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Phase transition Quark-Gluon Plasma (QGP) T>T. vs. Confining phase T<T_
Recreate the QGP in the laboratory: RHIC/LHC

Charmonium: Hadronic thermometer predicted to melt at 1.2T. Matsui, satz 1986
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Current status

T> 2T-.pQGP

T=2T,

@ T=0 NRQCD & pNRQCD Reviewed in Brambilla et al. 2005
» = Expansion in 1/m, (Minkowski time):

Vin—oo (R) = lim %log <Tr (Pgexp [% JD dqu“(x)] )>

T<T.Hadronic phase t— 00

Alexander Rothkopf 13. Februar 2011 7



Current status

T> 2T-.pQGP

T=2T,

Potential Models et i, deis
® » = Ad-hoc choice: Free Energies

O or Internal energies
= No Schrodinger equation
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Entropy contributions
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Current status

Resummed perturbation theory: applies at very high T

Hard Thermal Loop Laine et. al. 2007
. = Real-time formulation based on the forward correlator

Quarkonia is transient: V(R) = Vps(R) +1VLp (R)
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Current status

Hard Thermal Loop Laine et. al. 2007
= Real-time formulation based on the forward correlator
» =, Resummed perturbation theory: applies at very high T

Quarkonia is transient: V(R) = Vps(R) +1VLp (R)
T> 2T.pQGP

T=2T = Singlet to octet breakup also contributes: from pNRQCD & HTL
—<lc

Brambilla, Ghiglieri, Vairo, Petreczky 2008

Potential Models Nadkarni, 1986 Spectra from LQCD  Asakawa, Hatsuda, Nakahara 2001

® « Ad-hoc choice: Free Energies = Obtained from non-perturbative Lattice QCD
O B » or Internal energies using Bayesian inference
— = No Schrédinger equation ] IV.Ia.ximum Entropy Me_thod: numerically
T=T.sQGP difficult but well established
T=T. = Questions: Gauge dependence

= Identification of bound state by eye only
Entropy contributions

@ T=0 NRQCD & pNRQCD Reviewed in Brambilla et al. 2005
» = Expansion in 1/m, (Minkowski time):
Ve 13) = i s Tr (Prex [QJ dx, AM(x)) )
T<T. Hadronic phase m=ee  tooo t & Dexp o |y "
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Goal of this study

Non-relativistic description of heavy QQ at any T>0 from first principles QCD
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Goal of this study

Non-relativistic description of heavy QQ at any T>0 from first principles QCD

Use separation of scales:

AqQcp p

> <1, > <1, —— <1
TTLQC ch TTLQC
Select appropriate degrees of freedom:
Relat.ivistic thermal Derivation of the heavy quark potential Quantum

field theory - mechanics

Position &

Dirac fields Pauli fields Momentum

Q(x),Q(x) x(x), x(x) z(t), p(t)
A all A [alla), AR VIR pleR)

V V V
Lattice QCD: Monte Carlo Maximum Entropy Method

Derive a Schrédinger equation with a non-perturbative, spin-independent potential
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Derivation of V(R)

Starting point: QQ in the language of field theory (Minkowski — time)
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Derivation of V(R)

Starting point: QQ in the language of field theory (Minkowski — time)

Meson current J(x) = Q(x)I' Q(x) t A

Test charges: Introduce an external separation R

M = Q(x)T W(x,y)Q(y)

R>0
Q- .._ — o
M*=[Q(R,0)Q(-R,0)] J7(0,0)
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Derivation of V(R)

Starting point: QQ in the language of field theory (Minkowski — time)

Meson current J(x) = Q(x)F Q(x) t AM=Qx+RYAX-RY
..---.‘
Test charges: Introduce an external separation R

Describe the time evolution in a gauge invariant way s
>

D~ (R,t) = (M(R, t)MT(R,0)) g — e

M'=[Q(R,0)Q(-R,0)] " 1%(0,0)
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Derivation of V(R)

Starting point: QQ in the language of field theory (Minkowski — time)

Meson current J(x) = Q(x)I Q(x) t Am=q(x+R,)A(x-RY)
.----‘

Test charges: Introduce an external separation R

Describe the time evolution in a gauge invariant way
R>0

D= MRIMRO) | i ™ 0

Another choice: do not insert W(x,y) and fix a gauge
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Derivation of V(R)

Starting point: QQ in the language of field theory (Minkowski — time)

Meson current J(x) = Q(x)F Q(x) t AM=Qx+RYAX-RY Joxt)
Q9 .’
Test charges: Introduce an external separation R R—0

Describe the time evolution in a gauge invariant way
R>0

D= MRIMEO) | i ™ g

Another choice: do not insert W(x,y) and fix a gauge

Only naturally gauge invariant quantity: current - current correlator

[iat+H(R,p)]D>(R,t)—o = II{ig})D>‘(R,t)=<I(t)IJf[0)>
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Derivation of V(R)

Starting point: QQ in the language of field theory (Minkowski — time)

Meson current J(x) = Q(x)F Q(x) t AM=Qx+RYAX-RY Joxt)
Q9 .’
Test charges: Introduce an external separation R R—0

Describe the time evolution in a gauge invariant way

R>0
D”(R,t) = (M(R,t)M'(R,0)) o e e

M*=[Q(R,0)Q(-R,0)] " 1%(0,0)
Another choice: do not insert W(x,y) and fix a gauge
Only naturally gauge invariant quantity: current - current correlator

