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Bound State Formation in HIC's

Hadronic bound states in strongly interacting matter in high-energy heavy-ion
collisions

@ bound states can be formed and destroyed during specific stages of
evolution of the medium

@ two important kinds of bound states: heavy quarkonia (J/¥,Y and excited
states) and (anti-)deuterons (d, d); other light nuclei

@ ‘snowballs in hell’: light nuclei appear in the statistical hadronization
model at chemical freeze out temperature (~ 150 MeV), while binding
energy much lower (Deuteron ~ 2.3 MeV)

o possible reactions c¢€ « J/¥g(n), bb & Yg(x), pn & dr(y), pi < dn(y)

¢,b; p, p Jy,Y;d,d
q, P
a, k
¢,b;n,m g, T,y
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Stationary solutions

Solving the stationary Schrodinger equation with boundary conditions
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and in0p0 (x, t) = [—2%33 +V(x, t)] W(x, t) = A (x, t) with A = Ay + V(x, t);
U(x,t) =X, cn(t)yn(x) and therefore

Aly) =Y, cn(t) [En + V(t)] [Wn, |¥n) = ¥n(x) leeds to ODE € C

i&(t) = Z nexp (I(Ej — En)t) (1) | with & = ¢jexp (iEjt)
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Single Pulse, starting with a bound state
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Find Heisenberg's energy-time uncertainty arXiv:2207.04898 )
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Extension to Equidistant Pulses ( arXiv:2207.04898 )

@ 2000 pulses with
2 . .
Vix,t) = I, Ve exp (—;7) [O(t — jnAt) — O(t — j(n+ 1)At)]
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@ initial state destruction on very
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o final distribution similar to case timi

with one pulse
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Mean Energy, System blows up
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Need of an approach, that includes damping
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Density Matrices and Reduced Density Matrix

Consider Hamiltonian
H(t) = Hs + Hg + H|(t)
where bath is in equilibrium. In terms of density matrices
psg(t) =ps ®pp

Trace out bath variables reduced density matrix — partial trace

Trg [pss] Z (Is ® (jl) psa (Is & Lj)p)

with {|j)} € ONB for Hpg of subsystem B — pr =Trg[psg]. Further need of
von Neumann equation

d it
3O =ilHLp()]  with p(t)=p(0)—ﬁ/0 ds [Hi(s). p(s)]

which is inserted to obtain in Schrodinger picture

) . e
S3ps(0) =7 [Hs.ps] =25 [ driea [H [H(2).p5(0) © pgl]

. . ¢
i i
=3 Hs.psl =35 [ detra [H(0). T (e = 5).p5() © pg]
in terms of the system. Born-Markov approximation — p(t) ~ ps(t) ® pg(0)

Substitution of s —» 7 = |t — 5| < 1. = ’ Redfield equation ‘
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Caldeira-Leggett Model

Still Hamiltonian
H(t) = Hs + Hg + H;(t) (+Hc)
with

Hs = 51i% + V().

1 1
Hg = P2+ Im w2X2),
B ;(2mnpn 2 nWnin
Hy = —XZKan = -xB

n
K2
with BZZnan,2m on (bn"’bT) and Hc = x Zn 2m,,u)

Need of spectral density

2my Q2
—w
Q2 + w?

J(w) = Z o 6(a) wp) — (Lorentz-Drude cutoff)

For Brownian motion define correlation functions

(B(O)B(-1))g = /Ooodwj(w) coth( )cos(wT)—l‘/ooode(w) sin(wT)

noise kernel dissipation kernel 10/18



Caldeira-Leggett Master Equation

which finally leads to

. 1 oo
ps(8) == [Hs + Hewps] = o [ drira [H1, [H/().ps () @ pal

i i i 2mkg T
=~ [Hs + He.ps] + 1 [Heups] = 5 [x Apps ()] = 28T [x [x.ps (8)]]
i iy 2mkg Ty
= ——[Hs.psl ——[xAp.ps(D} - ——F—[x [x,ps(D)]]
h h I}
free coherent dynamics dissipation ~D(7) thermal fluctuations (decoherence)

