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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 ('snowball in hell’)

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

@ bound states can form in the evolving medium and are subsequently
dissociated. How this happens is regulated by transition probabilities and
by the medium constituents’ phase-space density.

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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Particle with one bound state

Approximate bound state by potential box:

V(x) =

Voo

Vo

Voo

T

T T

for —co < x < —L,
for — L < x < —a,
for —a<x<a,
fora<x<lL,

for L< x < o0

with parameters

a, L,V
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Stationary solutions

Solving the stationary Schrddinger equation for boundary conditions

2 _,
[_EV + V(x)} Y(x) = Ey(x)

Consider parity: and ansatz
w3 (—=x) = y3(x), U1.2(x) = Ap pekiaX + By ek
W30 = U3(~x) ith
d 2
an k% _ _h_,:E
Y1 (=x) = —y3(x), om
a a k2 = -——(E-V)
Wz(_x) = —lﬁ2(x) 2 K2

and distinguish E < 0 and E > 0!!
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Odd and even solution

symmetric:
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antisymmetric:

k2 14 e2ki(a-0)
_k_za 1 — e2ki(a-L)

cot(k3 a)
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Final stationary solution
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Time-dependent solutions

Solving the time-dependent Schrédinger equation

2
o (x, t) = [—f—maf + V(x| w(xt) = Ap(x, t)

where

Y(x 1) = > cn(thn(x)

n

and therefore

Aoy = Y co(® [Ea+ VO wa),  Wnd = pn(x)

leeds to ODE € C

(1) = > Vinexp (i(E} ~ En)t) n(2)

n

with
& = cjexp (iEjt)

Solved by a 4th order Runga-Kutta method
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Time-dependent Potential

@ Single pulse, Gaussian

V(x,t) = Vexp (—a(x - X0)2) exp (—b(t - t0)2)

o Several pulses, Gaussian
Vix,t) = Vexp (—a(x - x0)2) [exp (—b(t - t0)2) +exp (—b(t - t1)2) + ]

. _ 1 _ 1
with a = 507 and b= 207

@ Stochastic pulses, Gaussian distributed with (Vgioch) =0 and oy, each

pulse d—like

V(x,t) = £n6(t — nAL)S(x0 - 0)

200

pdlse e\/ery éth tin\este‘p

V [MeV]

L
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t[fm]
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Single Pulse

Icol?

enl?

V(x,t) = Vexp (—
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202

)exp _(t—19)?
20'?

= Vin = / dxyymV(x, t)n

= itm(1) = ) Vinnel ErEn) e, (1)
n

o |cn(t)]? depends on o and V

o oscillations appear,
non-perturbative

@ since 0:V(x,t) =0,
dtlen()]> =0

Heisenberg fulfilled??7?
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Impact of the time length of the potential
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Variation of o has immediate impact on |cn(t)|2.
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Impact of the time length of the potential
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@ oscillations from wmp if o is large
@ highly non-perturbative due to V' and o

Non-physical: parameters way too large!
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How to find Heisenberg???
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Deuteron - |cps0(t = 0)| =1, |cmzn(t = 0)]

Some elementary thoughts

e r=12"fm
@ collision length ~ 0.5 -2 fm
o Vp=-15 MeV -
@ collision energy ~ 50 — 100 MeV
o Vbind = -2.23 MeV
° _ mp+mp
— T 8x10° oo T T T T T
R O
! i 7x10° |-leao(io) - 1 3
6x10° }2‘“’8"{} :} pu—
L 4 X r = — B
0999 Ietootiol =
o 5x10°° - } -
g 0.998 - 1 % a0} ‘ 1
S |
0.997 - 1 3x105 - ! g
2 5 | | u
x10° !
0.996 - J |
coltg)| = 1, 1 fm, V=50 MeV —_— 1x10°5 4
0.995 ic2ollo)l =1, 1fm, V=50 Mey — . 0 . . . A . . .
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{fm] t{fm]

Associated energies: n = 0,10, 20, 40, 60, 100,
E =-2.3,0.55,2.21,8.72,19.45,51.45 MeV
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Oth state is originally populated:

he number of pulses
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Increasing the numbers of pulses even more

o allow as well positive as negative potential
@ make the potential random with equidistant distributed in time...

o ... with Gaussian distributed potentials V with o =50 MeV, (V) =0

MeV.
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Averaging 200 runs
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Averaging 200 runs
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Conclusions and Outlook

@ white noise stochastic potantial works as a thermal bath

@ damping not described yet

p=—yp+F(1)
@ equilibration of system?

@ help of influence functional, the Caldeira-Leggett master equation or
Kadanoff-Baym with H = Hg + Hg + Hsg

2Myokg T

70
— [ h2

ps(t) =~ [Heps(8)] -

X,{P,PS}] - [Xv [XyPS(t)]]

Quantum (dissipation) Langevin-Equation??
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Backup slides
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Cot=0) = 1, G o(t=0) = 0 mmmm '
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Comparison to perturbation theory

Fermi's golden rule: c}l)(t) = —% /tzdt’ Vi (t') exp (iwgit)
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