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Abstract

We study the generation and space-time evolution of fluid acceleration in heavy-
ion collisions using AMPT and UrQMD transport models combined with a
Gaussian smearing method. The peak proper acceleration reaches several hun-
dred MeV, with mild model dependence. Transverse acceleration points outward
and is strongest at the fireball boundary due to steep pressure gradients and low
enthalpy density—a persistent feature even at early times and low energies. Lon-
gitudinal acceleration shows strong collision-energy dependence: low-energy col-
lisions exhibit early deceleration from nuclear stopping, while ultra-relativistic
collisions produce sharp acceleration pulses from passing nuclei. The volume-
averaged acceleration is nearly centrality independent, as extreme acceleration
localizes at boundaries. These strong acceleration fields may have important
implications for QGP physics, including the Unruh effect mimicking a thermal
bath, potential influences on the chiral phase transition and deconfinement, and
contributions to spin polarization beyond vorticity.
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We study the generation and space-time evolution of fluid acceleration in heavy-
ion col-

lisions using AMPT and UrQMD transport models combined with a Gaussian
smearing

method. The peak proper acceleration reaches several hundred MeV, with mild
model de-

pendence. Transverse acceleration points outward and is strongest at the fireball
boundary

due to steep pressure gradients and low enthalpy density—a persistent feature
even at early

times and low energies. Longitudinal acceleration shows strong collision-energy
depen-

dence: low-energy collisions exhibit early deceleration from nuclear stopping,
while ultra-

relativistic collisions produce sharp acceleration pulses from passing nuclei. The
volume-

averaged acceleration is nearly centrality independent, as extreme acceleration
localizes

at boundaries. These strong acceleration fields may have important implications

for QGP

physics, including the Unruh effect mimicking a thermal bath, potential influ-
ences on the

chiral phase transition and deconfinement, and contributions to spin polariza-
tion beyond

vorticity.

INTRODUCTION

Relativistic heavy-ion collisions provide a unique laboratory for studying quan-
tum chromody- namics (QCD) under extreme conditions [1, 2]. At sufficiently
high collision energies, the energy density deposited in the interaction region is
large enough to create a deconfined state of quarks and gluons—the quark-gluon
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plasma (QGP) [3-6]. Experiments at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC) have firmly established the existence of
this state, whose properties reveal that QCD matter at high temperature be-
haves as a strongly coupled, nearly perfect fluid [7-9].

x xiangai deng@fudan.edu.cn 1 huangxuguang@fudan.edu.cn I mayu-
gang@fudan.edu.cn

In addition to producing QGP, heavy-ion collisions generate extremely strong
electromagnetic fields [10-17]. The magnetic fields in noncentral Au+Au colli-
sions at RHIC energies can reach eB  m2 7, while in Pb+Pb collisions at the
LHC it can be an order of magnitude larger [10-13, 18-20]. Electric fields of
comparable strength arise due to particular nuclear charge distribution or fluc-
tuation [12, 13, 21-23] and from asymmetric collision systems such as Cu+Au
[24-26]. When coupled to local P- and CP-odd domains in QGP, these fields
induce anomalous transport phenom- ena, such as the chiral magnetic effect
(CME) [27, 28], chiral separation effect (CSE) [29, 30], and chiral electric sepa-
ration effect (CESE) [31-33]. Experimental measurements at RHIC and LHC
have reported signals qualitatively consistent with some of these theoretical
expectations, although the interpretation remains complicated by substantial
background contributions; see Refs. [34-38] for recent reviews.

In noncentral heavy-ion collisions, the initial angular momentum of the system
can reach JO 106 — 107, a significant fraction of which is transferred to the
produced QGP fireball.