[+ HRp)|D R =0 > limD”(R1) = (J(1)](0))
Use separation of scales to simplify the expression for D>(R,t)
D”(R,t) = <T“D[Q,Q] wwi Q(y")Q(y)Q(x)Q(x") eiSQQ[Q*Q’“D
q,d,A
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,§)

SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,§)
SaalA]l = Q(x) (in/“D“(x;A) — mc)Q(X)

Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

SET(SV[A]ZQ(X)[(;; O.)Do—mc+1—D-2+ J (0(-; O)Bi]Q(x)

—1 2mc ' 2mc? o;
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Integrating out E=mc?
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FTW Transformation leaves the path integral unchanged at this order
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,§)
SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)

Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

_ . ‘l . .
saizm-a[(§ 4 )ouomer ootz (3 8 )

FTW Transformation leaves the path integral unchanged at this order

No coupling between upper x and lower £ components of Q. No creation/annihilation possible
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,§)
SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)

Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

- i 1 . )
SETW[A] :Q(x)[( co )Do—mc+mD$+ =2 ( o (Si )B‘}Q(x)

FTW Transformation leaves the path integral unchanged at this order

No coupling between upper x and lower £ components of Q. No creation/annihilation possible
Integrate out (x,€) explicitly: Replace by guantum mechanical Green's functions S

>q,q,/\

Dm0 = <T“ DIQ, QI TF WW' Q(y")Q(y)Q(x)Q(x) 1S @A
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,€)
SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)
Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

- 1 1 . .
SET(SV[A] :Q(x)[( S i)i )Do—mc%—me-l— 2]5(:2 ( c(r; 0?1 )B‘}Q(x)

FTW Transformation leaves the path integral unchanged at this order
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,€)
SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)
Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

SET(SV[A]ZQ(X)[(;; O.)Do—mc+1—D-2+ . ((g O)Bi}Q(x)

—1 2mc ' 2mc? o

FTW Transformation leaves the path integral unchanged at this order

No coupling between upper x and lower £ components of Q. No creation/annihilation possible
Integrate out (x,&) explicitly: Replace by quantum mechanical Green's functions S =|__|*

>q,q,/\

Dm0 = <T“ DIQ, QI TF WW' Q(y")Q(y)Q(x)Q(x) 1S @A

Dy m. = (T|Wixy) GSly,y) GWIx,y) s (xx) )

q,q,A
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,€)
SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)
Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

SET(SV[A]ZQ(X)[(;; O.)Do—mc+1—D-2+ . ((g O)Bi}Q(x)

—1 2mc ' 2mec? o

FTW Transformation leaves the path integral unchanged at this order

No coupling between upper x and lower £ components of Q. No creation/annihilation possible

Integrate out (x,&) explicitly: Replace by quantum mechanical Green's functions S =|__|*

>q,q,/\
D>

_ /7w GS NGWHx v/ st ! FLS Temperature
q.m. |: (X)Y) (Y)y ) (X Y ) (X,X ) >q,q,A dependence

Dm0 = <T“ DIQ, QI TF WW' Q(y")Q(y)Q(x)Q(x) 1S @A
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,€)
SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)
Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

_ . ‘I o q
- {(§ &) pomer ot gt (5 sl

FTW Transformation leaves the path integral unchanged at this order

No coupling between upper x and lower £ components of Q. No creation/annihilation possible

Integrate out (x,&) explicitly: Replace by quantum mechanical Green's functions S =|__|*

>q,q,/\
2x2 sub matrix

= {T|W ) @S ) l @WT I) I ST ) / Temperature
q.m. |: (X y) (y y) (X y ) (X X ) >q,q,A dependence

Dm0 = <T“ DIQ, QI TF WW' Q(y")Q(y)Q(x)Q(x) 1S @A
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Integrating out E=mc?

Replace the degrees of freedom for the heavy fermions Q -> Q = (x,€)
SQqlAl = Q) (1v*Dy(x;A) — me ) Q(x)
Foldy-Tani-Wouthuysen transformation: an expansion in the inverse rest energy 1/mgc?

- 1 1 . .
SET(SV[A] :Q(x)[( S i)i )Do—mc%—me-l— 2]5(:2 ( c(r; 0?1 )B‘}Q(x)

FTW Transformation leaves the path integral unchanged at this order

No coupling between upper x and lower £ components of Q. No creation/annihilation possible

Integrate out (x,§) explicitly: Replace by quantum mechanical Green's functions S =|__ |
»
2x2 sub matrix
Dq>_m_ ZT [W(x,y)@S(y’y/) @WT(X/’)’/) ST(X,x’) 'I(;lemperature
ependence

vV

g.m. heavy quark Green's functions (2x2)

Dm0 = <T“ DIQ, QI TF WW' Q(y")Q(y)Q(x)Q(x) 1S @A
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Q.M. Path Integrals

Determine the heavy quark Green's function S beyond the static limit: Barchielii et. al. 1988
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Q.M. Path Integrals

Determine the heavy quark Green's function S beyond the static limit: Barchielii et. al. 1988

10¢S(x,x") = [ﬁ ( —1iV — %A[x))z +gA°(x) — %GiBi(X)}S(X,X’) & SO, xX)_p =8 (x—X)
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Q.M. Path Integrals

Determine the heavy quark Green's function S beyond the static limit: Barchielii et. al. 1988

