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Impurity physics of the early universe

u| Hard probe: susceptible to medium but distinguishable from it Qpope> Tineq

5 Quarkonium separation of scales: Mg>T

q

med

In vacuum: mY=9.460GeV, ' = 54(1)keV; mY¥=3.096 GeV, v = 93(3)keV
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Bottomonium: a non-equilibrium
probe of the full QGP evolution
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probe of the full QGP evolution probe, sensitive to the late stages

B} Goal: provide first principles interpretation to intricate phenomenology
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Open theory questions 1) of Stavanger

pre-thermalization Quark-Gluon-Plasma hadronization

production /formation medium interaction freeze-out
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Open theory questions 1) of Stavanger

pre-thermalization Quark-Gluon-Plasma hadronization

production /formation medium interaction freeze-out

Properties of equilibrium QQ

First principles extraction of
the heavy quark potential

Novel phenomenological
definition of the Debye mass

Extraction of thermal spectral
properties on the lattice

with P. Petreczky, J. Weber: NPA982 (2019) 735
S. Kim, P. Petreczky, A.R. JHEP 1811 (2018) 088
with D. Lafferty arXiv:1906.00035
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pre-thermalization Quark-Gluon-Plasma hadronization

loooqeooooo‘

production /formation medium interaction freeze-out

Real-time QO evol. in local Properties of equilibrium QQ

thermal equilibrium First principles extraction of

the heavy quark potential
Beyond Schrddinger:

Open-guantum-systems I\_Io_v_el phenomenological
descr. of real-time evolution  definition of the Debye mass

Connecting OQS to Extraction of thermal spectral
EFT language of potential properties on the lattice
with P. Petreczky, J. Weber: NPA982 (2019) 735
(with T. Miura, Y. Akamatsu, M. Asakawa S. Kim, P. Petreczky, A.R. JHEP 1811 (2018) 088
arXiv:1908.06293 ) with D. Lafferty arXiv:1906.00035
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Open theory questions
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production /formation medium interaction freeze-out
QQ realtime evol.  Real-time QO evol. in local Properties of equilibrium QQ
in the initial stages thermal equilibrium First principles extraction of

_ the heavy quark potential
First exploratory Beyond Schrodinger:

steps in the glasma Open-guantum-systems Novel phenomenological

' isti i ' definition of the Debye mass
classical statistical descr. of real-time evolution y

simulations for gluons

& real-time NRQCD Connecting OQS to Extraction of thermal spectral

EFT language of potential properties on the lattice
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A robust tool: lattice QCD

5| Non-perturbative 15t principles approach to Quantum Chromo Dynamics
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5| Non-perturbative 15t principles approach to Quantum Chromo Dynamics

=/ Gauge fields as links: U (x)=exp[ I g Ax, A,(X) ]
=l Dynamical fermions y(x) with realistic masses

=l Finite extend in imaginary time: 1/T= = N; a,

(O(U)) = JDU O(U)eSe Ul
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5| Non-perturbative 15t principles approach to Quantum Chromo Dynamics

=/ Gauge fields as links: U (x)=exp[ I g Ax, A,(X) ]
=l Dynamical fermions y(x) with realistic masses

=l Finite extend in imaginary time: 1/T= = N; a,
N
| — |
(0) = § Jim_ 2 O(U*)  P[U] xx e~ Selthiw]
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A robust tool: lattice QCD

5| Non-perturbative 15t principles approach to Quantum Chromo Dynamics

=/ Gauge fields as links: U (x)=exp[ I g Ax, A,(X) ]
=l Dynamical fermions y(x) with realistic masses

=l Finite extend in imaginary time: 1/T= = N; a,

(
p/T4 I I

s/4T4 B T
No/N,=4 Nf=2+1 M=160MeV g\/
| [N N S (Y IS [N [ N [y N (N[ Y Y Y S N |
130 170 210 250 290 330 370
ALEXANDER ROTHKOPF - UIS The 1st QSEC Conference — September 24th 2019 — Heidelberg University — Germany

t. im

N
] _
(0) = N i O(U*)  P[U] o e SELW, ]
N —oco
k=1
. - _I-rICIIIIIIIIlllllllllllliulﬁllli
= Successful at T>0: static QCD properties*| “||l|l|||w' — B
=| (Pseudo)critical temperature: 154+9 MeV S §
WB JHEP 1009 (2010) 073 - HotQCD PRD85 (2012) 054503 - M" S
=/ Equation of state as input for hydro-dynamics “f 8_3p)/T4st°_ut HISQ E
@)
O
&

= Trace anomaly T+ = ¢-3p strong coupling at T *
HotQCD PRD90 (2014) 094503 - WB PLB730 (2014) 99-104

0



University
of Stavanger

Quarkonium in thermal equilibrium
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®| [Intuition on in-medium modification from potential based studies

p(w) , p(w)

Jy g
medium effects

D/[_) thr. ‘
K ) y

>
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Quarkonium in thermal equilibrium

®| [Intuition on in-medium modification from potential based studies

p(w) , p(w) ,

Jy g
medium effects

=\

t Re[VI() $ Im{vI(n) o
Generic prediction:
If potential picture valid,
iIn-medium quarkonium
- > , becomes lighteras T
r ' increases
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LT A N
® Exploit — <1, =L «1 totreat heavy quarks non-relativistically
p mg mg
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LT A N
® Exploit — <1, =L «1 totreat heavy quarks non-relativistically
p mqQ mqQ

2 - QQ & = S
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®| Matching to underlying QCD in the infinite mass limit: Wilson loop

(Ys(R., t)ps(R, 0))pnraco = WO(R, t) = <Tr [eXp <_ig/D dX“A“(X)>] >QCD
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LT A L
=l Exploit =<1, ,:;D <1 to treat heavy quarks non-relativistically
2L $bde Qe NRQCD PNRQCD 5%
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®| Matching to underlying QCD in the infinite mass limit: Wilson loop
(Ps(R, t)Ps(R,0))pnrep = WO(R, t) = <Tr [exp <—ig/D dx“A“(x)>]>
QCD