This leads to fluid vorticity (local rotation in the fluid) oriented approximately
perpendicular to the reaction plane [39-50]. Other mechanisms such as inho-
mogeneous expansion of the fire- ball [41, 51, 52], jet propagation [53, 54], and
strong magnetic field (via the Einstein-de Haas effect) can also create vorticity.
Vorticity plays an important role in anomalous transport phenom- ena such as
the chiral vortical effects (CVEs) [55-57], which generates vector and axial cur-
rents along the vorticity direction and may induce baryon number separation
and collective excitations such as the chiral vortical wave [58]. It also induce spin
polarization of baryons and spin alignment of vector mesons [59, 60]. Measure-
ments of global hyperon polarization at RHIC and LHC pro- vide compelling
evidence for the presence of sizable vorticity in heavy-ion collisions, motivating
extensive theoretical and phenomenological investigations; see Refs. [61-67] for
recent reviews.

From a hydrodynamic perspective, fluid acceleration and vorticity appear on
equal footing.

The vorticity pseudovector wp serves as the natural analogue of the magnetic
field By, while the acceleration vector ap plays a role analogous to the electric
field En. Although vorticity-induced effects have been extensively studied, fluid
acceleration in heavy-ion collisions has received com- paratively little attention,
despite the fact that the medium undergoes extremely strong accelera- tion,
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which drives the rapid hydrodynamic expansion and gives rise to sizable radial
flow as well as directed and elliptic flows observed at RHIC and LHC.

Acceleration is of particular interest because of its deep connection to the Unruh
effect [68]: an observer undergoing constant proper acceleration a perceives the
Minkowski vacuum as a thermal state with temperature

(1.1)

In the context of heavy-ion collisions, it has been argued that partons may
experience typical decelerations on the order of the saturation scale [69], Qs 1
GeV, which corresponds to an effective Unruh temperature comparable to the
QCD critical temperature. A recent numerical study using the parton-hadron-
string dynamics (PHSD) framework further indicates that, during s = 4.5-11.5
GeV, the acceleration of the medium can the early stages of Au+Au collisions
at

lead to an Unruh temperature TU that exceeds the thermodynamic tempera-
ture T [70]. There- fore acceleration is not merely a kinematic feature but a
thermodynamic control parameter that could induce novel phase structures in
QCD matter. Notably, recent developments have employed Wigner function
techniques [71, 72] and density operator formulations [73-76] to investigate the
thermodynamic properties of quantum systems in accelerating frame. In addi-
tion, the effects of acceleration on the chiral phase transition and the deconfine-
ment phase transition have become subjects of intense study recently [77-87].
For example, some effective models predict that accel- eration restores chiral
symmetry (similar to high temperature) [77, 78, 81, 86], while others argue that
it acts as a “refrigerator” enhancing symmetry breaking [85, 86].

The goal of the present paper is to systematically investigate the generation and
evolution of acceleration in heavy-ion collisions using the AMPT model [88] and
UrQMD model [89, 90]. We simulate the spatial and temporal distributions of
acceleration in realistic collision geometries, and examine the collision energy
dependence of acceleration. These results may provide valuable in- sights into
the thermalization of the QGP, the phase structure of QCD matter along the
acceleration axis, and the non-inertial effects in QCD matter.

The paper is structured as follows: In Sec. II, we provide a brief review of
acceleration in hydrodynamics. In Sec. III, we describe the setup of the numer-
ical simulations. The numerical results are presented in Sec. IV. Finally, we
summarize our findings in Sec. V. We use natural units where c = =kB =1
and the Minkowski metric is nuv = diag(1, —1, —1, —1)

II. REVIEW OF ACCELERATION IN HYDRODYNAMICS
We consider a relativistic fluid with 4-velocity up = (1, v) (normalized as u2
= 1) where v(x) is the local 3-velocity and v(x) = 1/(cid:112)1 — v2(x) is the
local Lorentz factor. All the information about the fluid motion is contained in
the gradient tensor of 4-velocity which can be decomposed
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opur = upar + opv + wpr +
0Anv,
(2.1)

where Apr = nuv —upuvr is a projector to the directions transverse to up,
6 = Opun is the expansion rate of the fluid, opr = (1/2)(Vpuwr + Vvup —
20Anv/3) is the shear tensor with Vi = Apwdv, wpr = (1/2)(Vpuwr — Vyup)
is the kinematic vorticity tensor, and

