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THE STOCHASTIC SCHRODINGER APPROACH Vit it
n = niversi
Motivation: Osaka/Stavanger approach LS G

weak coupling
®! Main goal: derive a potential based e.o.m. “quantum Brownian motion limit”

for quarkonium wavefunctions from QCD
i0:9(t) = Fly, Re[V], Im[V],.. ]

= conceptual: connect imaginary part of the EFT
potential to microscopic quarkonium dynamics

quantum state diffusion

= technical: range of validity of phenomenological

models : .
recoilless limit

= practical: provide path for incremental
improvement of current approaches

"/ Based on open-quantum-systems picture adiabatic approximation
(avoid semiclassical approximation)

2

o= [

~+ RelVI(R.T) ~ iIm{V)(R. T)]y
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Why quantum dynamics? (1) of Stavanger

Stochastic SE in the recoilless limit including SU(3) color d.o.f.: Ea e St EOEr G

B Eon as

Q_+++¢ Q_H V(X) _ e—mD\x|

2 o = 2
+ o +€++“1:"+ e +'¢+:* X<+ Xe

1
H(r, t) = —sz + V(I’)(ta ® ta*) + @(I‘, t) :%ﬂﬁﬂﬂi&% o
5 ++"+ "-c; D = e - ecorr
O(r, t) = 6*(R+r/2,t)(t* ®1) — °(R —r/2,t)(1 ® t™) e )=l =Y
(6°(x, )6°(x, ¢')) = D(x —x)5(t — )8% N
E&"+ "‘+"‘¢E§:’+ "‘+"‘¢E§ 47 3 6 Leo
| . . NS o7
Based on single gluon exchange: noise governed by D function > v = D(0) = 947
always corresponds to a singlet <-> octet transition. .
thermal equilibrium
color singlet density matrix color octet density matrix
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OCCUPATION PROBABILITY

J‘()\‘ \f\/“ :
NX: 512 / T: 0.4 GeV / 1000 events SN \Ev}"“\' 100
001 Frrommmrmmms s e
—_ =7 A (‘_
m=4.8GeV leorr = 0.96 [fm] —— | 0 g%k i
lcorr = 0.48 [fm] —— “1:_}\ T
lcorr = 0.32 [fm] ——

iggg 8(1)2 {gm e W(R,p) = [ drp(x )e_,-p, Wigner distribution around origin
0.001 : ‘ ‘ ‘ ‘ ‘ : ‘ Pl = px.y shows non-positive contributions
0 1 2 3 4 5 6 7 8 9
TIME [fm] Genuine quantum nature of quarkonium remains relevant
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Towards Lindblad based dynamics of Stavanger
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d : A 1 A A
—7Paa(t) = —ilHog. poa) + ny,-(L,-pQ@L}f —5Lilipeg — §PQ©L/‘L:-[)
=t L[Im[V]]

Hqg [RelV]]

®| Derivation in weak-coupling: phenomenology possible with a lattice vetted potential
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d : A 1 A A
—7Paa(t) = =ilHoq. Poa) + ny,-(L,-pQ@L}f —5Lilipeg — §PQ©L/‘L:-[)
=t L[Im[V]]

Hqg [RelV]]

®| Derivation in weak-coupling: phenomenology possible with a lattice vetted potential

®| At the moment adiabatic approximation deployed Vqq = Re[V]-i Im[V]

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany



THE STOCHASTIC SCHRODINGER APPROACH _ .
University

Towards Lindblad based dynamics of Stavanger

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d : A A A 1 A A
—7Paa(t) = =ilHoq. Poa) + Z’YI(L:'PC@L,T — 5 Lilipqq - §PQQL/‘L,T)
=t L[Im[V]]

Hqg [RelV]]

®| Derivation in weak-coupling: phenomenology possible with a lattice vetted potential

®| At the moment adiabatic approximation deployed Vqq = Re[V]-i Im[V]
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H| At RHIC: bottom not equilibrated & good agreement. At LHC: underestimates yields

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany



The stochastic potential of Stavanger
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d : ~ ~ 1~ 4 A
—-paa(t) = —i[Hoa Poal + ZWI'(L:‘PQ@L,T ~ 5 Lillpgq - QPQ@L:'L,T)
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The stochastic potential of Stavanger
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