®| Wilson loop: potential emerges at late times 1t R
V(R) = | -
(R) = im0k Q )
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LT A L
=l Exploit =<1, ,:;D <1 to treat heavy quarks non-relativistically
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®| Matching to underlying QCD in the infinite mass limit: Wilson loop
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®| Wilson loop: potential emerges at late times 1t R

T iatWD(th) I:I
VIR = I Watr € Q 5

m| In this form: Minkowski time quantities and not directly accessible on the lattice
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Non-perturbative evaluation of V(R)

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

®| How to connect to the Euclidean domain: spectral functions

(0. @) O

WI:I(R> t) — J dw e—iwt pl:l(R) (U) WI:I(R> T) — J’ dwe @7 pl:l(R> (U)

—00 —O0

®| [nversion of Laplace transform required — highly ill-posed
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Non-perturbative evaluation of V(R)

®| How to connect to the Euclidean domain: spectral functions

(0. @) O

WI:I(R> t) — J dw e—iwt pl:l(R) (U) WI:I(R> T) — J’ dwe @7 pl:l(R> (U)

—00 —O0

®| [nversion of Laplace transform required — highly ill-posed

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)

Plo|D, 1] < P[D|p, I|Plp|T] ~ °FlAID. 1]

dp =0

BR
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®| How to connect to the Euclidean domain: spectral functions
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WI:I(R> t) — J dw e—iwt pl:l(R) (U) WI:I(R> T) — J’ dwe @7 pl:l(R> (U)

—00 —O0

®| [nversion of Laplace transform required — highly ill-posed

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)
Plo|D, 1] o P[D|p, I]P[plI] ~ SFIAIDI}

5P p—pBR
=i BR prior enforces: p positive definite, smoothness of p, result independent of units

Y.Burnier, A.R. p p
PRL111-(2013)’18, 182003 SBR = / dw(l - E _|_ log [E])
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®| How to connect to the Euclidean domain: spectral functions
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—00 —O0

®| [nversion of Laplace transform required — highly ill-posed

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)
Plo|D, 1] o P[D|p, I]P[plI] ~ SFIAIDI}

5P p—pBR
=i BR prior enforces: p positive definite, smoothness of p, result independent of units

Y.Burnier, A.R. p p
PRL111-(2013)’18, 182003 SBR = / dw(l - E _|_ log [E])

=I BR prior: better accuracy in sharp peak structures than MEM or BG but prone to ringing
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Non-perturbative evaluation of V(R) LS of Stavanger
®| How to connect to the Euclidean domain: spectral functions
Wo(R,t) = J dwe ¢t po(R, w) WI:](R> T) = J’ dwe “" pl:I(R> w)

®| [nversion of Laplace transform required — highly ill-posed

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)
Plo|D, 1] o P[D|p, I]P[plI] ~ SFIAIDI}

op p=p°R
=i BR prior enforces: p positive definite, smoothness of p, result independent of units

s o0 s SBR = O‘/ du(1- -+ log | ] )

m m
=i BR prior: better accuracy in sharp peak structures than MEM or BG but prone to ringing

2
I gsmooth _ / do((x <@> +1-2 1 10g[2])

PRD98 (2018) 014009 aw m m
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Latest results on the lattice potential

m| Lattices with dynamical u,d,s quarks
(HISQ action, HotQCD & TUMQCD)

A. Bazavov et.al. PRD97 (2018) 014510, HotQCD PRD90 (2014) 094503

= realistic m_~161MeV (T=151-1451MeV)

= fixed box (N,=48 - N,=12, N,=16) &
very high statistics 4000-9000 realizations

=/ Pade based extraction for Re[V] possible
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Latest results on the lattice potential (1) ofstavanger
T T
14 % i
m| Lattices with dynamical u,d,s quarks o 12 -
(HISQ action, HotQCD & TUMQCD) =
g 1 J
= realistic m_~161MeV (T=151-1451MeV) < 8 FD) o T
% T=151MeV (Nt=12) HH
- O T-179MeV (NI=T2) Hk
= fixed box (N,=48 - N,=12, N,=16) & — O T-135MeV (Ni-12) HE: B
very high statistics 4000-9000 realizations S  |¥ T251MeV (N12) 18
) 4 F T=273MeV (Nt=12) H@®- _
) ) x T=333MeV (Nt=12 HAH
= Pade based extraction for Re[V] possible result Toasomey NTe) P
2§ HISQ Ni=2+1  1227%6Mev (Nie1g) - |
T>0 IZS7OM9V Ntflﬁ
0 | |  To1850Mev (NE-16) e -

0 02 04 06 0.8 1 12 14
r [fm]

B Smooth transition from Cornell @ T=0
to Debye screened @ T>T-
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14 % _
m| Lattices with dynamical u,d,s quarks o 12 -
(HISQ action, HotQCD & TUMQCD) =
E 10 .
<
= realistic m_~161MeV (T=151-1451MeV) % 8 FO o 7
3 gy (N2 o
=| fixed box (N;=48 - N,=12, N.=16) & = 6 Tiggey (N1 1
. . . . . ~— = e =
very high statistics 4000-9000 realizations S ¥ T=251MeV (Ni=12) o+
. _ 2 AR T=333MeV (Nt=12 i B
= Pade based extraction for Re[V] possible result T-352Mev (NT6) -
2 | HISQNE2AL  roorgiey i) = -
0.35 T T T T T T T T T T T;Igzlgmgx Ngig P
< T=151MeV H—T=173MeV F—T=198MeV 0 ! ! TS1451MeV (NI=16) H@-
c 0.3 [T=160MeV H——T=185MeV b
= : 0O 02 04 06 08 1 12 14
g 0.25 . ¢ [fm]
- 1IsoQuant
23 0.2 - .
S sl ‘% I * | N
o result B/ Smooth transition from Cornell @ T=0
= 0.1
= >
S to Debye screened @ T>T-
0 ..
0 05 1 15 2 25 3 35 4 45 5 " Finite Im[V] above T, present

