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Quarkonium - Motivation u

a clean a precision probe
QCD laboratory in HIC studies
Theory advantage: separation of scales Experiment advantage: clean signals
enables powerful effective field theory tools via enhanced dilepton decay channels
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Experiment advantage: clean signals
via enhanced dilepton decay channels
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Theory advantage: separation of scales Experiment advantage: clean signals
enables powerful effective field theory tools via enhanced dilepton decay channels
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1st principles + intuitive non-relativistic language JHEP 1902 (2019) 012

(e.g. via a non-relativistic potential)
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1st principles + intuitive non-relativistic language
(e.g. via a non-relativistic potential)

®| Challenge I: Derive a real-time description from QCD and solve it numerically
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1st principles + intuitive non-relativistic language
(e.g. via a non-relativistic potential)

®| Challenge I: Derive a real-time description from QCD and solve it numerically

®| Challenge II: Establish under which conditions potential picture is applicable
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Challenge I: Derive a real-time
description from QCD and solve it
numerically
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The open quantum systems picture
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®| Need a general approach to describe quarkonium coupled to a thermal medium

"/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQQ X Imed + IQQ X Hmed + Hint E — —I[H, P]

Hint — sz ® =m
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®| Need a general approach to describe quarkonium coupled to a thermal medium

"/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQQ ® Imed + IQQ ® Hmed + Hint dt = —i[H, p]
Q Ha® O ., Hioe = D Tm ®
O ° * O m
d
=| Dynamics of the reduced QQ system: P56 = Trmed [P} EPQC) = VPog
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®| Need a general approach to describe quarkonium coupled to a thermal medium

"/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQQ ® Imed + IQQ ® Hmed + Hint dt = —i[H, p]
. T 4 “
CRCrl) B Hint = 3_Em ® Erm
O O y o. m
d

=| Dynamics of the reduced QQ system: P56 = Trmed [P} EPQC) = VPog

H| Separation of time-scales determines the nature of the e.o.m. :

Environment relaxation scale 7k : QQ system scale Ts : QQ relaxation scale Tyq|:
(Em(t)=m(0)) ~ e/ Ts ~ 1/|w — '] (p(t)) oc &=/
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®| Need a general approach to describe quarkonium coupled to a thermal medium

"/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :

H = HQQ ® Imed + IQC_? ® Hmed + Hint dr —i[H, p]

CIRCI() B Hioe = 2T ® Em
O O y o. m
d

=| Dynamics of the reduced QQ system: P56 = Trmed [P} EPQC) = VPog

H| Separation of time-scales determines the nature of the e.o.m. :

Environment relaxation scale 7k : QQ system scale Ts : QQ relaxation scale Tyq|:
(Em(t)=m(0)) ~ e/ Ts ~ 1/|w — '] (p(t)) oc &=/

¥/ |n case of Markovian time evolution (Te < Trel ) leads to a Lindblad equation

d h 1Ly LN
J:Pea = ~ilHaq: ool + ;’Yk<Lka@Lk ~ 5 Lklkpog — EPQ@LkLk>
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®| Preservation of the continuum properties?
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®| Preservation of the continuum properties?
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Trace conservation

®| |n the continuum: proof relies on integration by parts and at first sight on product rule
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102 1 9% B
T4—/dx/dy(5(x—y) [ZM@_ZM@?]‘) (r,y,t) =0
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®| |n the continuum: proof relies on integration by parts and at first sight on product rule

_ 1 62 1 62 rel _
= /da:/dyé(a: ) [ZM8:C2 B ZMayQIP (@4,1) =0 Function: 4 = (u(xp), u(x1),--.)

- - Integrati
= Need summation by parts difference operators thi%ri/ﬁg; (u,0)g =u' Ho, |ul|%4 = (uwuwg

SBP property: Du =~ U,
(0, D)y = —(u, Do)y +u' (Exy — Ep)v
Ey = diag[0,...,1] and Ey = diag][1,...,0]
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Trace conservation

®| |n the continuum: proof relies on integration by parts and at first sight on product rule
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B 1 02 1 0*7 . B
= /dm/dyé(:c ) [ZM8:C2 B 2M8y2]p (@4,1) =0 Function: 4 = (u(xp), u(x1),--.)

- - Integrati
=i Need summation by parts difference operators Sé‘hi?nrzlgg: (u,0)g =u' Ho, |ul|%4 = (uwuwg

*/ Product rule broken by finite differences, actually | ggp property: Du ~u,

only reparameterization invariance needed! =
(b, Du)y = —(u, Do)y +u' (Ey — Ep)v

/dx/dyé(x—y) F3(X+y)——p(x y, t) Ey = diag[0,...,1] and Ey = diag][1, ..., 0]
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®| |n the continuum: proof relies on integration by parts and at first sight on product rule
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B 1 02 1 0*7 . B
= /dx/dyé(:c ) [ZM&CQ B 2M8y2]p (@4,1) =0 Function: 4 = (u(xp), u(x1),--.)