1 2 -
10¢S(x,x") = [R ( —1iV — %A(x)) +gA°(x) — %GiB‘(x]} S(x,x") & SO, xX)_p =8 (x—X)
x t’
S(x,x') = J Dlz, plTexp [LJ dt(p(t)Z(t) — H(z(t),p(t)) ]
X t
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Q.M. Path Integrals

Determine the heavy quark Green's function S beyond the static limit:

10¢S(x,x") = [

1

2m

( — iV — gA(x))z +gA°(x) — ==0iB(x)
c me

g

S(x,x') = JXI Dlz, p]T exp [i J':, dt(p(t)i(t) —

Barchielli et. al. 1988

]S(x,x’) & SO, xX)_p =8 (x—X)

(2(t), 1))
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Q.M. Path Integrals

Determine the heavy quark Green's function S beyond the static limit: Barchielii et. al. 1988

10¢S(x,x") = [ﬁ(— iV — %A(x))z + gA°(x) — %GiBi(X)]S(X.,X’) & SO, xX)_p =8 (x—X)

S(x,x') = J Dz, plTexp [i Lt dt(p(t)z(t) _ A(z(t),t))z — gA%(z(t),1) + EoT-,lssi(z(t),t))]

2m

The full forward propagator D is the product of two S factors:

/

Dq>_m_ = exp[—Zimczt] JD[zl,pl] J’D[zz,pz]exp [th ds Z (pi(s]zi(s) — @)] X

t - 2m
<lTr
N

1

Pcexp [% fﬁc dx”Au(x)]] >
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Q.M. Path Integrals

Determine the heavy quark Green's function

S beyond the static limit:

1

2m

g

10:S(x,x) = [ (— v — %A(x))z + gA”

(x) — —=0:B'(x]|

S(x,x") &

Barchielli et. al. 1988

SO, x|y = 8% (x —x)

n X . v . 1 a 2 0 g )
S(x,x") = L Dlz, plTexp [lL dt(P(t)z(t) — R(P(t) — EA(z(t)’t)) —gA°(z(t),t) + —oiB (z(t),t))]
The full forward propagator D” is the product of two S factors: time
4
v 2 x'® oy
Dq>m = eXP[_ZimCZt] JD[Zl,pl] JD[Zz,pz]exp [1J ds Z (Pi(s]ii(S] o ple(:))] %
. t X z4(s) 2(s)
ootz z
) x® oy
"
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Q.M. Path Integrals

Determine the heavy quark Green's function S beyond the static limit: Barchielii et. al. 1988

10,S(x,x') = []—(—W—9A(x))2+gA°(x)—ic-Bi(x)]5(x ) a S Xy =83 (x—X)
’ 2m c me ’ Tt
x’ t’ -I g 2 g ]
N . . L 9 . 0 2 . pi
S(x,x') = J Dlz, plTexp Ht at(p(t)2(t) — o (p(t) = 2A(z(t), 1)) — 9A°(2(¢),t) + ——0iB!(z(t), 1))
The full forward propagator D is the product of two S factors: time
L 3
t’ 2 X@ oYy
Dq>_m_ = exp[—Zimczt] JD[zl,pl] J’D[zz,pz]exp [iL ds Z (pi(s]zi(s) — pz‘—T(]:))] X
1 - \ 4l 2,(s)
_ 9 n 2
<NTr Pcexp[ . i#c dx Au(x)]] >
v x @ oy
This is not just the rectangular Wilson loop: fluctuating paths x,y:,z

Alexander Rothkopf 13. Februar 2011 46



Q.M. Path Integrals

Determine the heavy quark Green's function S beyond the static limit: Barchielii et. al. 1988

10¢S(x,x") = [

1

2m

g

(— iV — gA(x))z + gA°(x) — —O'iBi(X)] S(x,x")
c me

I

S(x,x') = J: Dlz, p]T exp [i J':, dt(p(t)i(t) —

\

& SO, xX)_p =8 (x—X)

1
2m

(p(t) -

9
c

Alz(t),1)) — 0A%(z(t), ) + - 0iBH(z(t), 1))

g

The full forward propagator D is the product of two S factors:

time
L 3
t/ 2 X@® oy
- ) 2 ; . Pi (S)
Dy m. = exp[—2imc~t] JD[zl,pl] J”D[zz,pz]exp [1L ds Z (pi(s]zi(s) — W)] X
\ S TS
1 ig " 2
<ﬁTr Pcexp [? i#c dx Au(x)]] >
v x @ 0y
This is not just the rectangular Wilson loop: fluctuating paths x,y:,z
To read off the Hamiltonian for the two-body system we need to rewrite:
tl
(Tr[expr] ) =exp [1J ds U(zq(s),z2(s), pr (s),pz[s),s)}
t
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead

tf

ds U(z(s),p(s),s)]] = exp [ir’ ds(u(z,s)p_0+w;(z,s)| B pi(s) +)]

t

W(z(t),t) = exp H

t
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead

tf

ds U(z(s),p(s),s)]] = exp [ir’ ds u(z,s)lpzo + Wl (z, s)| pi(s) +)]

W(z(t),1) = exp H t 0 e

t

Alexander Rothkopf 13. Februar 2011 50



The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s),s)]] = exp [ir’ ds

i Pals)
s ((ulzs)pao fr whiz ), o o )]
t
A X. R . y
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
= N
3 .
N —
x© oy
XY,2

