¢ H <>
ks ¢ 3 <> Input data
Q o 5=
% ° 5 <>
£ O P
o ™ q
© D
£ b @
. Pole ansatz q @&
q %
o D &
[ <> ‘.QO
. q )
(\
4 ¥
[ [ ] <>
<
b
P

Real part Re(pg)

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Reconstruction

[Spectral reconstruction ]

Continued Retarded sheet :> Physical/Retarded sheet
D
<
. . [ [ ]
Connection to the analytic structure <
D @
. . . o <> N
Consider the analytically continued retarded o q (§\’Q
propagator *q o
q S
. ° D 4
o q v
S D
. . . £ ° b
=) The other half-plane is necessarily meromorphic = . 5q
© o q Input data
o PY c
- f_<>
© ° S
£ O P
o ™ q
© D
£ b @
o Pole ansatz ¢ )
q %
o P &
< AN
[ J D %0
° ¢ ®
(\
4 R
[ [ ] <>
<
b
P

Real part Re(pg)

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Reconstruction

[Spectral reconstruction ]

Continued Retarded sheet :> Physical/Retarded sheet
D
: : <
Connection to the analytic structure ° * <
° <> \@({Z;
Consider the analytically continued retarded o <; (§\/Q
propagator 9 &
q S
. ° D ({b
o g v
S D
. . . £ ° b
=) The other half-plane is necessarily meromorphic o . 59
© o q Input data
o PY c
P f_<>
® ° S
£ O P
: Ansatz for the complex structure of > . 4
£ q Q,
the retarded propagator =l . Pole ansatz <; &
q %
[ J s(\ta‘
° ¢ ®
(\
4 S
[ [ ] <>
<
b
P

Real part Re(pg)

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Reconstruction

[Spectral reconstruction ]

Continued Retarded sheet :> Physical/Retarded sheet
D
: : <
Connection to the analytic structure ° * <
D @
: . . ¢ \ &
Consider the analytically continued retarded o <; (§\/Q
propagator 9 &
q S
° D (
3 < =
S D
. . . £ . b
=) The other half-plane is necessarily meromorphic o . 29
© o q Input data
o PY c
P f_<>
® ° S
£ O P
Ansatz for the complex structure of > . ¢
= = < s
the retarded propagator =l . Pole ansatz <; &
4 %
° 2
) <> ,’QO‘(\
=) Previous knowledge easily included . b R
4 >
[ [ ] <>
<
b
P

Real part Re(pg)

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945

Nicolas Wink (Heidelberg University) Coimbra, September 2019 92



Reconstruction

[Reconstructing the gluon] 3 T T T T — T T T
[~ Cyrol, Fister, Mitter, Pawlowski, Strodthoff, Phys.Rev. D94 (2016) ]
i -—-- RG scale dep. |
- — — 1D mom. dep. |
) i o 3D mom. dep. | |

p—

gluon propagator dressing

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945

Nicolas Wink (Heidelberg University) Coimbra, September 2019 o3



Reconstruction

[Reconstructmg the gluon] 3 — T T T — T
[~ Cyrol, Fister, Mitter, Pawlowski, Strodthoff, Phys.Rev. D94 (2016) -]
i -—-- RG scale dep. |
=) Gluon admits positivity violation i 1D mom. dep. |
, o o~ 3D mom. dep.
= Most reconstruction methods fail (miserably) 2

p—

gluon propagator dressing

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Reconstruction

[Reconstructmg the gluon] 3 — T T T — T
[~ Cyrol, Fister, Mitter, Pawlowski, Strodthoff, Phys.Rev. D94 (2016) -]
i -—-- RG scale dep. |
=) Gluon admits positivity violation i 1D mom. dep. |
, o o~ 3D mom. dep.
= Most reconstruction methods fail (miserably) 2

m=) Ansatz includes

=2 Generalized Breit-Wigners

p—

== Polynomials

gluon propagator dressing

= |R & UV asymptotic cuts (negative IR!)