®| Include the effects of fluctuations by taking the
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The stochastic potential of Stavanger
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

®| Include the effects of fluctuations by taking the

U= exp[— i/dt(l—Z—: + V(r)l—l—ln(t, %) —n(t, —%))}

Spot @(r't)

(n(t,x)n(t",y)) =6(t —t')D(x —y)
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

®| Include the effects of fluctuations by taking the

2

U= exp[— i/dt<l—Z—Q + V(f)l+l"7(t' %) -t _%).)}

Spot @(r't)

(m(t.x)n(ty)) =6(t — ¢)D(x—y) ~ n~ A
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

®| Include the effects of fluctuations by taking the

U= exp[— i/dt(l—Z—: + V(r)l—l—ln(t, %) —n(t, —%))}

Spot @(r't)

(n(t,x)n(t',y)) =6(t —t')D(x —y) n ~ At L/2
i0:oa(t) = ( - 4+ V(r)+ 06— —@2)¢Q@(t)

%! Fully unitary microscopic dynamics, no thermalization
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The stochastic potential of Stavanger

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

N.s
d . ~N N 1 N N 1 VA VAN
—-Pqa(t) = —i[Hoq. Poa] + ’Yi(LiPQ@L,T ~ 5 Lilipeq — 5rqa iL,T)
=1

®| Include the effects of fluctuations by taking the

U=ep[ i [ot(~ pviyene ) -ne-)]
=exp| — | e r , =) —n(t,—=
P mo o) = ME )
Spor o(rt)
/ / ~ At_l/z % 0.6 . o
(n(t, x)n(t',y)) = &(t —t')D(x —y) n -
a -‘p (t) ( v2 —l_ V( ) —I_ @ i 62)¢ (t) g 0.3 El\\wD\\ )
1 = e — r - — - .
t QQ 2mQ 2 QQ - tochast potential, 1 0.48 fm‘j:ﬁ\ R
=| Fully unitary microscopic dynamics, no thermalization T e
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The stochastic potential of Stavanger

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

®| Include the effects of fluctuations by taking the

U—exp[—i/dt(l—Z—;—I-V(r)l-l-l'fl(ty%)_??(tv_%))} o.:f

0.8 h

: 0.7

(n(t, (e y)) =8(t = £)D(x—y)  m~ AR \

0.5 |

iat"/}QQ(t) — ( — v_2 + \/(r) + 6 — Le2)¢Qé(t) : :i aﬁ
2mQ 2 I 1,1 0.48 £ i—ﬁ Ran
= Fully unitary microscopic dynamics, no thermalization T e

Beaa(t)) = ( — 17 + RelV] — ilIm{V]|) (Yoa(t)
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Towards full Lindblad dynamics (l) of Stavanger
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¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d . ~ ~ A A ]_ A A
—-Pqa(t) = —i[Hoq. Poa] + 2 ’Yi<Li/°Qc'2L,T ~ 5 Lillpgq - §PQ@L:‘L,T>
i=1

(E(x)€"(2)) = 6 (x — y)

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany



University
of Stavanger

Towards full Lindblad dynamics (l)

THE STOCHASTIC SCHRODINGER APPROACH ‘ ;

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature
JpPealt) = ~i[Hgg: Poq) + Z’Yi<[i/"cx:>L,T 3 inﬂpaé — QPQ@L:'LD
®| Unravel dynamics in wavefunction stochastic dynamics:

|d¢> — ‘d’(t + dt)> o |1/}( )> L= ng) [1 4kaT ( PCM‘H))} kr/2(7'3®1)

H ))d L't L b d D(k) kK /1
- hlj o Z < n> <Ln>z[; hb(t» g a 2 [1_4mQT.(§PCM_p)}e_lk.r/2(1®7—a)
R 0 = 7T B, mo—emE 4

(&(x)&*(2)) = 6¥W(x —y)  weak coupling parameters, V(r) Debye form
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Towards full Lindblad dynamics (l)

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d : - A
dthQ(t) [HQ@v PQ@] + Z’Yi<LiPQc§L:-r B ELiL:[pQQ — EPQQLiL:'r>

