Bubble Nucleation and Hadronic Phase
Conversion in an
Expanding Quark—Gluon Plasma

Noriyuki Sogabe (University of Osaka)
XQCD 2026 July 14 PKNU

Misha Stephanov and Ho-Ung Yee
(University of lllinois Chicago)

1



From fluctuations to first-order
dynamics
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Bubble nucleation and growth in
expanding media
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® Tqgp(7) as expanding media - T dependent hadronic states Ty,4(7)

® Most probable hadronic state distribution (tgaq, Taagq) (volume weighted)



Setup

® Three-layer problem:
Gyulassy, Kajantie, Kurki-Sunio, McLerran (1984)

- Q, :Supercooled QGP
- Q4 : Reheated QGP (required by kinematics)
- H :Hadronic state

® BEST EOS (3D Ising + lattice data)

+ metastable extension beyond mean-field approximation (MFA).
c.f., see also Karthein, Koch, and Ratti (2025) for the metastable BEST MFA

® Bjorken expansion of Q,
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Hydrodynamic matching

® Energy, momentum, and baryon number conservations

Expanding QGP states - Reheated QGP and hadronic states:
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83, (1) = (o, To, u1, Ty, Ve Vs Vsp): one-parameter family of solutions

® Assuming all bubbles §; (7) created stochastically in space



Nucleation rate
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Csernai and Kapusta (1992)
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® Nucleation rate: I'(S) « exp (_

® Mean nucleation rate: ['(7) = (Ts, (T))family
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First nucleation

® Total nucleation: N(7) = f:zcdr’f(r’)Vtot(T’), Viot (T) = TRE,sTAN
(Rsys =4fm, T=5fm/c, An = 0.5 fm)

® The first nucleation probability density:

Peirst(T) = N(T) exp[—N(7)]

Nucleation at T No nucleation until T

® The first nucleation time: Pgirst (Trirst) = 0



Bubble growth and conversion
dynamics

See also Kolmogorov (1937), Johnson and Mehl (1939), Avrami (1939)

® Hadronic volume fraction for each matching solution:
T

!
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Accumulated mean volume fraction: I(7) = f; dt'K(z,t")
C

® Conversion rate: Poony = 1(7) exp[—I(7)] - Peonv(Teony) = 0

Survival rate (no bubbles)

® Bubble creation history: Pyyp ~ E(Tcomp,’[) = Poub (Thup) = 0
(hadronic Volum&’v 1

(total volume)



Three characteristic stages

NS, Stephanov, Yee (in preparation)

Volume-dominant

First nucleation Tpy. bubble creation Ty, Maximal

conversion T¢eonv
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General hierarchy: Ty < Tpup < Tcony fOr Bag model



Hadronic state distribution

NS, Stephanov, Yee (in preparation)
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(Animation available in the PowerPoint version)
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Hadronic state evolution

NS, Stephanov, Yee (in preparation)

115+~

S
T whn

o
W

S
| —

Wproj. (Tcomp' .ufo)
=
o

<
O T T

566 568 570 572 574

. .
., , .
‘. .':. -
. , .
., ‘~,
.
- .'
- .
.
. '
. ‘., ~
. -~ s
. . h
. ~,
. ~,
"‘ -
\\\\\\\\\\\\\\\\\\\\\\\ ‘lf

535 540 545 550 555 560 565
u [MeV]

® Broad distribution from nonequilibrium bubble nucleation
® Volume-weighted states remain localized
® Different fluid elements freeze out at different ¢,
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Summary and Advertisment

NS, Stephanov, Yee (in preparation)

® Searching for the QCD critical point and the first-order chiral phase transition in
heavy-ion collisions

® Hadronic conversion dynamics in an expanding medium: Three characteristic times:
Thuc < Tbub < Tconv

® Distribution of hadronic statesin (u, T) (volume weighted) dynamically selected by
the volume-dominant production time 7y

[Outlook] More sophisticated BEST EOS Kahangirwe et al. (2024)

[Adv.] Quantum-Metric Dominance in the Meissner Mass of Magnetized Color

Superconductors, Fri 4 pm~, by Kazuya Mameda
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