Ar [fm]
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University
of Stavanger

An improved Gauss law approach

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

__________ (61
Strategy:

0,,0 and ¢ are vacuum prop.
and do not change with T
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University
of Stavanger

An improved Gauss law approach

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

Strategy:
""""" G.[V(R)] =V (ﬁR\CEf)) = —41q6®)(R) Z;’gjgigtifa\%ceu\lxjv?hqop'
V(R) = agR?
Coulombic: a=-1 g=a, String-like: a=+1 =0
V(Ve(R)) = —4masé(R) Y (§ﬁ§R>> — _4ro5(R)
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of Stavanger

An improved Gauss law approach

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

Strategy:
""""" G.[V(R)] =V (ﬁR\CEf)) — —471g6®(R) Z;’gjgigtifa\%ceu\lxjv?hqop'
V(R) = agR?
Coulombic: a=-1 g=a, String-like: a=+1 =0
V(VVe(R)) = ~4mass(R) v (W;,gm) — _4nos(R)

®| Immerse non-perturbative charge in weak coupling HTL medium: permittivity €

2

med __\svac —1/= _ p . me
v (p) =V (p)/e(p) ‘ (P, mD) N P2 + sz -7 T(P2 + mD)2
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
L of Stavanger

An improved Gauss law approach

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

Strategy:
GIV(R)] = ¥ (ﬁl:\’\/agr If)) IS g;g 32?] gtifa\r/\?;u\lfjv?hqop'
V(R) = agR?
Coulombic: a=-1 g=a; String-like: a=+1 g=0
V(Ve(R)) = —4masé(R) Y (§ﬁ§R>> — _4ro5(R)

®| Immerse non-perturbative charge in weak coupling HTL medium: permittivity €

Vmed(p) _ VvaC(p)/e(p) 6_1(ﬁ mD) _ p2 T Pm2D
| p? + mp (p* + mp)?
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

An improved Gauss law approach

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

_ a
VQTC)_O( R) — VC(R) + VS(R) — _TS +or4+c

Strategy:
GIV(R)] = ¥ (ﬁl:\’\/agr If)) IS g;g 32?] gtifa\r/\?;u\lfjv?hqop'
V(R) = agR?
Coulombic: a=-1 g=a; String-like: a=+1 g=0
V(Ve(R)) = —4masé(R) Y (§ﬁ§R>> — _4ro5(R)

®| Immerse non-perturbative charge in weak coupling HTL medium: permittivity €

Vmed(p) _ V"ac(p)/e(p) 6_1(5, mp) = pp—z -

® 3 vacuum parameters and 1 temperature dependent mg fix both Re[V] and Im[V].
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TOWARDS IN-MEDIUM QQ DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Gauss-law solution to Re[V] & Im[V]

H| Gauss-Law result allows to fit Re[V] data even in the non-perturbative regime

ReV |GeV]
8| 25
5 result
6
2
SR a
: /A
4 1
0.5
2
0 7™ °
| r [fm] 0 005 01 015 02 025
0 0.5 1 15 T [GeV]
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TOWARDS IN-MEDIUM QQ DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Gauss-law solution to Re[V] & Im[V]

H| Gauss-Law result allows to fit Re[V] data even in the non-perturbative regime

ReV |GeV]

1IsoQuant
SFai225

result

r [fm] 0 005 01 015 02 025
T [GeV]

148 MeV = 205 MeV 1 286 MeV
0.4 164 MeV —— 232 MeV

® mg defined from Re[V] allows to j|181 MeV ! 242 MeV o1

compute Gauss law prediction for Im[V]

0.3

0.2

0.1
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TOWARDS IN-MEDIUM QQ DYNAMICS FROM FIRST PRINCIPLES

Gauss-law solution to Re[V] & Im[V] LS of Stavanger

m| Gauss-Law result allows to fit Re[V] data even in the non-perturbative regime

Rev [GeV] 1IsoQuant
8 2.5 - //
5 result
6
p
SE A
: %
4 1
0.5
2
0 T ®
‘ T [fm] 0 0.05 0.1 0.15 0.2 0.25
0 0.5 1 15 T [GeV]
ImV [GeV]

148 MeV = 205 MeV 1 286 MeV
0.4 164 MeV = 232 MeV
11181 MeV = 242 MeV =

® mg defined from Re[V] allows to
compute Gauss law prediction for Im[V] "
0.2
H| recently extend the Gauss law to model 0.1
quarkonium at finite velocity & pg
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES

“ye - . University
Equilibrium spectral properties 1) of Stavanger
bb S-wave T=0 spectra bb S-wave T>0 spectra
* | | | | B=6.664 —— . ' ' T=140MeV —T=192MeV
10 b . B=6.740 —— | i T=145MeV —T=199MeV — |
33, bottomonium p=6.800 —— 10 T=151MeV =—T=212MeV
n=4 BR T=0 =6.880 =——— TflSSMeV :T2223Mev :
d mie — o e e —
N =7 o » T=173MeV — T=333MeV —
3 6f B 7.0 / ] % 6| | ﬁégw T=407MeV — |
g 15OV = | = e
o u/ | ar ‘ /l‘\\‘ 33, bottomonium |
oL results | \ AN n=4 BRT>0
Nl 2
J
s 10 u 1z 13 14 15 16 .
w [GeV] w [GeV]

®| Crucial step: defining correct T=0 baseline in presence of methods artifacts
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES

.- . . University
Equilibrium spectral properties (1) of Stavanger
bb S-wave T=0 spectra bb S-wave T>0 spectra
12 T T 12 T T T T
p=6.664 —— T=140MeV —T=192MeV
10 F . B=6.740 - i T=145MeV —T=199MeV
3, bottomonium B-6.800 — 1 T-155MeV — T=p23MeV —
ol n=4 BRT=0 B=6.880 T=160MeV —T=251MeV —
8r T=166MeV ——T=273MeV — ]|
% Nm ? T=173MeV —T=333MeV —
3 6 ~ T=178MeV ——T=407MeV — |
2 3 6 | T=185MeV
L < l \\
) 1L JARR e
Nl -
0 e ——
9

&'

[32]

z

S -100 _ _ ]

2 Y in-medium

§ | Mass shifts |
n=4 bottomonium 3S;
[BR T>0] calib. [BR T=0 trunc.]