- - Integrati
=i Need summation by parts difference operators Sé‘hiﬁqrzlgg: (u,0)g =u' Ho, |ul|%4 = (uwuwg

*/ Product rule broken by finite differences, actually | ggp property: Du ~u,
only reparameterization invariance needed! =
(0, Du)g = —(u, Do)y +u (Ex — Ep)o

/dx/dyé(x—y) F3(X_;y)——p(x,y, t) Ey = diag|0,...,1] and E, = diag][1,...,0]

02 02
d dz' F3( t zZ=x-—y, o 1,0 0 o 1
/Z/ Z9(2) F5( (622 azlz)P(ZZ ) Sty 0 <8x+8y>’ 9: 73
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Trace conservation

®| |n the continuum: proof relies on integration by parts and at first sight on product rule
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= /dm/dyé(:c ) [ZM&CQ B 2M8y2]p (@4,1) =0 Function: 4 = (u(xp), u(x1),--.)

- - Integrati
=i Need summation by parts difference operators Sé‘hiﬁqrzlgg: (u,0)g =u' Ho, |ul|%4 = (uwuwg

*/ Product rule broken by finite differences, actually | ggp property: Du ~u,

only reparameterization invariance needed! =
(b, Du)y = —(u, Do)y +u' (Ey — Ep)v

/dx/dyé(x—y) F3(X_;y)——p(x,y, t) Ey = diag|0,...,1] and E, = diag][1,...,0]

02 82
dz | dz'é(z) F5( t z=x-y, o 1(0 2o\ 0 _1[(d 0o
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®| Solution: a reparameterization invariant SBP finite difference operator
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Trace conservation

®| |n the continuum: proof relies on integration by parts and at first sight on product rule

B 1 02 1 0*7 . B
= /dm/dyé(:c ) [ZM&CQ B 2M8y2]p (@4,1) =0 Function: 4 = (u(xp), u(x1),--.)

- - Integrati
=i Need summation by parts difference operators Sé‘hiﬁqrzlgg: (u,0)g =u' Ho, |ul|%4 = (uwuwg

*/ Product rule broken by finite differences, actually | ggp property: Du ~u,

only reparameterization invariance needed! =
(b, Du)y = —(u, Do)y +u' (Ey — Ep)v

0 0
/dx/dyé(x—y) F3(X_;y)—@p(x,y, t) Ey = diag|0,...,1] and E, = diag][1,...,0]
02 82
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®| Solution: a reparameterization invariant SBP finite difference operator

u(xiy1, yj) — u(xi-1, ;)
2A
y b,y H0%) = u,3)

L 2A

X
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Trace conservation

®| |n the continuum: proof relies on integration by parts and at first sight on product rule

B 1 02 1 0*7 . B
= /dm/dyé(:c ) [ZM&CQ B 2M8y2]p (@4,1) =0 Function: 4 = (u(xp), u(x1),--.)

- - Integrati
=i Need summation by parts difference operators Sé‘hiﬁqrzlgg: (u,0)g =u' Ho, |ul|%4 = (uwuwg

*/ Product rule broken by finite differences, actually | ggp property: Du ~u,

only reparameterization invariance needed! =
(b, Du)y = —(u, Do)y +u' (Ey — Ep)v

0 0
/dx/dyé(x—y) F3(X_;y)—@p(x,y, t) Ey = diag|0,...,1] and E, = diag][1,...,0]
02 82
dz | dz'§(z) F5( Z't Z=X-V 0 1(9 9y o0 _1(9 0
= [ 4z [ 4252 Fa(5) (55 + o )02 20 ey woilmrm) woala )

®| Solution: a reparameterization invariant SBP finite difference operator

u(xiy1, yj) — u(xi-1, ;)
2A
y b,y H0%) = u,3)

L 2A

X

1
l— E(DX—F]D),)U#]DZ/U:

e ® U(Xi—i—lvyj—i-l) - U(Xi—lv yJ'—l)
| 2A
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Trace conservation

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS ‘ ;

In the continuum: proof relies on integration by parts and at first sight on product rule

B 1 02 1 0*7 . B
= /dm/dyé(:c ) [ZM&CQ B 2M8y2]p (@4,1) =0 Function: 4 = (u(xp), u(x1),--.)

= Need summation by parts difference operators | Integration )\ Try

scheme/BC: Jullz = (w,u)m

*/ Product rule broken by finite differences, actually | ggp property:

Du~u,
only reparameterization invariance needed!