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Reconstruction

[Reconstructmg the gluon] 3 — T T T — T
[~ Cyrol, Fister, Mitter, Pawlowski, Strodthoff, Phys.Rev. D94 (2016) -]
i -—-- RG scale dep. |
=) Gluon admits positivity violation i 1D mom. dep. |
Zoen: 3D mom. dep.
= Most reconstruction methods fail (miserably) 2

m=) Ansatz includes

=2 Generalized Breit-Wigners

p—

== Polynomials

gluon propagator dressing

= |R & UV asymptotic cuts (negative IR!)

=) Determine coefficients via y?-fit 0.1 1 10

= First start for improvement, but HMC requires uniqueness of the coefficients

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Reconstruction

[Reconstructmg the gluon] 3 — T T T — T
[~ Cyrol, Fister, Mitter, Pawlowski, Strodthoff, Phys.Rev. D94 (2016) -]
i -—-- RG scale dep. |
=) Gluon admits positivity violation i 1D mom. dep. |
Zoen: 3D mom. dep.
= Most reconstruction methods fail (miserably) 2

m=) Ansatz includes

=2 Generalized Breit-Wigners

p—

== Polynomials

gluon propagator dressing

= |R & UV asymptotic cuts (negative IR!)

=) Determine coefficients via y?-fit 0.1 1 10

= First start for improvement, but HMC requires uniqueness of the coefficients

=) Shape reliable, quantitative details are not

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945

Nicolas Wink (Heidelberg University) Coimbra, September 2019 97



[Reconstructing the gluon ]

Reconstruction

N

—

o

|
RN

10~ x Spectral function p, [GeV ]

0.6

1 | 1 1 | 1
0.8 1.0
Frequency w [GeV]

1.2

—
AN

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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Reconstruction

[Reconstructing the gluon] : S—

<« 5
'> .
- I | L | I L L L I L | L I L | L} I L | " I - 8 :
N:_. [ ] 3—10_
> [ ) c [
(0] 2 -
g 2 _— -_ § —15_
< I - =
QL F - o
c F - B8 -20r . ]
o 1k - e [ ===  Full spectral function
o B . » [ == Low frequency asymptotic ]
g B 7 -25F, ) Sy . S
= L i 1072 107"
S oF - Frequency w [GeV]
= L i
q) - -
Q- B A 1 T ' T 1 v T T ) ' T T 1 T T T 1 v T T ) ' '
w t . 0.00F -
x —1F - I ]
‘r'o [ i
Al [ ] -0.05 -
- | 1 1 1 1 1 1 1 1 1 1 1 1 1 L L

1 1 1 1 1 1
0.4 0.6 0.8 1.0 1.2 1.4
Frequency w [GeV]

|
©
=N
(=)

— Full spectral function
== | arge frequency asymptotic |]

I
©
-
[$)]

|

Spectral function p, [GeV 2]

=) In qualitative agreement with direct DSE

calculation and other reconstructions

Strauss, Fischer, Kellermann, Phys.Rev.Lett. 109 (2012) 4 — 6 — 8 I 1I() — 12 14
Dudal, Oliveira, Silva, Phys.Rev. D89 (2014) Frequency w [GeV]

see e.g.

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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[Reconstructing the gluon ]

Reconstruction

mmm Reconstruction
® Inputdata

N I L] L] I LELILELEL I L] L] I LELBLELEL I : L] L] L) LELILBL T I L] n -l I
. : .’.oﬁ.‘} E : ‘_|l|—l —ee
':\I‘I 1 O B o" $ 10_2? -, o, = % {
> s \ 2 S o 10°F
8 : .’. Y E @ Positive sign : C
—_ 8 = .’ 1 103 @ Negative sign - E
I K 107 107 100 10" =
% 6 :_ - -~ s \.‘ Momentum pg [GeV] _: 5
B o“.. L] - + 0 L
% |~ \ ’ § 10
a 4 . N
S 4 \ i =
= | -
o - 1 g ()
& 2 . S i =
S “} === Reconstruction \ i 'S
O [ e Inputdata Ve, 5 10-1k
O - S0, m
l Ll L1 ll 1 1 1 L_L L 1 ll L1 Il L 1] -l I
1072 107" 10° 10’ 1071