= uvdrup
(2.2)

is the 4-acceleration of the fluid with 7 the proper time of the fluid element.
Therefore, the 4- acceleration is the time-like projection of the 4-velocity gradient
representing the curvature of the fluid element’ s worldline. Note that ap is
transverse to up, a +u = 0. It is worth writing down the components of ap
explicitly, ap = $ 2( $2v -a, a + $ $2a - vv), so that in the non-relativistic limit
ap (v -a,a), where

e v - Vv
(2.3)
is the 3-acceleration of the fluid.

The relativistic equation of motion comes from the conservation of the energy-
momentum ten- sor, OuT pv = 0. Projecting this conservation law orthogonal
to the fluid velocity isolates the equation for acceleration (neglecting viscous
terms):

e+ P
(2.4)

where € is the energy density and P is the pressure. This is the relativistic Euler
equation showing that for ideal fluid the spatial gradient of pressure accelerates
the flow.

We discuss some interesting consequences related to 4-acceleration ap. (1) Tt is
well known that, in non-relativistic ideal hydrodynamics, when the acceleration
is a spatial gradient of some scalar function, vorticity cannot be generated. This
is easily seen from the vorticity equation,

(0t + Lv)w = V X a,
(2.5)

where w = (1/2)V x v is the non-relativistic vorticity 3-vector, Lv represents the
Lie derivative along the stream line. When a = V¢ with ¢ an arbitrary function
the right-hand side vanishes and Eq. (2.5) thus states that the vorticity is frozen
in the fluid flow. This is the local form of the Kelvin’ s circulation theorem. For
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relativistic case, if ap is a spatial gradient of a scalar function, ap = Vp¢ with
¢ = In w (w is a scalar), then the vorticity defined by Qnv = wwpr cannot be
created. In fact, it is straightforward to derive the following evolution equation
for Qpu,

(LuQ)u =
dInw

Qv + wAa
v Viaaf],
(2.6)

where Alnv]  (1/2)(Any — Avp). When ap = Vn In w, the right-hand side
vanishes. From Eq. (2.4) one finds that this happens when the pressure is solely
a function of energy density, P = P (€¢) (borotropic condition) and thus ¢ is
obtained as ¢ = (cid:82) dP/(e + P ). Therefore, if initially vorticity is zero, it
remains zero for ideal barotropic flow. This is the relativistic generalization of
Kelvin® s circulation theorem.

(2) Though it is natural to expect that it is the vorticity to polarize spin in
the QGP fluid, the acceleration can actually also polarize spin. The is a
relativistic effect, similar to that for a moving body both the magnetic
field B and electric field E can magnitize since the moving body feels an
additional induced magnetic field given by —v x E with v the moving
velocity. In fact, at global equilibrium (or local equilibrium), the so-called
thermal vorticity pv = —(1/2)(dnBv — OvPn) leads to the following mean
spin vector in phase space [91-93],

Su(x, p) = —
envpopr pot (1 + 1)
s(s+1)s(s+ 1)
eEnvpopr
(cid:20)

(cid:18)

wpo + up
(cid:19)(cid:21)
f(1+1),

(2.7)

(2.8)
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where Ep = (cid:112)p2 + m?2 is the energy of the polarized particle, pp = (p0
= Ep, p) is the on- shell 4-momentum, and f (x, p) is the distribution function
with + for bosons and — for fermions.

For neutral fluid, the Euler equation (2.6) can be re-written as ap = VpT /T and
thus VoT /T in Eq. (2.7) can be replaced by ac. To make it more transparent,
we write down the mean spin 3-vector in the rest frame of the fluid,

s(s + 1)
(Epw +p x a) f (1 £1).
(2.9)

This acceleration induced contribution has been proven to be very important
for understanding the local spin polarization of hyperons [94-97].