(o, Du)y = —(u, Do)y + uT(EN — Ey)o

+ 0 0
/dx/dyé(x —y) F3(X 5 y) —@p(x,y, t) Ey = diag|0,...,1] and E, = diag][1,...,0]
/dz/dz 5(2)/:3 (62 & )p(z,z’,t) zZ=x—y, o 1[0 0 o 1[0 0
0z2 ('92/2 S —xty 8z’_2<8x+ay>’ 5= (8:583/)
®| Solution: a reparameterization invariant SBP finite difference operator
Doy — u(xit1, y;) — u(xi-1,¥)) DRV, — u(Xit1, Yj+1) — u(xi—1, yj+1) + u(xiz1, yji—1) — u(xi—1, yj—1)
X u =
2A x 4N
y _ ulxi, Y1) — ulxi, yj-1) u(Xi+1, yj41) — u(Xipr, yj—1) + u(Xi—1, yj41) — u(xi—1, yj-1)
L Dyu oK ]D}FfNu _ i i A i J

: DN + DN )u = D,u
0 e T A
u(Xit1, Y1) = u(Xi-1, ¥j-1) y+ + y + +
_T +1: Yj+1 X L Yj-1 L L
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Recent simulation results
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. . University
Recent simulation results 1) of Stavanger
0001 I I I I I 1 I I I I I
0 LB Py T=0.1M NaiveD ;
LB Py T=0.1M RN-SBP === 1
-0.001 7 2 LB Po T=0.3M NaiveD ]
-0.002 + - s LB P T=0.3M RN-SBP mmm= |
Q0
- i i )
< -0.003 | y 8%
= -0.004 | g % ; 3
-0.005 - T=0.1M (RN-SBP) . 2
) | T=0.1M (Naive) ] ° ! :
0006 10 3M (RN-SBP) s _ | 57%
-0.007 T=0.3M (Naive) i
_0008 | | | | | 001 | | | | |
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
tM tM

= Tiny deviations from overall trace conservation can translate into significant survival mismatch
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. . University
Recent simulation results 1) of Stavanger
0001 I I I I I 1 I I I I I
0 LB Py T=0.1M NaiveD ;
LB Py T=0.1M RN-SBP === 1
-0.001 7 2 LB Po T=0.3M NaiveD ]
-0.002 + - X LB P T=0.3M RN-SBP mmm= |
o)
- i i )
< -0.003 5 o4 y 8%
= -0.004 g % ; 3
-0.005 - 7=0.1M (RN-SBP) mwm . ?
) | T=0.1M (Naive) ] ° ! :
0006 I 1_() 3M (RN-SBP) s _ | 57%
-0.007 T=0.3M (Naive) i
_0008 | | | | | 001 | | | | |
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
tM tM

= Tiny deviations from overall trace conservation can translate into significant survival mismatch

5M LB Py T=0.3M =xe=s ]
5M == B P; T=0,3M "ssus
1M
1M

QS ] . . .
e QSO 8 Direct solution of master equation does not
: require additional approximations such as

employed in stochastic unravelling (QSD)

Py and P4 survival probabilities

::::::llllll TNmha
_____-H-I—-HH'.-:- Ty l!

m- .
——-| ] ] ] ]

0 1000 2000 3000 4000 5000 6000
tM
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. . University
Recent simulation results 1) of Stavanger
0001 I I I I I 1 I I I I I
0 LB Py T=0.1M NaiveD ;
LB Py T=0.1M RN-SBP === 1
-0.001 7 2 LB Po T=0.3M NaiveD ]
-0.002 + - X LB P T=0.3M RN-SBP mmm= |
o)
- i i )
< -0.003 5 o4 y 8%
= -0.004 g % ; 3
-0.005 - 7=0.1M (RN-SBP) mwm . ?
) | T=0.1M (Naive) ] ° ! :
0006 I 1_() 3M (RN-SBP) s _ | 57%
-0.007 T=0.3M (Naive) i
_0008 | | | | | 001 | | | | |
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
tM tM

= Tiny deviations from overall trace conservation can translate into significant survival mismatch

5M LB Py T=0.3M =xe=s ]
5M == B P; T=0,3M "ssus
1M
1M

QS ] . . .
e QSO 8 Direct solution of master equation does not
: require additional approximations such as

employed in stochastic unravelling (QSD)

=, Curse of dimensionality comes back to haunt
STTTTIT I Tresmpery us in 3d: density matrix is a 6d object.