Momentum pg [GeV]

10°

101 102
Time t [GeV ]

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Application

Transport coefficients

J

Nicolas Wink (Heidelberg University)
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[ Transport coefficients ]

Shear viscosity:

1 pre(w,0)
"7—%})12}) W

Bulk viscosity:
1 0
2 w—0 W

Reconstruction

Christiansen, Haas, Pawlowski, Strodthoff, PRL (2015)
Pawlowski, NW, work in progress

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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[ Transport coefficients ]

Shear viscosity:

1 pre(w,0)
77_%3)12% W

Bulk viscosity:

2 w—0 W

Reconstruction

Composite Dyson-Schwinger equation

=) Exact representation with a finite number of loops

A

Christiansen, Haas, Pawlowski, Strodthoff, PRL (2015)
Pawlowski, NW, work in progress

Nicolas Wink (Heidelberg University)

Coimbra, September 2019
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Equilibrium

[ Transport coefficients ] Shear viscosity

== Pawlowski, Wink (201x)
== Christiansen et al. (2015) |
@ Astrakhantsev et al. (2018) |

RN
o

o
T m T T

KSS bound

O
T @ T T

O
T b T T

O
N

o
O T T T T T

Shear viscosity over entropy density n/s

025 030 035 040 045 0.50
Temperature T [GeV]

Pawlowski, NW , in prep.
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Equilibrium

[ Transport coefficients ] Bulk viscosity
014b\ | — ]
N | == Pawlowski, Wink (201x) |
-*51_2:- ® Astrakhantsev et al. (2018) | 4
Q I ;
>.1.0 -'
s | |
S 0.8:' -
2 0.6} ;
= |
8 0.4 :
8 [ .
=0.2¢ f
ook, e Serrarerar——— -

025 030 035 040 045 0.50
Temperature T [GeV]

Pawlowski, NW , in prep.
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[Comparison with other works ]

—
=}

— ghost: p

— 1, =(0.03 GeVy
— 1, = (0.16 GeV)?

— gluon: P,

|
p(w)
e e R N R N S O Y o N e - BV

1 10

’_._
[\
__
i
’_._
=)
__
oo
o

1
[e=lee]
[=Rrpny
—
ol
—

p| [GeV] ' ' ' ' ‘ i [GeV?]

Strauss, Fischer, Kellermann, Phys.Rev.Lett. 109 (2012) Dudal, Oliveira, Silva, Phys.Rev. D89 (2014)
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[ Breit-Wigner benchmark ]

== Mock data
— BR method

O
)]

T 111
1

, 45 == Gr-HMC (Nys=1) :
- C , m GR—HMC (Nps=2) ]
osf Il == Gr-HMC (Nys=3) :

O
N

O
—

Spectral function pgyy [GeV"z]

O
o

Frequency w [GeV]

Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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[Comparison with other methods ]

Bayesian reconstruction

st n' ' default model 1
20 L with asymptotic )l
& 15 L Bayesian |
2 10 F .
O 5} .
3 O0F -
a -bF -
-10 F -
15 | U 1
_20 PR T ) [N TR T NN T T AT TR TN AN SR T . SN T [N SN N ¥ N SR A1 |
10° 10* 103 102 10" 10° 10" 102 103 w][GeV]
—_ 12 ] | | ]
N 1g i input —+— ]
8 6 | reconstructed ]
= 4} Euclidean _
g 2t :
O _g i 1 ] 1 ] i

1072 107"

100

101 po [GeV]

Padé reconstruction

N

o

o
T

w

o

o
I

-
o

Spectral function p4 [GeV'z]
S
=

== Pgadé with disc 1
== Pgdé with disc 2_

1 PR I T TN N NN TR NN TR N N
0.4 0.6 0.8 1.0 1.2 1.4
Frequency w [GeV]

Gluon propagator G4 [GeV‘Z]