(3) Fluid acceleration can also induce a number of transport phenomena. It
is well know that

acceleration plays the similar role as the temperature gradient to generate the
Curie heat current,

C=—k(Tap— VuT),
(2.10)

with k£ > 0 the heat conductivity. In non-relativistic case, it is written as qC =
—k(Ta+ VT).

The generation of Curie heat current inivertablly creates entropy. Therefore,
when the fluid is at local or global equilibrium so that the entropy is maximized,
the heat current must vanish. This leads to an important equilibrium condition:
ap = VuT /T . For neutral fluid, this is equivalent to the Euler equation (2.6)
as it must be; for charged fluid, this further impose constraint for the gradient
of chemical potential, av = VvT /T = Vwp/p with p the chemical potential.

In the presence of magnetic field B, the generation of electric current due to
the gradient of temperature is called Nernst effect, JN = cN BxVT . A similar
effect can induced by acceleration (the inertial Nernst effect): JN = oN T B x
a with the same Nernst coefficient as the usual Nernst effect. Under both the
gradient of temperature and acceleration, one has the total Nernst current JN
=oN B x (VT + T a), or in a covariant form [98]

N = oN envpourBp(VoT — T ao).
(2.11)

Again, at local or global equilibirum, the total Nernst current must vanish which
gives that ap = VpT /T .

(4) For a chiral fluid (such as the chiral QGP), acceleration can induce some
non-dissipative transport phenomena. For example, the canonical energy-
momentum tensor can get a contribution of the form T nv = Aeprpoapuc
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with A = p5(p2 5 + $272)/(6 $2) for massless Dirac fermions in the
so-called thermodynamic frame of velocity and p5 the chiral chemical po-
tential [99]. It is also interesting to notice the following analogue with
chiral anomaly. Define the fluid helicity current as hjp = 1

2envpouvwpo (this is also the kinematic vorticity 4-vector wp). Direct calcula-
tion gives

Ophp = —2apwy,
(2.12)

with wpn = (1/2)eprvpouvwpo = hp the vorticity pseudovector, showing that

the acceleration is responsible for the evolution of fluid helicity. Though

Eq. (2.12) is an identity, it has an interesting anologue with the chiral
anomaly equation dpjp 5 the chiral current and C = €2/(2$ $2) the anomaly
coefficient. If we consider the chiral vortical current jp 5 = n5up + $ 5 $1 with

$ 5theCV Ecoef ficient[55-57], we findageneralizedchiralanomalyequationthatdnb/d $
+nb0 =

5 = CEpBp with jn

CEpBp + 2$ 5a $11 (assuming a constant $ $5). Its physical meaning becomes
more transparent if we re-write it in non-relativistic form, On5/0t + V - (n5v)
= CE - B + 28 $5a - w. Integrating this equation over space gives dN5/dt = C
(cid:82) d3xE +B + 2% $5 (cid:82) d3xa -w = —(C/2)HB + $ $5Hv with HB =
(cid:82) d3xA - B the magnetic helicity and Hv = (cid:82) d3xv - w the fluid he-
licity. This shows that for a chiral fluid the chirality of the constituent particles,
the magnetic helicity, and the fluid helicity can be mutually transferred.

III. SETUP OF THE NUMERICAL SIMULATIONS

In this section, we outline the general setup of our numerical simulations. The
z axis is chosen along the beam direction of the projectile, while the x axis
is aligned with the impact parameter b which points from the target to the
projectile. The y axis is defined to be perpendicular to the reaction plane (the
x-z plane). The time origin, t = 0, is set to the moment when the two colliding
nuclei first come into contact in the UrQMD simulation and to the moment of
maximum nuclear overlap in the AMPT simulation. However, since the nuclei
are highly Lorentz-contracted in AMPT, the difference between the contact time
and the time of maximum overlap is negligible.

To compute the 4-acceleration ap in transport models like AMPT and UrQMD,
we must first numerically define the velocity field. Our approach follows closely
Refs. [40, 47]. We introduce a smearing function ®(x, xi), where x is the field
point and xi is the coordinate of the i-th particle.