Py and P4 survival probabilities

1
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0 1000 2000 3000 4000 5000 6000
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Challenge lI:
The heavy-quark potential in the
classical limit
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A puzzle in the literature (1) ofStavanger

=, Interquark potential shows only imaginary

=, Static quark interactions can be
part but no real part.

described by a potential with a

real and imaginary part
ginary p |
0.005
Imaginary Part of the Potential
0.004
Real-part of the heavy-quark potential from the Gauss-Law I S 0.04]
10 £ 0.003
= 05 HTL mp=0.1...1GeV 0002 0.3 ¢ t % {
3 05 o !
o} 0.001 - ®
3 04 £ P
$ 0.0 0,000 PR E 0.02] g # ]
£ <0504 T e 303 5 . Y
~0.5 ku),thM(»zy) — mp=100Me\ % : 0.01 ° _— " PR LRI 4
V0 =0.415(15)Gev mo=200Me\ £ " TR é é
©=-0.177(21)GeV — mp=300Me\ 0.2] § NI B 5 5 8585 8
§
1 0.00) §
0 i z
 [im] 0.1 5 10 15
o
.0 0.5 1.0 1.5 2.0 25 3.0
r [fm]

=, Obviously, no confinement in a classical
theory but attractive interactions possible
in a non-linear Maxwell-like theory (YM).

=, Manifestation of weakend quark
binding and kicks with hot
environment partons.

=, Confusing since classical Maxwell theory
predicts Debye screened potential
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How do static QCD charges interact?

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS ‘ ;

H| Consider a color neutral pair of static charges (e.g. red-antired) at position xg,X1

0 0
0 0
0 0

2(x) = M<6(3)(x —x0) — 63 (x — x1)> M= (

o o

O O
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How do static QCD charges interact?

H| Consider a color neutral pair of static charges (e.g. red-antired) at position xg,X1

ﬁ jO(X) = M<6(3)(X — Xo) — 6(3)(X — X1)> M = ( é § § )
OO

QCD path integral: introduce charges as Wilson line correlators

/DA exp [i/d4zTr{ - %FW(Z)FW(Z) — AO(Z)jO(Z)}]
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How do static QCD charges interact?

H| Consider a color neutral pair of static charges (e.g. red-antired) at position xg,X1

2(x) = M<5(3)(x —x0) — 63 (x — x1)> M= ( é § § )
' OO

QCD path integral: introduce charges as Wilson line correlators

/DA exp :i/d4zTr{ - %FW(Z)FW(Z) — AO(Z)J'O(Z)H

tr ti
:/DA exp:i/ dtA°(xo, t)]exp[i/ dtA%(xq, t)] exp [iSYM]
ti

tr
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How do static QCD charges interact?

H| Consider a color neutral pair of static charges (e.g. red-antired) at position xg,X1

jo(x):I\/I<5(3)(x—x0)—5(3)(x_xl)> M(é § §)

QCD path integral: introduce charges as Wilson line correlators

/DA exp :i/d4zTr{ - %FW(Z)FW(Z) — AO(Z)J'O(Z)H

tr ti
:/DA exp:i/ thO(XO, t)]exp[l'/ thO(xl, t)] exp [iSYM]
ti

tr
=<VV||>(I’ — |X0 — Xl‘, t = tr — t,')
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How do static QCD charges interact?

H| Consider a color neutral pair of static charges (e.g. red-antired) at position xg,X1

jo(x):I\/I<5(3)(x—x0)—5(3)(x_xl)> M(é § §)

QCD path integral: introduce charges as Wilson line correlators

/DA exp :i/d4zTr{ - %FW(Z)FW(Z) — AO(Z)J'O(Z)H

tr ti
:/DA exp:i/ thO(XO, t)]exp[l'/ thO(xl, t)] exp [iSYM]
ti

tr
=<VV||>(I’ — |X0 — Xl‘, t = tr — t,')
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How do static QCD charges interact?

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS ( ;

H| Consider a color neutral pair of static charges (e.g. red-antired) at position xg,X1

jo(x):M<5(3)(x—x0)—5(3)(x_x1)> M(é § §)

QCD path integral: introduce charges as Wilson line correlators

/DA exp :i/d4zTr{ - %F“V(Z)Fuu(z) — AO(Z)J'O(Z)H

tr ti
:/DA exp:i/ thO(XO, t)]exp[l'/ thO(xl, t)] exp [iSYM]
ti

tr
=<VV||>(I’ — |X0 — Xl‘, t = tr — t,')

®| Evaluating the Wilson correlator in the path integral amounts to reweighting from
a theory without static sources to a theory with static sources.
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How do static QCD charges interact?