Alexander Rothkopf 13. Februar 2011

51



The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p(s),s)]] = exp [ir’ ds

i PL(S)
t u(z,8)|,_o - Wr(z,8)] _, — )]
t
| X® R oy
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential N B:j
x® oy
XY,2

Alexander Rothkopf 13. Februar 2011

52



The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p(s),s)]] = exp [ir’ ds

i PL(S)
u(z,8)],_o - Wi (z,s)]
t

P=0 mc
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop

In this study: time dependence of u(R,s) key to define potential

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe "' po(R, w)

—0o0
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [ir, ds

i PL(S)
u(z,8)],_o - Wi (z,s)]
t

P=0 mc
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop

In this study: time dependence of u(R,s) key to define potential

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe "' po(R, w)

—0o0

X® QY
—
= N
— 8
§ N
N —t
—
X O Qy

w(RA) = i0:Wga(R, 1) 1

d —iwt R
Wo (R, 1) WD(R,t)J we™™ w po(R, @)
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [ir, ds

i PL(S)
u(z,8)],_o - Wi (z,s)]
t

P=0 mc
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop

In this study: time dependence of u(R,s) key to define potential

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe "' po(R, w)

—0o0

X® QY
—
= N
— 8
§ N
N —t
—
X O Qy

CdwWp(Rt) 1 ot
u(R,t) = WolR1 ~ WoRD dee w p(R, w)
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [ir, ds

i PL(S)
u(z,8)],_o - Wi (z,s)]
t

P=0 mc
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop

In this study: time dependence of u(R,s) key to define potential

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe "' po(R, w)

—0o0

CdwWp(Rt) 1 ot
u(R,t) = WolR1 ~ WoRD dee w|lpr (R, w)
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lp:c, + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp—>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential N B:j
. . o - X0 oy

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) "
—0 X,Y,2

%ellde\ged peaks
i R 1

—i > V(R t) J i
Wa(R,t) Wga(R, 1) J € Po(R, w) Wa(R, ) we po(R, w)
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lp:c, + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential (¥ é
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) "
—00 X,Y,Z
%ellde\ged peaks
104W (R, t) 1 J i 2 V(R,t) i
u(R,t :@ = dwe 'Y w R, w :—’JW
RY= "okt~ WalR 0 Po(R, @) = et :
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [ir, ds

i PL(S)
u(z,8)],_o - Wi (z,s)]
t

P=0 mc
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop

In this study: time dependence of u(R,s) key to define potential

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe "' po(R, w)

—0o0

1 :
Rit) = ——— | dwe ™" R
u(R,t) WD(R,t)J we w po(R, w)
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [ir, ds

i PL(S)
t u(z,8)l,_o + Wy (z, s)|p=0 — )]
t
[ xe R oy
Forp—>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential N B:j
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) "
—0 X,Y,2

1 :
Rit) = ——— | dwe ™" R
u(R,t) WD(R,t)J we w po(R, w)

Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian )
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [ir, ds

i PL(S)
u(z,8)],_o - Wi (z,s)]
t

P=0 mc
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop

In this study: time dependence of u(R,s) key to define potential

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe "' po(R, w)

—0o0

X® QY
—
= N
— 8
§ N
N —t
—
X O Qy

X,Y,Z
u(R,t) = ;J'dwe_m”c w pg(R, w)
) - )
Wro(R,t)
Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian ) =N
et
>
w
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [ir, ds

i PL(S)
u(z,8)],_o - Wi (z,s)]
t

P=0 mc
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop

In this study: time dependence of u(R,s) key to define potential

Use spectral function of the Wilson Loop: Wg(R,t) = J dwe "' po(R, w)

—0o0

X® QY
—
= N
— 8
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N —t
—
X O Qy

X,Y,Z
u(R,t) = ;J'dwe_m”c w pg(R, w)
) - )
Wro(R,t)
Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian ) =N
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lp:c, + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential (¥ é
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) "
—00 X,Y,Z
u(R,t) = ;J'dwe_m”c w pg(R, w)
) - )
Wro(R,t)
Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian ) Sa ‘1’ Wo
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>
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lp:c, + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential (¥ é
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) "
—00 X,Y,Z
u(R,t) = ;J'dwe_m”c w pg(R, w)
) - )
Wro(R,t)
Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian ) Sa ‘1’ Wo
a
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>
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lpzo + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential (¥ é
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) .
—00 X,Y,Z
u(R,t) = ;J'dwe_m”c w pg(R, w)
’ Wro(R,t) ’
Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian ) Sa ‘1’ Wo
a
upw(R) = wo(R) + il (R) r,
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lpzo + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential N B:j
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) .
—00 lelz
u(R,t) = ;J'dwe_m”c w pg(R, w)
’ Wro(R,t) ’
Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian ) Sa ‘1’ Wo
a
ugw(R) = wo(R) +ilH(R) Constant in t -
0
>
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lpzo + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp—>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential N B:j
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) .
—0 X,Y,2

1 :
Rit) = ——— | dwe ™" R
u(R,t) WD(R,t)J we w po(R, w)

Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian )

ugw(R) = wo(R) +|ilo(R)

Constantin t

ug(R,t) = wo(R) +ilZ(R)t
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The Proper Static Potential

Systematic expansion of the potential in p/mc: Barchielli (1988) uses v/c instead
tf