Using ®(x, xi), we can smear a physical quantity, such as energy or momentum,
carried by the ith particle located at xi to another coordinate point x. In this
context, ®(x, xi) can be interpreted as representing the quantum wave packet
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of the ith particle. With ®(x, xi), we define the particle distribution function f
(x, p) as

f(x,p)=

(cid:88)

(2m)46(4)[p — pi(t)]®(x, xi),
(3.1)

where N = (cid:82) d3x®(x, xi) is a normalization factor, pp i, and the sum-
mation is over all particles in a given event. The energy-momentum tensor and
particle number current are then given by

i, pi) with p0
i=(p0

i = (cid:112)p2
i+ m2

T w(x) =
Jn(x) =
(cid:90)
(cid:90)

(2m)4

(2m)4

p0 f (x, p) =p0 f (x, p) =
(cid:88)
(cid:88)

d(x, xi),

D (x, xi).

(3.2)

(3.3)

Thus, we have two natural ways to define the velocity field for a given colliding
event: one is the velocity of energy flow, and the other is the velocity of the
particle flow. This is analogous to the Landau-Lifishitz and Eckart velocities,
respectively, though in our case J p does not necessarily correspond to a con-
served current. The velocity of energy current up = v(1, v) (y =1/ 1 — v2) is
the time-like eigenvector of energy-momentum tensor T pv, T prurv = eup with
€ the local energy

density. This condition leads to
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1+ (va)2 =
T aa + T 00 ,
(3.4)

with a = 1, 2, 3 the spatial index. Equation (3.4) determines v and hence up.
The velocity of particle flow is given by J p = nup with n the particle number
density. This yields

JO.
(3.5)

Therefore, using Eqgs. (3.2)-(3.3), the velocity of energy flow and the velocity
of particle flow can be extracted from Eq. (3.4) and Eq. (3.5), respectively. In
the following, we will present numerical results mainly based on the velocity of
energy flow, while using the velocity of particle flow for a purpose of check.

Different choice for the smearing function ®(x, xi) lead to different numerical
results. In our

computations, we adopt a static Gaussian type smearing function,
OG(x, xi) =

cid:112)27$ 222 $$ $2

cid:20)

X = xi)2 + (v — yi)2
7z — 7i)2
cid:21)

6)

where ¢ and oz are two width parameters. This type of smearing function
has been widely employed in hydrodynamic simulations [100, 101], as well as
in studies of fluid vorticity and hyperon spin polarization. In practical appli-
cations of the Gaussian smearing function ®G(x, xi) in the construction of the
energy-momentum tensor T pv in Eq. (3.2), a scaling factor K is introduced to
multiply the right-hand side. This factor serves as a phenomenological fitting
parameter to In our reproduce the observed particle multiplicities in hydrody-
namic simulations [100, 101].

AMPT-based calculations, we choose K = 1.35, 1.45, and 1.6 for Au + Au
collisions at 62.4, 200 GeV, and for Pb + Pb collisions 2.76 TeV, respectively. For
calculations based on the s = 27 GeV and below. The remaining parameters are
UrQMD model, we set K = 1 for chosen as follows. For both AMPT model and
UrQMD model, we take 0 = oz = 0.6 fm. We have verified that varying these
width parameters by up to 50% leads only to minor changes in our numerical
results.

(
(
(
(
(
(3.
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With these settings, we simulate 200 events for each impact parameter and
collision energy below 27 GeV using UrQMD model for Au + Au collisions while
1000 events for 62.4 GeV and above using AMPT model for Au + Au collisions
at RHIC energies (62.4 and 200 GeV) as well as Pb + Pb collisions at LHC
energies (2.76 TeV). The 4-acceleration as well as other physical quantities (e.g.,
energy density) are then obtained by averaging over all the generated events.