H| Consider a color neutral pair of static charges (e.g. red-antired) at position xg,X1

jo(x):M<5(3)(x—x0)—5(3)(x_xl)> M(é § §)

QCD path integral: introduce charges as Wilson line correlators

/DA exp // d4zTr{ — %F“”(Z)Fuu(z) — AO(Z)J'O(Z)H

tr ti
:/,DA exp:i/ thO(XO, t)]exp[l'/ thO(xl, t)] exp [iSYM]
ti

tr
=<VV||>(I’ — ‘Xo — Xl‘, t = tr — t,')

®| Evaluating the Wilson correlator in the path integral amounts to reweighting from
a theory without static sources to a theory with static sources.

®| If Wilson loop follows a Schrodinger-like equation: definition of potential possible
18, (W(r, t)) = (ReV(r) ~ iImV(r)) (W(r, t))
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In the classical limit

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS ( ;

®| Solving the Yang-Mills equation of motion for different stochastic initial conditions.

deterministic evolution
of gauge fields

ensemble
thermal initial average of
conditions observables
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In the classical limit 1) of Stavanger

®| Solving the Yang-Mills equation of motion for different stochastic initial conditions.

®| In the literature: compute Wilson loop

in a thermal ensemble of gauge fields deterministic evolution
of gauge fields

1.00

ensemble
thermal initial average of
conditions observables

=+ r/a=4 N

0.01 L | L | | |\‘ ) N
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In the classical limit 1) of Stavanger

®| Solving the Yang-Mills equation of motion for different stochastic initial conditions.

®| In the literature: compute Wilson loop

in a thermal ensemble of gauge fields deterministic evolution
of gauge fields

1.00

ensemble
thermal initial average of

5010 conditions observables
o 0.10f

—— r/a=2 NN

- r/a=3
—-r/a=4 N

| 1 | | | | | |\‘ | | .
0.0 0 10 20 30 40 50

t/a

W) (r, t) =~ exp[—itV ()] = exp[—tImV ) ()]
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In the classical limit 1) of Stavanger

®| Solving the Yang-Mills equation of motion for different stochastic initial conditions.

®| In the literature: compute Wilson loop

in a thermal ensemble of gauge fields deterministic evolution
of gauge fields

1.00

ensemble
thermal initial average of
conditions observables
Imaginary Part of the Potential
0.04
7 , N 0.03 § ; + % % } + porz
‘= r/a=4 N : \ \ s o ¢ * % .
0.01 P S B S A H £ 002 o ° W ii -
1o 10 20 30 40 50 . .0
t/a ° n ¥ " s & ¢ ¢ ¢ % % .
0.01 s * @
° . ", . . a & i A % i 1 é é p-
TAVASL, () pgs et -
(Wo)(r, t) = exp[—itV'<(r)] = exp[-tImV'<(r)] 1 ¢&°
0 5 10 15
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In the classical limit 1) of Stavanger

®| Solving the Yang-Mills equation of motion for different stochastic initial conditions.

®| In the literature: compute Wilson loop

in a thermal ensemble of gauge fields deterministic evolution
of gauge fields

1.00
ensemble
thermal initial average of
_ conditions observables
0°0.10 ¢
Imaginary Part of the Potential
0.04
S i;Zii \\ \ ] 0.03 ; ; % % } + e
- tlac4 o Ty - O b -
0.01 1 | I | L i\' L ‘\\":J | EO‘OZ ° ‘ ] [ i B
-0 10 20 30 40 50 ° - . %
t/a 0.01 ¢ m " s s ¢ * ¢ $ ¢ ¢ % "
. . ", e . a & i A % i 1 é é =
TAVACD) (cl) RS I AL LA .
(Wo)(r, t) = exp[—itV'<(r)] = exp[-tImV'<(r)] 1 ¢&°
0 5 10 15

r

®| ImV increases with distance & temperature, qualitatively similar to quantum result
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Taking a closer look

®| Where do the static sources enter in the classical theory? The Gauss-Law !

Gix,t) = Y [Eulxt) = U [ UE (x— 1, U (x,1)] =0

X
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Taking a closer look

®| Where do the static sources enter in the classical theory? The Gauss-Law !

G(X, t) = Z [Ei(x> t) _ u—i(x> t)Ei(x T i) t)UT_i(X, t)] - p(X;Xo,X1) =0

X
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Taking a closer look

®| Where do the static sources enter in the classical theory? The Gauss-Law !

G(X, t) = Z [Ei(x> t) _ u—i(x> t)Ei(x T i) t)UT_i(X, t)] - p(X;Xo,X1) =0

X

H| Gauss-Law plays a central role in drawing the stochastic initial conditions

Initial set of U and E:
expl—pcHel | [8(G(x)

= Since P(E)=exp[-E?] draw
from Gaussian

=, Project onto G=0 surface

= Mix U and E via e.o.m

ALEXANDER ROTHKOPF - UIS 4th NPACT Meeting — August 4th 2020 — UIA



University
of Stavanger

Taking a closer look

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS ‘ ;

®| Where do the static sources enter in the classical theory? The Gauss-Law !