_200 | | | | | | |
140 160 185 223 251 333 407

T [MeV]
®| Crucial step: defining correct T=0 baseline in presence of methods artifacts

B For the first time consistent negative in medium mass shifts — ordered by E,; 4

ALEXANDER ROTHKOPF - UIS The 1st QSEC Conference — September 24th 2019 — Heidelberg University — Germany



TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
- University
Open theory questions 1) of Stavanger
pre-thermalization Quark-Gluon-Plasma hadronization

production /formation medium interaction freeze-out

Real-time QQ evol. in local
thermal equilibrium

Beyond Schrddinger:

Open-quantum-systems
descr. of real-time evolution

Connecting OQS to
EFT language of potential

(with T. Miura, Y. Akamatsu, M. Asakawa
arXiv:1908.06293 )
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The open quantum systems picture

H| Need a general approach to describe quarkonium coupled to a thermal medium

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

d

P :
H = HQQ R Imed + IQQ ® Hmed + Hint dt = —i[H, p]
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The open quantum systems picture

H| Need a general approach to describe quarkonium coupled to a thermal medium

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

d

P :
H = HQQ R Imed + IQQ ® Hmed + Hint dt = —i[H, p]

Hint — sz ®Em
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The open quantum systems picture

H| Need a general approach to describe quarkonium coupled to a thermal medium

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

d

P :
H = HQQ R Imed + IQQ ® Hmed + Hint dt = —i[H, p]

A —
m

=/ Dynamics of the reduced QQbar system:

. . = = [r [ ]
N. Brambilla et.al. arXiv:1903.08063 & PRD97 (2018) 074009, QQ med | P
J.P. Blaizot, M. Escobedo JHEP 1806 (2018) 034
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The open quantum systems picture

H| Need a general approach to describe quarkonium coupled to a thermal medium

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

dp .
H = HQQ R Imed + IQQ ® Hmed + Hint dt = —i[H, p]
o= ¥ En 0,
m

=/ Dynamics of the reduced QQbar system: o I _
N. Brambilla et.al. arXiv:1903.08063 & PRD97 (2018) 074009, PQQ = Trmed [P] dthQ o VpQQ

J.P. Blaizot, M. Escobedo JHEP 1806 (2018) 034

ALEXANDER ROTHKOPF - UIS The 1st QSEC Conference — September 24th 2019 — Heidelberg University — Germany



University

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The open quantum systems picture

H| Need a general approach to describe quarkonium coupled to a thermal medium

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

d :
H = HQC_? X Imed + IQC_? 03¢ Hmed + Hint d_l; — _I[H’ P]
S R R ALES
° A > .. m

=/ Dynamics of the reduced QQbar system: o I _
N. Brambilla et.al. arXiv:1903.08063 & PRD97 (2018) 074009, PQQ = Trmed [p] dthQ o VpQQ

J.P. Blaizot, M. Escobedo JHEP 1806 (2018) 034

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

Environment relaxation scale Tk : QQ systemscale Ts : QO relaxation scale Tre|:
<Em(t)5m(0)> ~ e_t/‘TE Tg ~ ]./|(d _ Ldl| <P(t)> . e—t/'rre|
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The open quantum systems picture

®| Need a general approach to describe quarkonium coupled to a thermal medium

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

d :
H = HQQ X Imed + IQQ X Hmed + Hint d_i — _’[H' P]
COmrnC) B Hit = 2_Em ® =
o ¢ Joe ° m

=/ Dynamics of the reduced QQbar system: o I _
N. Brambilla et.al. arXiv:1903.08063 & PRD97 (2018) 074009, PQQ = Trmed [P] dthQ o VpQQ

J.P. Blaizot, M. Escobedo JHEP 1806 (2018) 034

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

Environment relaxation scale Tk : QQ systemscale Ts : QO relaxation scale Tre|:
<Em(t)5m(0)> ~ e_t/‘TE Tg ~ ]_/|w _ w/| <P(t)> . e—t/'rre|
¥ In case of Markovian time evolution (7e < Tyl ) leads to a Lindblad equation

d o 1 1
J7Pee = ~ilHoa Peal + Z'Yk(LkaC?LL ~ 5Lilkpge - §PQ©LLLk)
k
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The open quantum systems picture

®| Need a general approach to describe quarkonium coupled to a thermal medium

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

d :
H = HQQ R Imed + IQQ ® Hmed + Hint d_i = —i[H, p]
Q) Ha QN T Hot =Y Tm® Zm
O O - o. m

o

=/ Dynamics of the reduced QQbar system: o I _
N. Brambilla et.al. arXiv:1903.08063 & PRD97 (2018) 074009, PQQ = Trmed [P] dthQ o VpQQ

J.P. Blaizot, M. Escobedo JHEP 1806 (2018) 034

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

Environment relaxation scale Tk : QQ systemscale Ts : QO relaxation scale Tre|:
<Em(t)5m(0)> ~ e_t/‘TE Tg ~ ]_/|w _ w/| <P(t)> . e—t/'rre|
¥ In case of Markovian time evolution (7e < Tyl ) leads to a Lindblad equation

d _ (nlpggln) >0,Yn

~ 1 1
t 1 1
Poa = —i[Hog: Poa] + 'yk(Lka@Lk — ~LyLipog — —ch:)LkLk)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Feynman Vernon influence functional

®| Derivation via path integral formalism: Feynman-Vernon influence functional
x,y,X,Y

p(t,x,y,X, Y) = /dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[)_(,)Z)_(,\_/]eis[i,)_(]—is[y,\_’]
x0,Y0,X0,Yo
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of Stavanger