®| Unravel dynamics in wavefunction stochastic dynamics:

|d¢> — W’(t + dt)> - |1/}( )L>T> . o Lo = ng) [1 4ka7_ ( Pcvarpﬂ r/2(Tag)

= — " d} nen kor /2 a

= —iH[y(t))dt + Z ( (L)L) ) [P(t))dt e [1_4m';T.(§pCM-p)]e—' (1877
+ Z (L - hb(t»dgn D(k) = ZTW%%:#)? mp =gT /\?I) + /\éf

(&(x)&*(2)) = 6¥W(x —y)  weak coupling parameters, V(r) Debye form

=! First derivation of a stochastic nonlinear SE — how to connect to Schrgdinger-Langevin?
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Towards full Lindblad dynamics (l)

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

Ni g
d . ~ ~ 1 A A 1 VAV N
dthQ(t) [HQ@v PQ@] + Z’Yi<LiPQc§L:-r B ELiL:[pQQ — EPQQLiL:'r>

®| Unravel dynamics in wavefunction stochastic dynamics:

) = [P(t + dt)) - |z/f<f)L>T> L RTINS
= —iH|y(t))dt + Z ( (L n> L)y ) %(t))dt — ng) [1—4m';T-(§PCM—p)]e—"‘"/z(l@T‘”)
+Z(L - hb(t»dgnv D(k)— ZTW%%:#)? mp =gT /\?I) —I—/\éf

(&(x)&*(2)) = 6¥W(x —y)  weak coupling parameters, V(r) Debye form
=! First derivation of a stochastic nonlinear SE — how to connect to Schrgdinger-Langevin?

=! First genuine Lindblad implementation: previous works could not maintain positivity of p
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Towards full Lindblad dynamics (ll) of Stavanger

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature
d ~ 14 i 1

—2paa(t) = —i[Hoa Poal + Z’Yi<[inC§L:'r —5LiLirga — EPQ@["[D
i=1

®| Unravel dynamics in wavefunction stochastic dynamics:

16 T T T ] 0.5 T T T T T T T
. No(0)=1, No(Mt) +——+— ] Ng(0)=1, T/M=0.1 —+—
i Ny(Mt) =—<— 1 Ng(0)=1, T/M=0.3 +—>—
I N1(0)=1, No(Mt) —* — |
I N4(Mt) —0 ~ | Ta/M=0.099 —
= . 01 TM=0.1 — —
= 01LE : g Ta/M=0.288 ——
TM=03 ——
F
o 01 % 1 | [ S . 0'01 | 1 | 1 1 ] |
0 1000 2000 300+ OTggpGtep 01 -0.08 -006 -004 002 0 002 004 006
Mt E/M

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

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

ALEXANDER ROTHKOPF - UIS Quarkonium in HIC — EMMI RRTF — December 16th — 20th 2019 — GSI, Germany



THE STOCHASTIC SCHRODINGER APPROACH _ '
University

Towards full Lindblad dynamics (ll) of Stavanger

¥} Lindblad Equation for the quantum Brownian motion regime at high temperature

d e 1.« 1 ““r)

—2paa(t) = —i[Hoa Poal + Z’Y"<LinC'?Z:'r — 5 Lillpoq — 5Pqalil]

®| Unravel dynamics in wavefunction stochastic dynamics:

0.6 . . ,
; Debye: No(0)=1, No(Mt), N, =254 —
18 T T T ] % Ny=204
i No(0)=1, No(Mt) +——+— ] 0.5 | !
b Ny(Mt) —%— ]
I N1(0)=1, No(Mt) —* — |
| N+ (Mt) 01~ | 04 |
5 _
Z_ 01 gl E 03 |
<
02 |
L F
0.01 % 1 | [ S + . te 0'1 [
0 1000 2000 3000 T MOT605° P
Mt 0 . ) \ .
0 1000 2000 3000 4000 5000

Mt

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

=/ Distribution of states at late times agrees well with Boltzmann and yields consistent T
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CO“CIUSion of Stavanger

B | [ndications that quantum coherence remains relevant over time
®| Adiabatic approximation may overestimate suppression

®| [nclusion of fluctuation and dispersion lead to increasing survival
®| Currently only proof-of-principle dissipative QSD computation

®| Ongoing work: beyond the adiabatic approximation in full dynamic model
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