G(X, t) = Z [Ei(x> t) _ u—i(x> t)Ei(x T i) t)UT_i(X, t)] - p(X;Xo,X1) =0

X

H| Gauss-Law plays a central role in drawing the stochastic initial conditions

Initial set of U and E:

expl—BcHel | [ 8(G(x)) Evolve e.o.m. J
= Since P(E)=exp[-E?] draw = Symplectic leap-frog
from Gauss|an SCheme fOr E and U
=, Project onto G=0 surface =/ Good energy and
Gauss-Law
= Mix U and E via e.o.m conservation
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Taking a closer look

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS ‘ ;

®| Where do the static sources enter in the classical theory? The Gauss-Law !

G(X, t) = Z [Ei(x> t) _ u—i(x> t)Ei(x T i) t)UT_i(X, t)] - p(X;Xo,X1) =0

X

H| Gauss-Law plays a central role in drawing the stochastic initial conditions

Initial set of U and E:

expl—BaHe | [ 8(G(x)) Evolve e.o.m. J
. Compute the
= Since P(E)=exp[-E2 draw ~* Symplectic leap-frog Wilsonpcorrelator
from Gaussian scheme for E and U

=, Good energy and
Gauss-Law

= Mix U and E via e.o.m conservation

=, Project onto G=0 surface
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Taking a closer look

®| Where do the static sources enter in the classical theory? The Gauss-Law !

G(X, t) = Z [Ei(x> t) _ u—i(x> t)Ei(x T i) t)UT_i(X, t)] - p(X;Xo,X1) =0

X

H| Gauss-Law plays a central role in drawing the stochastic initial conditions

Initial set of U and E:

expl—pcHcll H 8(G(x)) Evolve e.o.m. J
. Compute the
= Since P(E)=exp[-E?]draw = Symplectic leap-frog Wilson correlator
from Gaussian scheme for E and U
=) Project onto G=0 surface = Good energy and
Gauss-Law
= Mix U and E via e.o.m conservation

®| Evaluating the Wilson loop in the classical simulation does NOT introduce
the sources but instead we need to enforce a modified Gauss-Law by hand.
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Classic potential in the presence of sources LS of Stavanger

®| With appropriate Gauss-Law: Wilson loop shows much more intricate behavior

Real-part of the Wilson Loop

1.0 Imaginary—part of the Wilson Loop
L]
1
4
‘ 0.5
g N=32
e 2~
0.0 2 - at=0. 1
B=1/a,T=32

-0.5
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Classic potential in the presence of sources

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS ( ;

®| With appropriate Gauss-Law: Wilson loop shows much more intricate behavior

Real-part of the Wilson Loop

1.0

Imaginary—part of the Wilson Loop

* N=32
s |3 ] a.=1
D: 0.0 %3 ,-"': B AL AT ’,. N . ; = : at=0.1
B=1/a,T=32

-0.5

(W) static source (1, t) ~ exp[—itV(C/)(r)] = exp[—itReV(C/)(r)] exp[—tImV(C/)(r)]
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Classic potential in the presence of sources

®| With appropriate Gauss-Law: Wilson loop shows much more intricate behavior

Real-part of the Wilson Loop

1.0

Imaginary—part of the Wilson Loop

0.5
0.5]

N=32

a.;=1

a,=0.1
B=1/a,T=32

Re[W]
T REOCR BT ORE o

8 i 1] u ) LJ °
00 agas % Ee R 10 S SRS 2Pt adRediiadind

-0.5

-0.5

(W) static source (1, t) ~ exp[—itV(C/)(r)] = exp[—itReV(C/)(r)] exp[—tImV(C/)(r)]
H| Oscillatory part leads to a real-part, damping to an imaginary part in the potential
S os0 Imagina?/ Pﬁn of the PotTntia \M

0.015

/ p=24
|

2 0.010
; B=32
¢
0.005 i % %
3

0.000
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Classic potential in the presence of sources
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®| With appropriate Gauss-Law: Wilson loop shows much more intricate behavior

Real-part of the Wilson Loop

o :
é ;.. 05 B
- 0'53 :;" 3 s N=32
n%: g c:; o o ‘: H .’. : S 0o as=1
 1it paladofl E a=0.1
P AN =1/a,T=32
i Y ATYAT ALY B=1/a,

t

(W) static source (1, t) ~ exp[—itV(C/)(r)] = exp[—itReV(C/)(r)] exp[—tImV(C/)(r)]