W(z(t),t) = exp [iL ds U(z(s),p[s],s)]] = exp [iﬂf ds u(z,s)lpzo + Wl (z, s)| Pu(s) - )]

P=0 mc
t
| x'® R L
Forp=>0: W(z(t),t) = W(R,t) Real-time thermal rectangular Wilson loop
In this study: time dependence of u(R,s) key to define potential (¥ é
. . o - X0 oy
Use spectral function of the Wilson Loop: Wg(R,t) = J dwe ' po(R, w) .
—00 X,Y,Z
u(R,t) = ;J'dwe_m”c w pg(R, w)
’ Wro(R,t) ’
Intuitive: Two analytically solvable cases ( Breit-Wigner & Gaussian ) Sa ‘1’ Wo
a
ugw(R) = wo(R) +ilH(R) Constant in t -
0
c 2 Linear time
uG(R’ t) - wO(R) T lro (R) t dependence >w
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(_)
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(L)

Going to next order in p:

tf

W(z(t),t) = exp [‘LJ

t

ds U(z(s),p(s), s]]] = exp [1J

t
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(L)

Going to next order in p:

tf

W(z(t),t) = exp [‘LJ

t

ds U(z(s),p(s), s]]] = exp [1J
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(_)

Going to next order in p:

t t

W(z(t),t) —BXD[‘LJ ds(u(z,s)lp_0+wi‘1(z,s)| N MJr)]

t

ds U(z(s),p(s), s]]] = exp [1J

t

Position z(t) and momentum p(t) are independent in Hamiltonian formalism
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(L)

Going to next order in p:

t t

ds(u(z,s)lp_0+wi1(z,s)| MJr)]

W(z(t),t) = exp [‘LJ p=0 e

t

ds U(z(s),p(s), s]]] = exp [1J

t

Position z(t) and momentum p(t) are independent in Hamiltonian formalism

Dq>_m_ = exp[—Zimczt] JD[Zl,pﬂ J’D[zz,pz]exp [iJ':’ ds Z (pi(s)zi(s) — @)} X

2m
<111—Tr Pcexp [% 3@6 dxw-\u(x)]] >

A
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(_)

Going to next order in p:

t t

W(z(t),t) —BXD[‘LJ ds(u(z,s)lp_0+wi‘1(z,s)| N MJr)]

t

ds U(z(s),p(s), s]]] = exp [1J

t

Position z(t) and momentum p(t) are independent in Hamiltonian formalism

Pcexp [% 3Ec dx”Au(x)}] >

s | <lTr
dp(t) \ N

A
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(L)

Going to next order in p:

t t

ds(u(z,s)lp_0+wi1(z,s)| MJr)]

W(z(t),t) = exp [‘LJ p=0 e

t

ds U(z(s),p(s), s]]] = exp [1J

t

Position z(t) and momentum p(t) are independent in Hamiltonian formalism

Dy = exp[—2imc?t] JD[Zl,pl] JD[ZZ,]?Z]BXP [iJ':’ ds Z (pi(s)zi(s) — ﬁ)]

2m
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(L)

Going to next order in p:

t t

ds(u(z,s)lp_0+wi1(z,s)| MJr)]

W(z(t),t) = exp [‘LJ p=0 e

t

ds U(z(s),p(s), s]]] = exp [1J

t

Position z(t) and momentum p(t) are independent in Hamiltonian formalism

Dy = exp[—2imc?t] JD[Zl,pl] JD[ZZ,]?Z]BXP [iJ':’ ds Z (pi(s)zi(s) — @)]
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Towards finite momentum

Still a static Schrodinger equation:
0,D” (R, 1) = [2mc2 + ReVO) (R, t) +11mv[°](R,t)}D>(t,R) At @(L)

Going to next order in p:

t t

ds(u(z,s)lp_0+wi1(z,s)| MJr)]

W(z(t),t) = exp [‘LJ p=0 e

t

ds U(z(s),p(s), s]]] = exp [1J

t

Position z(t) and momentum p(t) are independent in Hamiltonian formalism

Dy . = exp[—2imc?t] JD[Z1,P1] JD[ZZ,PZ]BXP [iJ':, ds ; (pi(s]zi(s) - %)]

] time
4 )
The final result at 0(—) ) oy
m
z,(t)
2 P% P% 0 0 1 2,(t)
i0,D” (R, t) = [ch + P P2 RevIO(R ¢) +AImV(O (R, t) | D> (¢, R) o(L)
2m  2m m
X0 @y
x,y;,z

A dynamical Schrodinger equation for the proper complex heavy quark potential
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:  Analytic continuation

Wo(R, 1) J dwe (R, w)

—0o0
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:  Analytic continuation
= —iwt t=-it o0
WoRY) = | dwepoRw) WalRr) = | dwe " po(R w)
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:  Analytic continuation

oo - t=-it o0
Wno(R,t) = J_oo dwe " pp(R, w) Wg(R,1)|= J dwe “"po(R, w)
V - £
0(10) + noise 0(1000)
LO%[W a(d] p ()
®

é
‘
TP

BH -

—

v
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:

WalR, 1) = J dwe @ p(R, w)
—00 <4

t=-it

Cannot use simple ¥? fitting: ill defined

N

0(10) + noise
m%WDM]

0
®

Wo (R, T)|=

‘
TP

B

b T

—

Analytic continuation

po(R, w)

N4

0(1000)

q@)