N B~ O Co

L -
H

Input data
== Padé interpolation
® Padé with disc 1
® Padé with disc 2

—
[=]
S

L1l 1 13 3 3 aaal 1 11 3l
107" 10° 10’
Momentum pq [GeV]
Cyrol, Pawlowski, Rothkopf, NW arxiv:1804.00945
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Results O(N)-model

[Application to the O(N)-Model ] Pion

Imaginary part of the retarded two-point function

700
600 gpp

200 49
w [MeV]

Pawlowski, Strodthoff, NW, arxiv:1711.07444
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Results O(N)-model

[Application to the O(N)-Model ] Sigma meson

Imaginary part of the retarded two-point function

300
200
w [MeV] 100

Pawlowski, Strodthoff, NW, arxiv:1711.07444
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[Application to the O(N)-Model ]

, Results O(N)-model

In medium non-commuting limits
lim lim I'®(py, p) # hm lim T (pg, p)

p—0 po—0

o]

-

e

.....
0]
-
-
R
>
L

[ | | I | I | IIII|
_10F
i [
Soak
w L
Q) N
N.k B
> 0.6 |== Ge(po.0)
m§ L | == GE(0,|pI)
S 04F |== Gg(po,[P|=2.5 MeV)
- | == Ge(po.|PI=14 MeV)
0.2F | === Ge(po.|P|=69 MeV)
- ® Matsubara
0.0_ 1 L1 31 paal
o'1 10°

10’ 10°
Momentum [MeV]

—0 p—0
Sigma meson _
T=138 MeV |
T

Pawlowski, Strodthoff, NW, arxiv:1711.07444
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[Application to the O(N)-Model ]

= o o
< < <
o) N N

—
9
0

Spectral Function [1/MeV?]

l

T =0 MeV
=== Pion — LPA
== Pion — LPA'+Y
== Sigma - LPA
== Sigma - LPA'+Y

100

200 300 400 500 600 700

Frequency w [MeV]

, Results O(N)-model

Finite temperature spectral functions

Pawlowski, Strodthoff, NW, arxiv:1711.07444

Nicolas Wink (Heidelberg University)
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, Results O(N)-model

[Application to the O(N)-Model ]

Finite temperature spectral functions

_z-l....,....,....,....,....,....,....,..-
10 T = 55 MeV
% _ m== Pion — LPA -
> == Pion - LPA'+Y
= 107% == Sigma — LPA -
C mm Sigma - LPA'+Y
S -
©
510—6_ -_
r_E - -
O
2 10°%F -
0p)
|---|--h-|---|----|L--|----|----|--
0O 100 200 300 400 500 600 700

Frequency w [MeV]

Pawlowski, Strodthoff, NW, arxiv:1711.07444
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, Results O(N)-model

[Appl'cat'on 19 e O Hpe ] Finite temperature spectral functions

—2_I T T T 17 -A- T T T .‘ | LI B N B N N B B BN NN B B m B N R .-
0 T = 138 MeV
B == Pion - LPA -

mm Pion - LPA'+Y

—

9
Y
1

== Sigma - LPA -
=m Sigma - LPA'+Y

| —
<
(@)
1
i

—
9
o0
1

Spectral Function [1/MeV?]

i " M | L 3 4 I e a3 1 4 5 5 . 1 . ., . . ], .-
200 300 400 500 600 700
Frequency w [MeV]

Pawlowski, Strodthoff, NW, arxiv:1711.07444
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, Results O(N)-model

[Appl'cat'on 19 e O Hpe ] Finite temperature spectral functions

o , , TPt T
=0T T =248 MeV |~
%) _ | == Pion - LPA -
g | mm Pion - LPA'+Y
— 10~ == Sigma — LPA | -
- | == Sigma - LPA'+Y
S -
B I
5107 [ | |
L
® |
o |
2 10°%
7 |

- | _

300 400 500 600 700
Frequency w [MeV]

0 100 200

Pawlowski, Strodthoff, NW, arxiv:1711.07444
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[Application to the O(N)-Model ]

= o~ =
< < <
o)) KN NJ

—
9
o2]

Spectral Function [1/MeV?]