H| Oscillatory part leads to a real-part, damping to an imaginary part in the potential
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®| With appropriate Gauss-Law: Wilson loop shows much more intricate behavior
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Imaginary—part of the Wilson Loop
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B=1/a,T=32

exp[—itV (D (r)] = exp[—itReV D (r)] exp[—tImV D (r)]

H| Oscillatory part leads to a real-part, damping to an imaginary part in the potential
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®| Screened potentiarl consistent with expectation from classical Debye theory
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Summary

®| Quarkonium is a fascinating laboratory for the strong interactions
W Steady progress in understanding Quarkonium dynamics

=/ Access to real-time dynamics via open-quantum-systems framework

= New numerical techniques to simulate 2-body master equations accurately:
reparametrization-neutral summation-by-parts finite difference operator

=/ Correct treatment of static sources in classical Yang-Mills simulations
reveals the presence of a screened real-part of the potential

®| Alot of things remain to be done, e.g:
=| Push the master equation simulation to full three-dimensions

=/ Develop real-time simulations for finite mass heavy quarks (lattice NRQCD)

=I Improve the extraction of spectral functions from lattice QCD (Gaurang’s talk)
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Summary

®| Quarkonium is a fascinating laboratory for the strong interactions
W Steady progress in understanding Quarkonium dynamics

=/ Access to real-time dynamics via open-quantum-systems framework

= New numerical techniques to simulate 2-body master equations accurately:
reparametrization-neutral summation-by-parts finite difference operator

=/ Correct treatment of static sources in classical Yang-Mills simulations
reveals the presence of a screened real-part of the potential

®| Alot of things remain to be done, e.g:
=| Push the master equation simulation to full three-dimensions

=/ Develop real-time simulations for finite mass heavy quarks (lattice NRQCD)
=I Improve the extraction of spectral functions from lattice QCD (Gaurang’s talk)

Thank you for your attention

ALEXANDER ROTHKOPF - UIS 4th NPACT Meeting — August 4th 2020 — UIA



University

RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS
LI of Stavanger

Potential from spectral functions

m| Potential emerges at late times: coarse graining of multiple gluon exchanges

T iatW[](R, t)
V(R) o tln;o WD(R, t)

6. @)

Wh (R, ) = J dw et oy (R, w)

— o0
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m| Potential emerges at late times: coarse graining of multiple gluon exchanges

T iatW[](R, t)
V(R) N tln;o WD(R, t)

Wh (R, t) = J dw e oy (R, w)

— o0

Spectral Decomposition

% dwwe ™t pn(R, w)

— 00

VQED(R) = | o :
(R) — Jo dwe @t pn(R, w)
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Potential from spectral functions

m| Potential emerges at late times: coarse graining of multiple gluon exchanges

T iatW[](R, t)
V(R) N tln;o WD(R, t)

6. @)

Wh (R, t) = J dw e oy (R, w)

— o0

Spectral Decomposition

VRCD(R) — Jim =40 @ PR @)
e 7 dw et po(R, w)

3 l Wo well defined V(R)

A A if low lying Breit-

g Wigner present in
Mo Wilson loop

spectral function

V(R) = wo(R) — iTo(R)
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Building intuition on Quarkonium

T=0 Hamitlonian
eigenstates
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Building intuition on Quarkonium

> -ﬁ

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

® changes QQ Hamiltonian patsuizsat: s6)
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T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

® changes QQ Hamiltonian patsuizsat: s6)

® acts as a radiation field: inducing
absorption & stimulated emission
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color singlet color octet

A

thermal equilibrium

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

® changes QQ Hamiltonian patsuizsat: s6)

® acts as a radiation field: inducing
absorption & stimulated emission
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color singlet color octet

thermal equilibrium

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

® changes QQ Hamiltonian patsuizsat: s6)

® acts as a radiation field: inducing
absorption & stimulated emission
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Building intuition on Quarkonium ) ofstavanger

color singlet color octet

o s o
)

thermal equilibrium

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

® changes QQ Hamiltonian patsuizsat: s6)

® acts as a radiation field: inducing
absorption & stimulated emission
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Building intuition on Quarkonium ) ofstavanger

color singlet color octet

thermal equilibrium

psinglet(w
A

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates

)
=/ changes QQ Hamiltonian atsuissatz ) | K
® acts as a radiation field: inducing >

absorption & stimulated emission

= |attice QCD spectral function
(fully non-perturbative)
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Building intuition on Quarkonium ) ofstavanger

color singlet color octet

o s o
)

thermal equilibrium

Psinglet(W)

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates
® changes QQ Hamiltonian (atsuigsat: s6)
anq . q q >
® acts as a radiation field: inducing T>0 >

absorption & stimulated emission

= |attice QCD spectral function
(fully non-perturbative)
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Building intuition on Quarkonium ) ofstavanger

color singlet color octet

color singlet color octet

initial value problem

thermal equilibrium

Psinglet(W)