Feynman Vernon influence functional

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t, X, Y, X, Y) = / dXodyodXOdYop(O, X0, Y0 Xo, YO) / D[)—(, )71 X, Y]eIS[X,X]—/S[y,Y]
x0,Y0,X0,Y0

o5t X, y) = /dXdY(S(X —Y)p(t, x,y, X,Y)
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of Stavanger

Feynman Vernon influence functional

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y, X,Y) = /dxodyodXodYop(O,xo,yo, Xo, Yo)/ D[z, 7, X, Y]e!SFEXI=iS7.Y]
X0,Y0,X0,Y0
X,y _ o o o
pQé(t, )= /dxodyopQQ(O,X,Y) D[>_<,)7]e'SQQ[X]—'SQQ[Y]+15FV[X,y]
X0,Y0
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Feynman Vernon influence functional

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y,X, Y) :/dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[X,)ZX,Y]e’S[X'X]_’S[y*Y]
x0,Y0,X0,Y0
X’y - — - -
pQ@(t, X,y) = /dxodyopQQ(O, X, y) DIX, y]e'SQQIX]—'So@[y]-
X0:0 medium - QQ interaction
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Feynman Vernon influence functional

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y,X, Y) :/dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[X,Y,X,Y]e’S[X'X]_’S[y*Y]
x0,Y0,X0,Y0
X’y - — - -
pQ@(t, X,y) = /dxodyopQ@(O, X, y) DIX, y]e'SQ@[X]—'SQ@[y]-
X0:0 medium - QQ interaction

®  Approximate the FV functional to second order in the coupling & Te < Ts

Sev & Spot |[Re[V]] + Stiuce [Im[V]] + Saiss [Im[V]]
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Feynman Vernon influence functional

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y,X, Y) :/dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[)_(,Y,X,Y]e’S[X'X]_’S[va]
X0,Y0,X0,Y0
X’y - — - -
PQa(t X y) = / dxodyopaa(0,x,y) | DIX, yle’Seell—iSeal? SR
X0:0 medium - QQ interaction

®  Approximate the FV functional to second order in the coupling & Te < Ts
Sev & Spot |[Re[V]] + Stiuce [Im[V]] + Saiss [Im[V]]

®| In QM language: Markovian evolution via quarkonium Lindblad equation

d : A P 1~ 4 1 PN
—7p0a(t) = —i[Hoa. Poa) + ny,-(L,-pQ@L}f — 5Lillpqq - §PQ@LiL,T)
i=1
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Feynman Vernon influence functional

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y,X, Y) :/dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[)_(,Y,X,Y]e’S[X'X]_’S[va]
X0,Y0,X0,Y0
X’y - — - -
PQa(t X y) = / dxodyopaa(0,x,y) | DIX, yle’Seell—iSeal? SR
X0:0 medium - QQ interaction

®  Approximate the FV functional to second order in the coupling & Te < Ts
Sev & Spot|[Re[V]] + Stiuce [Im[V]] + Saiss [ Im[V]]

®| In QM language: Markovian evolution via quarkonium Lindblad equation

d : A P 1~ 4 1 PN
—7p0a(t) = —i[Hoa. Poa) + ny,-(L,-pQ@L}f — 5Lillpqq - §PQ@LiL,T)
i=1

=T i (pas)]er (o) PO (Loc-p)] oy
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Feynman Vernon influence functional

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y,X, Y) :/dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[)_(,Y,X,Y]e’S[X'X]_’S[va]
X0,Y0,X0,Y0
X’y - — - -
PQa(t X y) = / dxodyopaa(0,x,y) | DIX, yle’Seell—iSeal? SR
X0:0 medium - QQ interaction

®  Approximate the FV functional to second order in the coupling & Te < Ts
Sry &~ Spot [Re[V]] + Stiuct [Im[V]] + Syiss [Im[VH

®| In QM language: Markovian evolution via quarkonium Lindblad equation

d : A P 1~ 4 1 PN
—7p0a(t) = —i[Hoa. Poa) + ny,-(L,-pQ@L}f — 5Lillpqq - §PQ@LiL,T)
i=1

=T (pasn)]era(roon POl (Lo p)] ooy

ALEXANDER ROTHKOPF - UIS The 1st QSEC Conference — September 24th 2019 — Heidelberg University — Germany



University
of Stavanger

Feynman Vernon influence functional

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y,X, Y) :/dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[)_(,Y,X,Y]e’S[X'X]_’S[va]
X0,Y0,X0,Y0
X’y - — - -
PQa(t X y) = / dxodyopaa(0,x,y) | DIX, yle’Seell—iSeal? SR
X0:0 medium - QQ interaction

®  Approximate the FV functional to second order in the coupling & Te < Ts
Sry &~ Spot [Re[V]] + Stiuct [Im[V]] + Syiss [Im[V]]

®| In QM language: Markovian evolution via quarkonium Lindblad equation

d : A P 1~ 4 1 PN
—7p0a(t) = —i[Hoa. Poa) + ny,-(L,-pQ@L}f — 5Lillpqq - §PQ@LiL,T)
i=1

D(k) k 1 ik-r a D(k) k 1 —ik-r a
2 R (o0 /2 - R o
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Feynman Vernon influence functional

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y

p(t, x,y, X,Y) :/dXodyOdXodW)P(O,Xo,)/o,Xo,Yo)/ D%, 7, X, Y]e S X1-isl7.Y]
X0,Y0,X0,Y0
X’y - — - -
Poa(t: x.y) = / dxodyopaa(0,x,y) | DIX, yle’Seell—iSeal? SR
X0:Y0 medium - QQ interaction

®  Approximate the FV functional to second order in the coupling & Te < Ts
Sry &~ Spot [Re[V]] + Stiuct [Im[V]] + Syiss [Im[V]]