IV. NUMERICAL RESULTS
A. Spatial distribution of acceleration

We begin by showing the spatial distribution of the 4-acceleration components
in the trans- verse plane at midrapidity (z = 0) with impact parameter b = 2
fm. The upper panel of Fig. 1 [Figure 1: see original paper]

s = 7.7 GeV simulated using UrQMD model, while the lower panel of Fig. 1 cor-
responds to s = 200 GeV simulated using AMPT model. Note that in these fig-
ures ax al, corresponds to ay a2, and az a3 are components of 4-acceleration
aq, rather than the 3-acceleration a. In or- der to isolate the region containing
hot and dense medium, following Ref. [70], an energy density threshold of ec =
50 MeV /fm3 is imposed. Only regions with energy density € > ec are included
in our analysis.

As can be seen in Fig. 1, at both
s = 200 GeV and 50 MeV for

s = 7.7 GeV and 200 GeV the region with € > ec shrinks when time grows,
reflecting the expansion of the hot medium. The transverse acceleration fields,
ax and ay, have a clear outward-pointing behavior that drives the development
of radial flow.

The magnitudes of the transverse acceleration components ax and ay can reach

150 MeV for s = 7.7 GeV at relatively later times (see Sec. IV C for more
details) and robustly concentrated at the peripheral boundary of the fireball.
For a thermalized system, this boundary enhancement is understood from the
Euler equation, ap = VpP/(e + P ).

Near the boundary of the fireball, the pressure drops abruptly, yielding a steep
gradient VpP | while the enthalpy density (¢ + P ) becomes relatively small,
further amplifying the acceleration.

We note that, unlike Ref. [70], we do not observe an inversion of the acceleration
direction in the corona region.

The longitudinal component, az, exhibits a highly non-trivial spatial and tem-
poral structure. At t =1 fm/c in the 200 GeV system, az is positive in the x > 0
hemisphere and negative in the x < 0 region. This reflects the forward-backward
tilt of the fireball in the reaction plane, leading to a forward (backward) drag
via string-tension in AMPT by projectile in the x > 0 (target in the x < 0) hemi-
sphere, predominantly localized in the fireball’ s peripheral regions; see also the
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lower-right panel of Fig. 4 [Figure 4: see original paper|. As the system evolves
to t = 2 and 3 fm/c, the bulk of the dragged matter has moved away from the
midplane (z = 0 plane), shifting the local pressure maximum to z > 0 (z < 0)
in the x > 0 (x < 0) hemisphere. Therefore, a positive (negative) longitudinal
pressure gradient at the midplane in the x > 0 (x < 0) hemisphere appears
which leads to a negative (positive) az at x > 0 (x < 0). At later times (t = 4
fm/c in the figure), the medium moves far away from the z = 0 plane, so that
the acceleration at z = 0 becomes small and very inhomogeneous.

At the lower beam energy of

s = 7.7 GeV, the overall outward transverse acceleration per- sists. However, in
contrast to the 200 GeV case, the longitudinal acceleration at z = 0 is always
negative (positive) at x > 0 (x < 0) and reaches significantly higher magnitudes,
exceeding 200 MeV at early times. This behavior reflects the baryon stopping
effect, leading to strong initial deceleration near the z = 0 plane.

Impact parameter dependence

In a near-equilibrium system, acceleration is mainly driven by the pressure gra-
dient divided by the enthalpy density. Therefore, both the collision geometry
and the thermodynamic state of the

s = 7.7 GeV (upper panel, UrQMD) and
s = 200 GeV (lower panel, AMPT) for Au + Au collisions.