T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates
® changes QQ Hamiltonian (atsuigsat: s6)
anq . q q >
® acts as a radiation field: inducing T>0 >

absorption & stimulated emission

= |attice QCD spectral function
(fully non-perturbative)
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Building intuition on Quarkonium ) ofstavanger

color singlet color octet

color singlet color octet

o

thermal equilibrium initial value problem
> psmglet(w Psinglet
T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates
® changes QQ Hamiltonian (atsuigsat: s6)
® acts as a radiation field: inducing > t
absorption & stimulated emission . i _
| Jattice QCD spectral functlon ® density matrix master equation

(fully non-perturbative) (non-perturbative in progress)
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Building intuition on Quarkonium ) ofstavanger

color singlet color octet color singlet color octet

initial value problem

thermal equilibrium

Psinglet(W) Pinglet
T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates
® changes QQ Hamiltonian (atsuigsat: s6)
® acts as a radiation field: inducing T>0 > > t
absorption & stimulated emission . i . i _
= |attice QCD spectral function ® density matrix master equation
(fully non-perturbative) (non-perturbative in progress)

®| Challenge I: Derive a master equation from QCD and solve it numerically

ALEXANDER ROTHKOPF - UIS 4th NPACT Meeting — August 4th 2020 — UiA



RECENT PROGRESS ON QUARKONIUM REAL-TIME DYNAMICS _ _
University

Building intuition on Quarkonium ) ofstavanger

color singlet color octet

color singlet color octet

thermal equilibrium initial value problem
> psinglet(w) Psinglet
T=0 Hamitlonian T>0 Hamiltonian
eigenstates eigenstates
® changes QQ Hamiltonian (atsuigsat: s6)
T . . . >
® acts as a radiation field: inducing T>0 > > t
absorption & stimulated emission . i . i _
= |attice QCD spectral function ® density matrix master equation

(fully non-perturbative) (non-perturbative in progress)

®| Challenge I: Derive a master equation from QCD and solve it numerically

®| Challenge II: Establish whether an intuitive potential picture is applicable
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Classical Lattice Gauge Theory
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B The Minkowski time Wilson action for SU(3) 't a
2 a a o Py
S[U]:g—zg{—a—t;ReTr[POi—l}+Ftiz<jReTr[Pij—1]} REN)
X,Y,Z

Uv=exp[igaAavTa] Pij:Ui(X)Uj(X"‘i)UTi (X+j)UTjd(X)
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" The Minkowski time Wilson action for SU(3) 't a Nt
Uo* Py’ A*=0 At: NN
ZZ{—a—tZReTT‘[P01—1:|+—ZR€TT[ ij — ]} - - zn R T
1<) ‘ x,y,:z |—|E>|—|—EI—>

U,=exp[igaAa, 2]  P=Ui(x)U;(x+i)UT; (x+j)UTd(x)

®| |n practice to solve e.o.m. turn to Hamiltonian picture

=, Choose temporal gauge U,=1 to decouple individual time slices

=, Degrees of freedom: SU(3) valued spatial link variables U; and su(3) valued derivatives E;

Hy = Z{ZTr £ (0] + 53 Z Tr[l - P, x)]} Gxt)=Y [Ei(x,t) —U_i(x,t)Ei(x—i,t)UT_i(x,t)} =0
X 'L]— X

Hamiltonian Gauss constraint
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Classical Lattice Gauge Theory LS of Stavanger
" The Minkowski time Wilson action for SU(3) 't a Nt
Uo* Py’ A*=0 At: NN
ZZ{—a—tZReTT‘[P01—1:|+—ZR€TT[ ij — ]} - - zn R T
1<) ‘ x,y,:z |—|E>|—|—EI—>

U,=exp[igaAa, 2]  P=Ui(x)U;(x+i)UT; (x+j)UTd(x)

®| |n practice to solve e.o.m. turn to Hamiltonian picture

=, Choose temporal gauge Uy,=1 to decouple individual time slices

=, Degrees of freedom: SU(3) valued spatial link variables U; and su(3) valued derivatives E;

Hy = Z{ng? ()] + 577 Z Tr[l - P, x)]} Gxt)=Y [Ei(x,t) —U_i(x,t)Ei(x—i,t)UT_i(x,t)} —0

X ’L]— X l
Hamiltonian Gauss constraint

=, Hamiltonian equations of motion in coordinate space:

D =

aUi(x,t) = i(QCA)%Ei(X,t)Ui(X,t), a Bl (x,t) = _(C—A> ImTr[Tb X, t) ZST xt]
/ |17
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