®| In QM language: Markovian evolution via quarkonium Lindblad equation

d . N.g N ot 1. ot 1 ~ ot 5(!():
—7p0a(t) = —i[Hoa. Poa) + 'Z'Y"(LinQLi —5Lilirgg — §PQ@LiL;) T T
i=1 k(k? + mp)
_ D(k) k 1 ik-r a D(k) k 1 —ik-r a
tha =\ =5 [1_4mQT'(§PCM+p)}ek F(Ten) /= [1_4mQT'(§PCM_p)}e “(1eT)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Feynman Vernon influence functional

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y,X, Y) :/dXodyodXOdYop(O,Xo,yo,Xo,Yo)/ D[)_(,Y,X,Y]e’S[X'X]_’S[va]
X0,Y0,X0,Y0
X’y - — - -
PQa(t X y) = / dxodyopaa(0,x,y) | DIX, yle’Seell—iSeal? SR
X0:0 medium - QQ interaction

®  Approximate the FV functional to second order in the coupling & Te < Ts
Sry &~ Spot [Re[V]] + Stiuct [Im[V]] + Syiss [Im[V]]

®| In QM language: Markovian evolution via quarkonium Lindblad equation

d . N.g N ot 1. ot 1 ~ ot 5(!():
—7p0a(t) = —i[Hoa. Poa) + 'Z'Y"(LinQLi —5Lilirgg — §PQ@LiL;) T T
i=1 k(k? + mp)
_ D(k) k 1 ik-r a D(k) k 1 —ik-r a
tha =\ =5 [1_4mQT'(§PCM+p)}ek F(Ten) /= [1_4mQT'(§PCM_p)}e “(1eT)

®| Full Lindblad dynamics cannot be described by deterministic Schrodinger equation
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Spy &~ Spot [Re[V]} + Stiyct [Im[VH + Syiss [Im[VH

®| In QM language corresponds to Markovian evolution by Lindblad equation

d : ~ ~ 1~ 4 1 A
—7Paa(t) = —i[Hoa. Poa] + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Skv & Spot |[Re[V]] + Stiuce [Im[V]] + Saiss [ Im[V]]

= In QM language corresponds to Markovian evolution by Lindblad equation
d - . L L & ooy
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQ’—i —5Lilirgg — §PQ©LiL;)

®| [nclude the effects of fluctuations by taking the
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation
d - . L L & ooy
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQLi —5Likipog — §PQ©L:'L;)

®| [nclude the effects of fluctuations by taking the

B )

Spot Shiuct
(m(t, x)n(t',y)) = o(t — t')D(x —y)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation
d - . L L & ooy
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQLi —5Likipog — §PQ©L:'L;)

®| [nclude the effects of fluctuations by taking the

B )

Spot Sfluct
(n(t.x)n(t'y)) =6(t —t)D(x—y)  n~ At7Y?
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation
d - . L L & ooy
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQLi —5Likipog — §PQ©L:'L;)

®| [nclude the effects of fluctuations by taking the

B )

Spot Sfluct
(n(t.x)n(t'y)) =6(t —t)D(x—y)  n~ At7Y?

2

Bcboa(t) = ( — 5o + V(1) + 0~ 267)hgq(t)

=} Fully unitary microscopic dynamics, no thermalization
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation
d - R 1. oy f
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQLi —5Likipog — §PQ©L:'L;)

®| [nclude the effects of fluctuations by taking the

: Vv?
U:exp[—l/dt(—m—Q—I—V(r)+'fl(t,£)—7)(t,—£)>] 05 HTL mp=0.1...1GeV
I Spot I Stluct 0.4
(n(t,x)n(t',y)) = 6(t —t')D(x —y) n~ At~1/2 So3
| 2 i ~0.2
i0:oq(t) = (— 7m0 +V(r)+© - 5© >¢Qo(t) 0.1

. . . . . . 0'8.0 0.5 1.0 1.5 2.0 25 3.0
=! Fully unitary microscopic dynamics, no thermalization ¢ ffm]
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation
d - R 1. oy f
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQLi —5Likipog — §PQ©L:'L;)

®| [nclude the effects of fluctuations by taking the

. \V& r r
U:exp[//dt(m—Q+V(r)+I’r](t,§)n(t,E)lﬂ o5
I Spot I Sluct 0.4 HTL mp=0.1...1GeV
(n(t,x)n(t',y)) =6(t —t')D(x —y) n ~ N 03
| T2 i 0.2
i0:oa(t) = (— o +V(r)+0 -39 )%Q(f) 0.1

. . . . . . 0'8.0 0.5 1.0 1.5 2.0 2.5 3.0
=! Fully unitary microscopic dynamics, no thermalization r [fm]

D(r) = Im[V](r) — Im[V](o0)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation
d - R 1. oy f
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQLi —5Likipog — §PQ©L:'L;)

®| [nclude the effects of fluctuations by taking the

' \V£: <>
U= exp[ — //dt(—m—Q + V(r) +I'r)(t, %) — n(t, —%))] os) 1.
I Spot I Sluct 0.4 HTL mp=0.1...1GeV
(n(t,x)n(t'y)) =8(t —t)D(x—y)  n~ At71/2 503
| 2 ; 0.2

. . . . . . 0'8.0 0.5 1.0 1.5 2.0 2.5 3.0
=! Fully unitary microscopic dynamics, no thermalization r [fm]

D(r) = Im[V](r) — Im[V](o0)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES

The stochastic potential

H| Based on scale separation & weak coupling approximation:

Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

™

University
of Stavanger

= In QM language corresponds to Markovian evolution by Lindblad equation

d
arPealt

®| [nclude the effects of fluctuations by taking the
U:exp[—i/dt(

x)n(t',y)) = 6(t — t')D(x —y)

(n(t,

i0:qq(t) = (

=} Fully unitary microscopic dynamics, no thermalization

ALEXANDER ROTHKOPF - UIS
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

The stochastic potential

H| Based on scale separation & weak coupling approximation:
Sry &~ Spot [RG[V]] + Stiyct [Im[V]} + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation
d - . L L & ooy
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQLi —5Likipog — §PQ©L:'L;)

®| [nclude the effects of fluctuations by taking the

B )

Spot Sfluct
(n(t.x)n(t'y)) =6(t —t)D(x—y)  n~ At7Y?