10-5-051010-5-051010-5-051010-5-051010-5-051010-5-051010-5-0510, t = 1
fm/cxa, t = 2 fm/cxa, t = 3 fm/cxa, t = 4 fm/cxa-0.04-0.020.000.020.04, t =
1 fm/cya, t = 2 fm/cya, t = 3 fm/cya, t = 4 fm/cya-0.04-0.020.000.020.04, t
=1 fm/cza, t = 2 fm/cza, t = 3 fm/cza, t = 4 fm/cza-0.40-0.200.000.200.40x
(fm)x (fm)x (fm)x (fm)y (fm)y (fm)y (fm)(GeV) = 7.7 GeV, b = 2 fm, z
= 0 fmNNsUrQMD (a) 10-5-051010-5-051010-5-051010-5-051010-5-051010-
5-051010-5-0510, t = 1 fm/cxa, t = 2 fm/cxa, t = 3 fm/cxa, t = 4
fm/cxa-0.16-0.080.000.080.16, t = 1 fm/cya, t = 2 fm/cya, t = 3 fm/cya, t = 4
fm/cya-0.16-0.080.000.080.16, t = 1 fm/cza, t = 2 fm/cza, t = 3 fm/cza, t = 4
fm/cza-0.04-0.020.000.020.04x (fm)x (fm)x (fm)x (fm)y (fm)y (fm)y (fm)(GeV)
=200 GeV, b = 2 fm, z = 0 fmNNsAMPT (b) 1

fireball (left panels) and over the transverse plane at midrapidity (z = 0) (right
panels) for lower collision

energies (upper panel, UrQMD) and for higher collision energies (lower panel,
AMPT). The collision sys-

s = 2.76 TeV and Au + Au for other collision energies; the same applies to the
figures

tem is Pb + Pb at

below.
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created matter influence the local acceleration. In our simulation, though the
produced matter may not be thermalized at early times, we still expect the
acceleration to exhibit a centrality dependence.

To quantify this, we define the proper acceleration as
a = (cid:112)—apayp.
(4.1)

For a fluid, this Lorentz-invariant quantity measures the magnitude of the 3-
acceleration in the local rest frame.

In Fig. 2 [Figure 2: see original paper] we show the impact parameter (b) (or
equivalently, centrality) dependence of the spatially averaged proper accelera-
tion. The upper panels display results for low collision energies simulated by
the UrQMD model, while the lower panels show higher energies simulated by
the

0246810b (fm)0100200300400 (MeV))a( = 624 GeVNNs = 200 GeVNNs
= 2.76 TeVNNs(c) all, t=2 fm/c0246810b (fm)050100150200 (MeV))a( =
62.4 GeVNNs = 200 GeVNNs = 2.76 TeVNNs(d) z=0, t=2 fm/c0246810b
(fm)0200400600800 (MeV))a(=3.5 GeVNNs=5.0 GeVNNs=7.7 GeVNNs=19.6
GeVNNs=27.0 GeVNNs)max)e((a) all, t(0246810b (fm)0100200300400
(MeV))a(=3.5 GeVNNs=5.0 GeVNNs=7.7 GeVNNs=19.6 GeVNNs=27.0
GeVNNs)max)e((b) z=0 fm, t(0246810b (fm)0200400600800 (MeV))a(=3.5
GeVNNs=5.0 GeVNNs=7.7 GeVNNs=19.6 GeVNNs=27.0 GeVNNs)max)e((a)
all, £(0246810b (fm)0100200300400 (MeV))a(=3.5 GeVNNs=5.0 GeVNNs=7.7
GeVNNs=19.6 GeVNNs=27.0 GeVNNs)max)e((b)z=0 fm, t( AMPT model. In
the left panels, the average is calculated over the whole volume of the fireball,

(cid:82) (cid:82)
a =

d3x a(x)

(4.2)

whereas in the right panels, the average is restricted to the transverse plane at
midrapidity (z = 0),

(cid:82)
d2x a(x,z=0) (cid:82)
(4.3)

For lower energies in UrQMD simulation, we have chosen the time slice when
the averaged energy density reaches its maximum t( e max). For higher ener-
gies in AMPT simulation, we have chosen the time slice at a fixed time t = 2
fm/c. This is because the maximum energy density in the AMPT simulation
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occurs near the initial time, during which the acceleration fields are dominated
by violent, unphysical fluctuations. Because the upper and lower panels are eval-
uated at different physical stages, their absolute magnitudes cannot be directly
compared.