A

v
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:

WalR, 1) = J dwe @ p(R, w)
—00 <4

t=-it

Cannot use simple ¥? fitting: ill defined

Since p is spectral function: positive definite

N

0(10) + noise
m%WDM]

0
®

Wo (R, T)|=

‘
TP

B

b T

—

Analytic continuation

po(R, w)

N4

0(1000)

q@)

A

v
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:

WalR, 1) = J dwe @ p(R, w)
—00 <4

t=-it

Cannot use simple ¥? fitting: ill defined

Since p is spectral function: positive definite

Bayes Theorem can help (Maximum Entropy Method)

P[Dl|ph| P[p/hl
P[D|h]

Plp/Dh] =

N

0(10) + noise

Log[W 4(7)]

1

\

0
®

Wo (R, T)|=

‘
TP

B

b T

—

Analytic continuation

po(R, w)

N4

0(1000)

p_(w)

A

v
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:

Wao(R, ) =J

o0

—0o0

dwe

t=-it

—

—iwt

Po(R, w)

Cannot use simple ¥? fitting: ill defined

Since p is spectral function: positive definite

Bayes Theorem can help (Maximum Entropy Method)

Plp/Dh] =

P[D|ph]

Plplh]

P[DIh]

ij

xExp[ — 3 Y (D) = Dylw0)) 5 (D() ~ Dyl

Likelihood: the usual ¥? fitting term

N

0(10) + noise

Log[W 4(7)]

1

\

0
®

Wo (R, T)|=

‘
TP

B

b T

—

Analytic continuation

po(R, w)

N4

0(1000)

p_(w)

A

v
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:  Analytic continuation

o] ) t=-i 00
Wn(R,t) = J'_oo dwe " po(R, w) B Wo(R, 1) :J dwe “Tpg(R, w)
0(10) + noise 0(1000)
. P .
Cannot use simple x? fitting: ill defined Lo%[WD(t)] ()
Since p is spectral function: positive definite 8 1
Bayes Theorem can help (Maximum Entropy Method) § § §§ §§ B
P[D|phl|P[p|h] §
P — b T .
[p/Dh] PN 3 .
1 i > plw)
x Exp| - 3 Z} (D) = Dy(w)) 5! (D15 — Dol)) | | o Exp [ocLo {p(w) — h(w) — p(w)Log(m)}dw]
Likelihood: the usual ¥2 fitting term Prior probability: Shannon-Janes entropy
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Spectral functions & LQCD

We have connected the spectral function p of the rectangular real-time Wilson loop W to V(R)

Cannot measure p or Wg(R,t) directly in Lattice QCD:  Analytic continuation

Wo(R,t) = J_oo dwe " po(R, w) - Wo(R,1)|= ro dwe “"lpo(R, w)
0(10) + noise 0(1000)
. P .
Cannot use simple x? fitting: ill defined Lo%[WD(t)] ()
Since p is spectral function: positive definite 8 1
Bayes Theorem can help (Maximum Entropy Method) § § §§ §§ B
P[D|phl|P[p|h] i
— PT >
P[p|DhJ DI > >
.l (o.¢]
o F_xp[— 5 12] (D(Ti) — Dp(Ti))Ci_j] (D(Tj] = Dp[Tj]) o Exp [“J—m {P(w) —h(w) — P(w)LOg(%) }dw}
Likelihood: the usual x2 fitting term Prior probability: Shannon-Janes entropy
o
—_  —P[p|Dh] = 0
op
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Exploring the potential

Using Lattice QCD and the MEM, we can obtain the spectral function at any temperature
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Exploring the potential

Using Lattice QCD and the MEM, we can obtain the spectral function at any temperature

N

7
) T= C

te [0,B]

T<T,

X,Y,Z
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Exploring the

Using Lattice QCD and the MEM, we can obtain the spectral function at any temperature

potential

T<T,

te [0,B]

X,Y,Z
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Exploring the potential

Using Lattice QCD and the MEM, we can obtain the spectral function at any temperature

T=T,

te [0,B]
D
T
) ”]‘
e

T<T,

X,Y,Z

1IN /\
~ // \

/ VO (R)
: / \\ Re[VIO](R)
R
Im{VO](R)

13. Februar 2011
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Numerical Results: T=0.78T

Quenched QCD Simulations

= Anisotropic Wilson Plaquette Action
= NX=20 NT=36 P=6.1 §,=3.2108

= BoxSize: 2fm Lattice Spacing: 0.1fm
= HB:OR 1:4 with 200 sweeps/readout
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Numerical Results: T=0.78T

= Anisotropic Wilson Plaquette Action = Singular Value Decomposition

= NX=20 NT=36 P=6.1 §,=3.2108 = N,=1500

= BoxSize: 2fm Lattice Spacing: 0.1fm =  Prior: my/w, varied over 4 orders
= HB:OR 1:4 with 200 sweeps/readout = 384bit precision
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Numerical Results: T=0.78T

= Anisotropic Wilson Plaquette Action = Singular Value Decomposition

= NX=20 NT=36 P=6.1 §,=3.2108 = N,=1500

= BoxSize: 2fm Lattice Spacing: 0.1fm = Prior: my/w, varied over 4 orders
= HB:OR 1:4 with 200 sweeps/readout = 384bit precision

Wilson Loop data (a,=0.0971)