I |m|||||-
T = 359 MeV
== Pion - LPA -

|

=m Pion — LPA'+Y
== Sigma - LPA'+Y

100

200
Frequency w [MeV]

300 400 50

0 600 700

, Results O(N)-model

Finite temperature spectral functions

Pawlowski, Strodthoff, NW, arxiv:1711.07444
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Pion meson
[Appllcatlon to the O(N)-Model ] Finite temperature spectral function for various external momenta

Results O(N)-model
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Results O(N)-model

Sigma meson
[Appllcatlon to the O(N)-Model ] Finite temperature spectral function for various external momenta
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59

[Spectral representation ]

Propagator

Spectral representation:

dn

Spectral function:

p(1,D) p(po,P) = 2Im Gra(po, D)

d D
Po. ) = /2?7 p(n,p) /
™ 77 1p0 7]>O

21

n? + b}

Spectral representation

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg)

Cold Quantum Coffee (Heidelberg 2017)
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[Spectral representation ]

Propagator

Spectral representation:

Spectral function:

p(1,D) p(po,P) = 2Im Gra(po, D)

d : d
G(po.7) = /77,07717) / .,
n

2m 0 — ipo >0 27

Three-point function

Spectral representation:

n? + b}

p1(n,m2)  p2(n1,m2)

—1
@) (pg, 7o) = / dny dng |

_|_

2w 2m (1 +m2) —i(po+10) | M — ipo Ne — i

Spectral functions:

p1 = 2Re (Tfj):; F@;R> Degenerate for a identical fields

o= 28e (14 + 1)

> p1(n1,m2)

202(7727771)

Spectral representation

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg)

Cold Quantum Coffee (Heidelberg 2017)



60 Spectral representation

[Analytic continuations ]

Consider Constrained by Z ;=10

F(n)(p17p27 R 7pn)

Analytically continue with p; — —i(wi + iei)

Evans, Nucl.Phys. B374 (1992)
Hou, Wang, Heinz, J.Phys. G24 (1998)
Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



60

[Analytic continuations ]

Consider

F(n)(plap27 R 7pn)

Analytically continue with p; — —i(w; + ig;)

Two-point function

e1/e gq/€
FS}X +1 —1 | Retarded
Ffff){ —1 +1 | Advanced
|dentities:
2) _ @ _ (@)
Fgw)é_() and Faﬂ = (F&B

Evans, Nucl.Phys. B374 (1992)
Hou, Wang, Heinz, J.Phys. G24 (1998)
Pawlowski, NW, work in progress

Spectral representation

Constrained by Z g;i =20

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



60 , Spectral representation

Three-point function

[Analytic continuations ]

e1/e | e2/e | e3/e
Consider FSAA - - -
onside Constrained by Z&; =0 r, | -1 +2 ~1
T (p1,p2,- -, pn) 2)
L' AAR —1 —1 +2
Analytically continue with p; — —i(w; + ig;) re . 9 4 11
| | re | +1 —2 +1
Two-point function (2)
I'kraA +1 +1 —2
e1/e €2/
5 |dentities:
I'rA +1 —1 Retarded 3) 3) «
(2) o Ad d F(S) = O and F — F_ o
T 1 +1 vance aoo afy «
@) B
|dentities:
*
(2) _ 2) _ (p(©2)
") =0 and Faﬂ F&B

Evans, Nucl.Phys. B374 (1992)
Hou, Wang, Heinz, J.Phys. G24 (1998)
Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



60 , Spectral representation

Three-point function

[Analytic continuations ]

e1/e go/€ e3/e
" FggA +2 —1 —1
Consider Constrained by Z&; =0 ri, ~1 +2 -1
L) (p1,pa, ..., pn) (2)
rAe | —1 ~1 +2
Analytically continue with p; — —i(w; + ig;) re . 9 4 11
| | i | +1 | —2 | +1
Two-point function 2)
I'rra +1 +1 —2
e1/e gq/€
= |dentities:
I'rA +1 —1 Retarded 3) 3) «
3) _
r@ [ _1 | 41 | Advanced Pita =0 and Tg, = (F@Bﬁ>
Identities: There are 2™ — 2 n-point functions
*
©_0 ae T = (1@
Faa =0 an Faﬁ Fdﬁ of which 2"~1 _ 1 are independent