@ vy =1n/2m, characteristic damping rate of oscillator with m and H
n € friction coefficient

o Fokker-Planck equation, kg T /fi > Q > w = Caldeira-Leggett limit
o Satisfies (F(t+7)F(t)) =2ykgT
Problems of the Caldeira-Leggett Master equation

o lyg = ; the coherent length pertaining to state pp, must always

__nh_
aMkg T
be greater than 14p; otherwise ME tends to violate the positivity of p

@ Particular coarse-graining of CLME lead to Lindblad form

@ not a priori norm-conserving

11/18



Lindblad vs. Caldeira-Leggett

Has similarity to Lindblad equation (Markovian process)

N2-1

, 1 1
Lps =~i[H.ps] + Zl aj (F,-psF] - 5F Fips - EpstF,-)
[J:

dmykg T /h
with Lindblad Operators 1 = x and f, =ip and a;; = ( ? yy
y/h Imkg T

ps(t) = _Fiz [H,ps] —ia12 [x,{p,ps(t)}] - % [x, [x, ps(D)]] = a22 [p. [P, ps]]

with H = Hg — yxp

@ ME's of Lindblad class do not violate positivity

o Lindblad operator has vanishing trace = norm-conserving

0 = Lp, from Liouville equation p = % [H, p]

@ p—commutator term comes from Markovian approximation; memory kernel
is Myé (T — s) which leads to Q > wg, characteristic frequency of the
particle dynamics and kT > hQ (Diosi, Europhys. Lett, 22 (1), pp. 1-3
(1993))
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Solving the Caldeira-Leggett Master Equation

To solve pg(t) we need ansatz

ps(x' ) = . prn()m(x)Pn(x'), where  pmn(t) = frmn(t) exp (‘ e t)

mn

insert and multiply /_LL dx’ /_LL dx® (x)D;(x") from left to CL-master equation
to obtain

d _ i 2mkg Ty yh?
gpP () = Z [—}gﬂk/,mn *¥Bud.mn = 5 Cld.mn + AmkgT

mn

Dkl,mn] Pmn(t)

Runge-Kutta solver 4th order to solve differential equation
@ Dependence on y and T
@ Comparison Caldeira Leggett to Lindblad equation

@ Discontinuities in 2nd derivatives!!
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Formation and Destruction of a Bound State

(above) T=40 MeV, y = 0.1 fm™L, left poo(t = 0) = 1, right pgg(t =0) =1
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Formation and Destruction of a Bound State

Initial condition pgg(t=0) =1
1 T

1E 3 P
le.
01k
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o different T, y =0.1 fm~1L o different y, T =40 MeV

e 8t corresponds to ~ 25 MeV
@ population of bound state faster, if T is higher
@ population of bound state faster, if y is higher

Equilibration after ~ 2 -3 fm??
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Energy Distribution (Under Construction!!) = No Equilibrium Yet!!
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@ the higher the friction, the higher
states are populated
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@ depopulation of an originally populated bound state, T and y dependent
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Decoherence

@ Interaction of open quantum system with its surroundings creates
correlations between the states of the system and of the environment

@ Environment carries information on the open system in the form of these
correlations

@ Dynamical destruction of quantum coherence is called decoherence.
Counteracts the superposition principle in the Hilbert space of the open
system.

o define decoherence function T'pm(t) <0, [{¢n(t)|dm(t)) = exp [Tam(t)]

1F T T T T T E|
=
. 08!
@ Showing Oth row, o Poralt) ——
g=4,8,12 > pnmzq =0 ’
° Correlatl'on of higher £ oo ]
frequencies start to
decrease 0.001 starts 7
o : decreage
o Equilibrium after all
non-diagonal elements 0.0001 s s s s
0 05 1 1.5 2 25 3

vanish
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Conclusions and Outlook

Conclusions:

states populate immediately with appearance of potential
Heisenberg's uncertainty relation in distribution of states
Damping introduced via Caldeira-Leggett master equation

°
°
@ This leads to an equilibrated system, T and y dependent
o Equilibrium not reached after 1/y — violates assumption
°

try Lindblad formalism

Outlook:
o Will Lindblad be numerically advantageous over Caldeira Leggett?
o Extension to three dimensions
e Damping/Bath Temperature/Oscillator Spectrum
@ Introducing Fermions??

@ Smooth the potential
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