2

Bdioa(t) = ( — 50— + V(1) + 0~ 207 )9oq(1)

\\\\\\\\\
;;;;;;;;;

=} Fully unitary microscopic dynamics, no thermalization
2 :

Belaa(t)) = (— =+ RelV] — ilIm[V]]) (Yoo (1)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES _ _
University

Decoherence 1) of Stavanger

®| A new scale appears in the dynamics: medium correlation length 1,

\ 7 3 ’ TAdFT Y = Y s -
A 1 AT T
\ AT TN A AT g
[ - 2 Yo e T N
/# \\_'.; l/f-h-.‘_\ 's \ /:.‘,} { ;‘;.J} 1 i s
g N 4 N ’|’ oK \l\‘}\__:l P!
AN ! ’IJJ ™3 & Y 71 { P -{ ™ -"‘ |
\' ~ \‘.\ ‘fl ',\d-""-\.\ “"-/::i ‘ J;‘{ I
@ ,,? ~1 N =1 \'/l'z, RS j\_. =
> ,\ ’ N > vy w437 T
W s .\;-'-’ ! 1, ’v‘ - P | = -1
[ Py | L7 1 ~1 ! LA i B
I\ ‘corr / NS 4' N AR N i
TN =5 oA N TN PRy
- =N z/ TNy ) u j"&‘:" BRI -»fp:*i 'l-.
lcorr > l-q‘f: Zcorr ~ Z-z,-‘fr lcorr < ly
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES _ _
University

Decoherence 1) of Stavanger

® A new scale appears in the dynamics: medium correlation length |_,,

'\ ’: \,:’!\| ";'J 'h-'fl },VF“J{ 1\‘7;&({;&.
\\ N / \ f{ ;.‘\-«1 .‘\. J“"‘“ & £
- \hkﬁq\ — 1 - \ l, \\ \.4} { ~ \" ‘ Fy
’/ -=7 / Ny Y J T }x,}*{ 4
R M s iy ¢ D e
~ [, Mi A 1@ "1 D @ TT
! P N\ a Yo 0\ i
oW @) ‘L S=<{) 2N IS o
> I 1 AN RIR ’}:"' L I el
N l ;0 P s L ’;11 Vs e
1\ ‘corr y 28 I 3 4K NPt anr AT
PN ==y \\' I’ \‘\.’ ,’I‘ ’g,\-.q" i ;‘;a;\"‘ }‘L*;
PN S LTS bt L |
lcorr > Z-a;f: ZCorr ~ Z-t,-‘fr lcorr < ly

®| Fluctuations induce decoherence: select preferred basis — decay of populations

stability of quarkonium decreases:
from Debye screening and fluctuations

lcorr=0.96 [fm] ——
lcorr=0.48 [fm] —»—
lcorr=0.32 [fm] —>—
lcorr=0.16 [fm] —=—
lccl::rr=0|.04 [Jf_m] /"

OCCUPATION PROBABILITY

0.001 . . . .
0 1 2 3 4 5 6 7 8 9
TIME [fm]
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Towards full Lindblad dynamics ()

H| Based on scale separation & weak coupling approximation:
Srv = Spot [Re[V]] + Stiuct [Im[V]] + Syqiss [Im[V]]

= In QM language corresponds to Markovian evolution by Lindblad equation

d : ~ ~ 1~ 4 1 A
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)

ALEXANDER ROTHKOPF - UIS The 1st QSEC Conditions— September 24th 2019 — Heidelberg University — Germany



University

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Towards full Lindblad dynamics ()

H| Based on scale separation & weak coupling approximation:
Sry ~ Spot [Re[V]] + Stiuct [Im[VH + Syiss [Im[V]]
= In QM language corresponds to Markovian evolution by Lindblad equation

d : ~ ~ 1~ 4 1 A A
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQL,T — 5 Lillpqq - §PQ©LiL,T)

®| Unravel dynamics in wavefunction stochastic dynamics:

[dy) = [$(t + dt)) — [9(t)) Lo = 21 (GPee) [ e* (o)
. 2(Lf)yLln — LYL, |
= —iHlp(e)de+ ) ( <L;”>¢ e ) w(e)de 5P gy (GPenp) e teT
a 2 Tmp Ne Nt
+ ) (Lo —(Ln)y) (1)) dEn, BU) = 8T g 2z mo = 6Ty 5+

" weak coupling parameters, V(r) Debye form
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of Stavanger

Towards full Lindblad dynamics ()

TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES ‘ ;

H| Based on scale separation & weak coupling approximation:
Srv = Spot [Re[V]] + Stiuct [Im[VH + Syiss [Im[V]]

= In QM language corresponds to Markovian evolution by Lindblad equation

d 5 o @> 1 ~ A
J7Pealt) = ~i[Hgg Pqa) +Z’Yi(LiPQ©L,T - §LiL/TPQ@ — 5PaaLil,; )

®| Unravel dynamics in wavefunction stochastic dynamics:

[d) = [9(t+ dt)) — [9(t)) R )
201y L,y — LTI,

=—fH\¢<r>>dt+Z<<<Zfi¢<L )y >\¢<r>>dt V5 [ (GPenp)]eetier

£3 (Lo — (L)) [9(1))de, B =Ty oy mo=eTy 5+

" weak coupling parameters, V(r) Debye form

=! First “derivation” of phenomenological models based on nonlinear Schrédinger equation
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
L of Stavanger

Towards full Lindblad dynamics ()

H| Based on scale separation & weak coupling approximation:
Srv = Spot [Re[V]] + Stiuct [Im[VH + Syiss [Im[V]]

= In QM language corresponds to Markovian evolution by Lindblad equation

d . A A 1~ A 1 N~y
J7Pealt) = ~i[Hgg Pqa) +Z’Yi(LiPQ©L,T - §LiL/TPQ@ — 5PaaLil,; )