Evans, Nucl.Phys. B374 (1992)
Hou, Wang, Heinz, J.Phys. G24 (1998) Number of different analytic continuations unknown for general n

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



61 , Spectral representation

[Analytic continuations ] Consider Constrained by » &; =0
'™ (p1,p2, ..., pn)

. . Analytically continue with p; — —i(wz‘ + ié‘z')
Four-point function

Signs of individual €’s does not fix signs of all possible sums

More analytic continuations (32) than retarded/advanced basis functions (16)

Evans, Nucl.Phys. B374 (1992)
Aurenche, Becherrawy, Nucl.Phys. B379 (1992)
Hou, Wang, Heinz, J.Phys. G24 (1998)

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



61 , Spectral representation

[Analytic continuations ] Consider Constrained by » &; =0
I (p1,p2,...,0n)

. . Analytically continue with p; — _i(wi + ié“z')
Four-point function

Signs of individual €’s does not fix signs of all possible sums

More analytic continuations (32) than retarded/advanced basis functions (16)

The 8 simple retarded/advanced functions F%&AA — Obtained from a single analytic continuation
The other 6 retarded/advanced functions I‘%){AA e Superposition of four analytic continuations

Four possibilities for the signs of

€1+ €4
1> 0,62 >0 — — I’%){AA is the direct linear superposition

Evans, Nucl.Phys. B374 (1992) 63 < O, 64 < O 82 _I_ 83
Aurenche, Becherrawy, Nucl.Phys. B379 (1992)
Hou, Wang, Heinz, J.Phys. G24 (1998)

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



62 Spectral representation

[Application to scalar field ] 15t iteration for a scalar field

Euclidean three point function

ng)cl(p()? TO?ﬁ: O? 77: O)

o .
-

preliminary

pO

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



63 Spectral representation

[Application to scalar field ] 1st iteration for a scalar field

preliminary

Real part of analytic continued three-point function

e

A \‘ill_!!l_,l!llliillll“

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



64 Spectral representation

[Application to scalar field ] 15t iteration for a scalar field

Imaginary part of analytic continued three-point function

ol —

(3) ) =10.7= all \w 1 gy
b mxs,\.\ks.\k!kk&kk@‘&u I
P(ABAR@JMC‘}?M@): 0, r= O) - |

3 5 5
F&AA(wla W2, P 07 r

|

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



65 Spectral representation

[Application to scalar field ] 1st iteration for a scalar field

Three-point
spectral density

P1 (w1, w2)

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)



66 Spectral representation

[Application to scalar field ] 15t iteration for a scalar field

Reconstruction two-point function Euclidean Dressing

Spectral function

| o™ 0
’(.’a.\(\ed X X\ M Zpole
T Qv Y W Z(p) from peso(w)
=t — _ » W Z(p) from pe—o(w)

oe,
'Sy,
o.“"
ot
"OQQC"".."‘
" R 5 " T

e o0.7)
G — dn
= 3 e L

jEpoles

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg) Cold Quantum Coffee (Heidelberg 2017)
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[Application to scalar field ]

Spectral representation

1st iteration for a scalar field

Reconstruction three-point function

Spectral function

o™
O‘oxa’\“ed =

Euclidean Dressing

™ (po.po)
T (po,2p0)
™ (po,~po)

preliminary

F(3) (pOaTO) — /

\.\.\—‘&H“‘%‘_‘_.__. pO
[

dny dn —1 p1 (1, m2) N p2(m1,12)
2r 2 (m +1m2) —i(po+70) | M — ipo N2 — 110

Pawlowski, NW, work in progress

Nicolas Wink (ITP Heidelberg)

Cold Quantum Coffee (Heidelberg 2017)