1

10 Rlag=1 + R/az=4 o R/az=/ e R/as=10
o | Rag=2 = R/aj=hH = R/ag 8 a0 Rlag=11 v
10" fzRlas=3 = R/as=6 o R/a =9 4. Rlag=12
N

107 F NN

— Li:%;~.“,"==-

o -2 Ny S

v 10 N

D X

— -3

= 10
10
10°
10°®

0O 01 02 03 04 05 0.6 0.7 0.8
T [fm]
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Numerical Results: T=0.78T

Quenched QCD Simulations Maximum Entropy Method

= Anisotropic Wilson Plaquette Action = Singular Value Decomposition

= NX=20 NT=36 P=6.1 §,=3.2108 = N,=1500

= BoxSize: 2fm Lattice Spacing: 0.1fm =  Prior: my/w, varied over 4 orders
= HB:OR 1:4 with 200 sweeps/readout = 384bit precision

Wilson Loop data (a,=0.0971)

1 .
10 A=l T R4 5 BT+ Ra-i0 - Note that the Wilson
a_=2 a.=o a =0 & a = Ly . .
100 FoR/a%=3 = R/A@J=B o R/AI=9 =+ RAI=12 - Loop is non-symmetric
PR i since heavy quarks are
10 N K k .
— e not thermalized
o -2 e S =
5 10 AN
3
I -3
= 10
10 e
10° %
A4
10 —

0O 01 02 03 04 05 06 07 08
T [fm]
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Numerical Results: T=0.78T

R=0.1fm R=0.2fm
12 . : . . 3 = .
& m0_1x10 . m0_1x10 .
10 E my= =5x10" x 25} my= =5x10" x
m2_1x103 - m2_1x103 -
8 | Mg= 5x10 o ot ¥ Mg= 5x10 o
5 7 m4_1x10 . 5 . m4_1x10 »
=5 6 m5_5x10 ° =5 157} m5_5x10 °
-5 a -5
= me=1x10" « % me=1x10" «
4t m,=5x10° = "Iy m,=5x10° =
2 |8 !
0 %
0 5 10 15 20 25 0 5 10 15 20 25
o[GeV] w[GeV]
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Numerical Results: T=0.78T

R=0.1fm R=0.2fm
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Alexander Rothkopf February 13, 2011 97



Numerical Results: T=0.78T

R=0.1fm R=0.2fm
12 . . 3 . .
& me=1x10% + % me=1x10% +
10 m,=5x10" x 25 | m,=5x10" x
my=1x10 = my=1x102
8| my=5x10" @ o} ® my=5x10"* ©
5 7 m4=1x10:z . 5 . m4=1x10:z .
=5 6 mg=5x10" o =5 157} mg=5x10" o
= mg=1x10"> o = % mg=1x10"> o
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Numerical Results: T=0.78T

R=0.1fm R=0.2fm
12 : : . . 3 = .
& m0_1x10 . m0_1x10 .
10 E my= =5x10" x 25} my= =5x10" x
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8 | Mg= 5x10 o 2t ® Mg= 5x10 o
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Numerical Results: T=0.78T

Assess prior
R=0.1fm dependence R=0.2fm

12

. ; 3 = .
& m0_1x10 . m0_1x10 .
10 -E m1 5X10 X 4 2.5 -! m1 5X10 X
m2_1x103 - m2_1x103 -
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-5 a -5
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4t m,=5x10° = "Iy m,=5x10° =

2 L 05

0 0

0

5 10 15 20 25 0 5 10 15 20 25
L o[GeV] w[GeV]

=
Ul

Lowest peak

dominance for late times >1.0
% T<T.: Only scattering
E05 /-\ with glueballs
%’ ( Im[V] is probably
-3 , . , MEM artifact )
> 10 15 20
t[fm]
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Numerical Results: T=0.78T

R=0.1fm R=0.2fm
12 . . 3 . .
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Numerical Results: T=0.78T

R=0.1fm R=0.2fm
12 , . 3 . .
& me=1x10% + % me=1x10% +
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Numerical Results: T=0.78T

R=0.1fm R=0.2fm

12 T T T T 3 T
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Numerical Results: T=0.78T,

Real part from MEM (a,=0.0971) Spectral width from MEM (a,=0.0971)
35 — ’ . . . . 35 ' .
F)(R) & Io(R) =
L i 3}
3 | RelVa(R)l = | )-0.564+0.011 [GeV] Linear fit: T y(R)=xR
= o5 | V(x)=0.418+0.015 [GeV]
o 25 F 5 5
o} Yy o
z 2 ﬁ 8 B
o Z , =
5 T=0.78T¢ o~ £ 15} T=078T¢
T 15} o oy
v ol 1}
“"‘ wnnl
1 o 0.5 P + ..........................
osb—u ... . N e u A N
6 01 02 03 04 05 06 07 0O 01 02 03 04 05 06 07
R [fm] R [fm]
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Numerical Results: T=0.78T,

Real part from MEM (a,=0.0971) Spectral width from MEM (a,=0.0971)
35 — ’ . . . . 35 ' .
F)(R) & Io(R) =
I ] 3t
3 | RelVa(R)l = | )-0.564+0.011 [GeV] Linear fit: Ty(R)=xR
]
= 25 | V(x)=0.418+0.015 [GeV]
(0] 25 F " . 5
o} Yy o
z 2 ﬁ 8 B
o B " h - :
5 T=0.78T¢ o~ £ 15} T=078T¢
T 15} o™ 2
v ol 1}
*"“ P
o | s | - + .......................... _
osb—u ... . N e u A N
6 01 02 03 04 05 06 07 0O 01 02 03 04 05 06 07
R [fm] R [fm]

