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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/Ψ,Υ and excited
states) and (anti-)deuterons (d , d̄)

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.

possible reactions cc̄ ↔ J/Ψg (c), bb̄ ↔ Υg (c), pn↔ dc(W), p̄n̄↔ d̄c(W)
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Particle with one bound state

Approximate bound state by potential box:

-L -a a L

V
(x

)

x

V (x) =



V∞ for −∞ < x < −L,
0 for − L ≤ x ≤ −a,
−V0 for − a ≤ x ≤ a,

0 for a ≤ x ≤ L,

V∞ for L ≤ x ≤ ∞

with parameters

a, L,V0
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Stationary solutions

Solving the stationary Schrödinger equation for boundary conditions[
− ℏ

2

2m
∇2 + V (x)

]
k(x) = Ek(x)

Consider parity:

ks
1 (−x) = ks

3 (x),
ks
2 (x) = ks

2 (−x)

and

ka
1 (−x) = −k

a
3 (x),

ka
2 (−x) = −k

a
2 (x)

and ansatz

k1,2 (x) = A1,2ek1,2x ± B1,2ek1,2x

with

k21 = −
2m

ℏ2
E

k22 = −
2m

ℏ2
(E − V )

and distinguish E < 0 and E > 0!!
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Odd and even solution
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Final stationary solution
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Time-dependent solutions

Solving the time-dependent Schrödinger equation

iℏmtk(x , t) =
[
− ℏ

2

2m
m2x + V̂ (x , t)

]
k(x , t) = Ĥk(x , t)

where

k(x , t) =
∑

n

cn (t)kn (x)

and therefore

Ĥ |k〉 =
∑

n

cn (t)
[
En + V̂ (t)

]
|kn〉 , |kn〉 = kn (x)

leeds to ODE ∈ C

i ¤̃cj (t) =
∑

n

Vjn exp
(
i(Ej − En)t

)
c̃n (t)

with

c̃j = cj exp
(
iEj t

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

Single pulse, Gaussian

V (x , t) = V exp
(
−a(x − x0)2

)
exp

(
−b(t − t0)2

)
Several pulses, Gaussian

V (x , t) = V exp
(
−a(x − x0)2

) [
exp

(
−b(t − t0)2

)
+ exp

(
−b(t − t1)2

)
+ ...

]
with a = 1

2f2
x

and b = 1
2f2

t

Stochastic pulses, Gaussian distributed with 〈Vstoch〉 = 0 and fV , each
pulse X−like

V (x , t) = bnX(t − nΔt)X(x0 − 0)
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Single Pulse

V (x , t) = V exp

(
− (x − x0)

2

2f2
x

)
exp

(
− (t − t0)

2

2f2
t

)
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∫
dxkmV (x , t)kn

⇒ i ¤̃cm (t) =
∑

n

Vmnei(Em−En)t c̃n (t)

|cn (t) |2 depends on ft and V

oscillations appear,
non-perturbative

since mtV (x , t) = 0,
mt |cn (t) |2 = 0

Heisenberg fulfilled???
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Impact of the time length of the potential
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Impact of the time length of the potential
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How to find Heisenberg???
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Deuteron - |cn≥0(t = 0) | = 1, |cm≠n (t = 0) | = 0

r = 1.2 fm

V0 = −15 MeV

Vbind = −2.23 MeV

m =
mp+mn

2

Some elementary thoughts

collision length ∼ 0.5 − 2 fm

collision energy ∼ 50 − 100 MeV
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Increasing the number of pulses

0th state is originally populated:
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Increasing the numbers of pulses even more

allow as well positive as negative potential

make the potential random with equidistant distributed in time...

... with Gaussian distributed potentials V with fV = 50 MeV, 〈V 〉 = 0
MeV.

number of pulses from 20....
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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 = −Wp + f (t)

equilibration of system?

help of influence functional, the Caldeira-Leggett master equation or
Kadanoff-Baym with H = HS + HB + HSB

¤dS (t) = −
i

ℏ

[
H ′S , dS (t)

]
− iW0
ℏ
[x , {p, pS }] −

2MW0kBT

ℏ2
[x , [x , dS (t)]]

Quantum (dissipation) Langevin-Equation??
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Backup slides
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Some distributions: Variation of the initial condition
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Comparison to perturbation theory

Fermi’s golden rule: c
(1)
f
(t) = − i

ℏ

∫ t
t0

dt ′Vfi (t ′) exp (ilfi t)
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Stochstic potential
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