®| Unravel dynamics in wavefunction stochastic dynamics:

d9) = [$(t + dt)) — [9(2)) =2 1 (Lpayen) | erva(ren)
2<LL>¢Ln - LLLn D(k) k /1
= —iH t))dt + t))dt - 1- Pev— ’k'r/2(1®Ta)
w3 (M ey Ot o)
~ Tm> Ne  Ne
+ 3 (Lo — (Lahy) [¥(2))dén, D) =T gz oz Mo =Ty 5+
" weak coupling parameters, V(r) Debye form

=! First “derivation” of phenomenological models based on nonlinear Schrédinger equation

" First genuine Lindblad implementation: previous works could not maintain positivity of p
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Towards full Lindblad dynamics (Il

H| Based on scale separation & weak coupling approximation:
Spv & Spot [RE[V]] + Stiuct [Im[VH + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation

)

>

d . A A 1. 4 1 "
J7Pealt) = —i[Hoq: Pqa) + Z’Yi(LiPQQL,T - §LiL,TPQ@ — 5Paali

®| Unravel dynamics in wavefunction stochastic dynamics:

18

t No(0)=1, No(Mt) —+—
i N4(Mt) —%—
I N1(0)=1, No(Mt) +—x—1
N1(Mt) —0O—1

% RK4 + noise step
0.01 '

0 1000 2000 3000 4000
Mt

" Encouraging: admixtures become independent of initial conditions at late times
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Towards full Lindblad dynamics (Il

H| Based on scale separation & weak coupling approximation:
Spv & Spot [RE[V]] + Stiuct [Im[VH + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation

d : ~ ~ 1a 4 1 A A
—7raa(t) = —ilHoa: Poa) + Z’Yi(LiPQQL,T — 5 Lillpqq - §PQ©LiL:[)

®| Unravel dynamics in wavefunction stochastic dynamics:

18 . : : 1%
_ No(0)=1, No(Mt) ——
I N (Mt) —x—
I N1(0)=1, No(Mt) —*—1
[ N4(Mt) — O 01
=
Z 01} =
0.01
¥ RK4 + noise step 0.001
0'01 I 1 1 1 1 1 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000

Mt Mt

" Encouraging: admixtures become independent of initial conditions at late times

=| Dissipative effects stabilize the ground state as they counteract separation of the pair
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Towards full Lindblad dynamics (lll)

H| Based on scale separation & weak coupling approximation:
Spv & Spot [RE[V]] + Stiuct [Im[VH + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation

)

>

d . A A 1. 4 o
J7Pealt) = —i[Hoq: Pqa) + Z’Yi(LiPQQL,T - §LiL,TPQ@ — 5Paali

®| Unravel dynamics in wavefunction stochastic dynamics:

0.5 T T T
No(0)=1, T/M=0.1 —+—i

No(0)=1, T/M=0.3 —>—

Ts/M=0.099 ——

TM=0.1 — — -
Ts/M=0.288 ——
TM=0.3 —

0.1

N;ed

001 1 1 1 1 1 1 1
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06

Ei/M

=! Distribution of states at late times agrees well with Boltzmann and yields consistent T
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Towards full Lindblad dynamics (lll)

H| Based on scale separation & weak coupling approximation:
Spv & Spot [RE[V]] + Stiuct [Im[VH + Syiss [Im[VH

= In QM language corresponds to Markovian evolution by Lindblad equation

Nig
d . ~ ~ 1A A~ 1 A A
—-Pqa(t) = =i[Hoq Paa] + D ’Yi(LiPQQL,T — 5 Lillpqq - §PQ©LiL:[)
i=1

®| Unravel dynamics in wavefunction stochastic dynamics:

(b)

0.5 T T T T

No(0)=1, T/M=0.1 +—+— 1
No(0)=1, T/M=0.3 +—x—i
T/M=0.099 ——
0.1 TM=0.1 — — -

N;ed

T/M=0.288 —— Z 011k
T/IM=0.3 — .

0.01 . . . L : ' ' 0.01 :
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0 100 200 300 400

Ei/M Tt

=! Distribution of states at late times agrees well with Boltzmann and yields consistent T

=/ Smaller m, leads to more efficient equilibration (decoherence more effective)
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES
LI of Stavanger

Conclusion

®| Significant progress in in-medium guarkonium theory

®| Recent and ongoing studies on quarkonium dynamical properties

= Novel extraction of the in-medium heavy quark potential on realistic lattices
P. Petreczky, A.R., J. Weber, NPA982 (2019) 735

=/ Improved analytic parametrization of V(R) using the generalized Gauss law
D. Lafferty, A.R., arXiv:1906.00035

=/ Control over systematics in direct spectral reconstructions in lattice NRQCD
S.Kim, P. Petreczky, A.R., JHEP 1811 (2018) 088

=/ First potential-based Lindblad equation for in-medium heavy quarkonium
with T. Miura, Y. Akamatsu, M. Asakawa arXiv:1908.06293

H| A lot of work remains to be done:

=/ Explore the initial stages of a HIC: formation dynamics of quarkonium

with A. Lehmann (in preparation)

=/ Improve reconstruction of spectral functions: excited states physics

new PhD student G. Parkar started this August
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TOWARDS IN-MEDIUM HEAVY QUARKONIUM DYNAMICS FROM FIRST PRINCIPLES

Conclusion S e,

Significant progress in in-medium quarkonium theory

Recent and ongoing studies on quarkonium dynamical properties

= Novel extraction of the in-medium heavy quark potential on realistic lattices
=/ Improved analytic parametrization of V(R) using the generalized Gauss law
=/ Control over systematics in direct spectral reconstructions in lattice NRQCD
=/ First potential-based Lindblad equation for in-medium heavy quarkonium

A lot of work remains to be done:

=/ Explore the initial stages of a HIC: formation dynamics of quarkonium

=/ Improve reconstruction of spectral functions: excited states physics

Thank you for your attention
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