The real part coincides with the color singlet
free energies in Coulomb gauge
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Numerical Results: T=0.78T,

Real part from MEM (a,=0.0971) Spectral width from MEM (a,=0.0971)
35 — ’ . . . . 35 ' .
F)(R) & Io(R) =
I ] 3t
3 | RelVa(R)l = | )-0.564+0.011 [GeV] Linear fit: Ty(R)=xR
]
= 25 | V(x)=0.418+0.015 [GeV]
(0] 25 F " . 5
o} Yy o
z 2 ﬁ 8 B
o B " h - :
5 T=0.78T¢ o~ £ 15} T=078T¢
T 15} o™ - 2
v ol 1}
[ o .
1 o 0.5 g + ...........................
osb—u ... . N e u A N
6 01 02 03 04 05 06 07 0O 01 02 03 04 05 06 07
R [fm] R [fm]

The real part coincides with the color singlet
free energies in Coulomb gauge

Spectral width consistent with zero due to large error bars
(Note: MEM induces artificial width)
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Numerical Results: T=1.17T.

= Anisotropic Wilson Plaquette Action = Singular Value Decomposition

= NX=20 NT=24 B=6.1 §,=3.2108 = N,=1500

= BoxSize: 2fm Lattice Spacing: 0.1fm =  Prior: my/w, varied over 4 orders
= HB:OR 1:4 with 200 sweeps/readout = 384bit precision
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Numerical Results: T=1.17T.

Quenched QCD Simulations Maximum Entropy Method

= Anisotropic Wilson Plaquette Action = Singular Value Decomposition

= NX=20 NT=24 B=6.1 §,=3.2108 = N,=1500

= BoxSize: 2fm Lattice Spacing: 0.1fm =  Prior: my/w, varied over 4 orders
= HB:OR 1:4 with 200 sweeps/readout = 384bit precision

Wilson Loop data (a,=0.0971)

10 Ria,=1 = R/a,=4 = R/a,=7 o R/a=10 =
0 Riaxfz e R/axfs il R/ax=8 LA R/axf"l‘l v

10° b R/@=3 = Rlay= 4 Rla,=12 -
107
o
= 102
=

10°®

107

‘IO-5 . . . - .

0 0.1 0.2 0.3 0.4 0.5
T [fm]
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Numerical Results: T=1.17T.

Quenched QCD Simulations Maximum Entropy Method

= Anisotropic Wilson Plaquette Action = Singular Value Decomposition

= NX=20 NT=24 B=6.1 §,=3.2108 = N,=1500

= BoxSize: 2fm Lattice Spacing: 0.1fm =  Prior: my/w, varied over 4 orders
= HB:OR 1:4 with 200 sweeps/readout = 384bit precision

Wilson Loop data (a,=0.0971)

0 M Ra T ~ RE=4 o Ra-7 e Ra=10 -
o| B2 Raes w Ra-8 o ma-l] -
10 Ra—S s R/a, = - Rf'ax—12 O
N Upward trend
107 AN 1 becomes visible
o AN
=5 102
=
107
107
10° : . . —
0 0.1 0.2 0.3 0.4 0.5
T [fm]
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Numerical Results: T=1.17T.

R=0.1fm R=0.2fm
8 > T 2 r
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Numerical Results: T=1.17T.

R=0.1fm
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Numerical Results: T=1.17T.
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Numerical Results: T=1.17T.
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Numerical Results: T=1.17T.
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Numerical Results: T=1.17T.
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Comparison at different T

The simulations around T. show:
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Comparison at different T

The simulations around T. show:
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Numerical Results T=2.33T_

Quenched QCD Simulations

Maximum Entropy Method

= Anisotropic Wilson Plaquette Action = Singular Value Decomposition

= NX=20 NT=12 B=6.1 §,=3.2108 = N,=1500

= BoxSize: 2fm Lattice Spacing: 0.1fm =  Prior: my/w, varied over 4 orders
= HB:OR 1:4 with 200 sweeps/readout = 384bit precision

Wilson Loop data (a,=0.0971)
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Numerical Results T=2.33T_
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Numerical Results T=2.33T_
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Numerical Results T=2.33T_
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Summary & Conclusion

Goal of this study: Contribute to the understanding of heavy Quarkonia in the QGP
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Summary & Conclusion

® Goal of this study: Contribute to the understanding of heavy Quarkonia in the QGP

Derivation of an intuitive and quantitative non-relativistic description

Non-perturbative derivation of an effective in-medium Schrodinger equation

i

1

u(R,t) = dwe "t w pg(R, w)

Wa(R, 1) J
Possibility to check the applicability of the potential picture
Complex Potential is obtained from the spectral function of the real-time Wilson loop
Numerical Setup

— Quenched Lattice QCD at T=0.78T. T=1.17T. T=2.33T.

MEM code with arbitrary precision using SVD

Numerical Results and Discussion

At T<T. real part coincides with color singlet free energies

— Up to around T the real-part appears to be insensitive to thermal fluctuations

Above T. the applicability of the potential picture appears to break down
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The End

Thank you for your attention

Vielen Dank fur Ihre Aufmerksamkeit
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