The main features in these spatial averages are the following. First, the global
volume averages (left panels) are consistently larger than the local averages at
midrapidity (right panels). This indicates that the longitudinal acceleration
directed away from the z = 0 plane remains strong at the selected time slices.

Second, the proper acceleration increases with collision energy within both the
low-energy and high-energy regimes, although the underlying physical mecha-
nisms differ. For lower collision energies, t( € max) is roughly the moment of
maximal compression and the proper acceleration primarily reflects the nuclear
stopping power, which naturally grows with the collision energy. In contrast, for
higher collision energies (t = 2 fm/c), the system is closer to local equilibrium.
The acceleration is governed by hydrodynamic relation, ap = VpP/(e+P ). Be-
cause both the gradient and the enthalpy density scale up with collision energy,
their energies dependencies largely cancel out, resulting in a much milder net
increase in acceleration at higher energies.

Finally, the high-energy results show that the proper acceleration depends very
weakly on cen- trality from central to semi-central collisions. Because the
strongest acceleration is localized near the peripheral boundaries of the fire-
ball where the pressure drops sharply to the vacuum, the spa- tial average over
the entire bulk medium remains relatively insensitive to changes in the impact
parameter until the collisions become highly peripheral.

C. Time evolution

In this subsection, we discuss the time evolution of the proper acceleration
averaged over the entire fireball volume (defined in the previous subsection).
The results, presented in Fig. 3 [Figure 3: see original paper], reveal a highly
nontrivial dependence on the collision energy. Focusing first on central collisions
(b=0)s 3.5-7.7 GeV) simulated by UrQMD, the proper acceleration first at low
collision energies ( increases, reaches a prominent peak, and then decays. The
initial rising phase corresponds to the violent compression of the two colliding
nuclei, during which the system is strongly decelerated in

energies (upper panels, UrQMD) and higher collision energies (lower panels,
AMPT) for two centralities,

b = 0 (left panles) and b = 5 fm (right panels).

the longitudinal direction by nuclear stopping. The subsequent decay phase
reflects the system’ s outward expansion. This early-stage deceleration is ex-
ceptionally strong, reaching up to 500 MeV, but its duration progressively
shortens as the collision energy increases. However, we note that at very early
times (t 0-0.5 fm/c, shaded in Fig. 3), the results may strongly depend on the
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simulation model due to different initial-condition setups. Therefore, results in
this period are less physically reliable than those at later times.

Notably, at intermediate energies (

s = 19.6 and 27 GeV), a dip-and-peak structure emerges in the time evolution
of the global proper acceleration a . This dip marks the kinematic crossover
where the rapidly decaying longitudinal acceleration is overtaken by the building
transverse ac- celeration. At relativistic energies simulated by AMPT (lower
panels), the initial longitudinal compression phase is vanishingly short due to
extreme Lorentz contraction. Consequently, the global proper acceleration is
dominated by a rapid pulse peaking around t 0.5-1.0 fm/c, which then smoothly
decays as the system expands. Interestingly, the peak values of the proper
acceler-

05101520time(fm/c)0100200300400500600  (MeV)xaE=3.5  GeVNNs=5.0
GeVNNs=7.7 GeVNNs=19.6 GeVNNs=27.0 GeVNNs(a) b=0 fm, all
05101520time(fm/c)0100200300400500600  (MeV)xakE=3.5 GeVNNs=5.0
GeVNNs=7.7 GeVNNs=19.6 GeVNNs=27.0 GeVNNs(b) b=5 fm, all
0246810time(fm/c)0100200300400 (MeV)xak = 62.4 GeVNNs = 200 GeVNNs
— 2.76 TeVNNs(c) b=0 fm, all0246810time(fm /c)0100200300400 (MeV)aak =
62.4 GeVNNs = 200 GeVNNs = 2.76 TeVNNs(d) b=5 fm, all 13

plane at midrapidity (z = 0) for
s = 7.7 GeV (upper panels, UrQMD) and 200 GeV (lower panels,
AMPT) for two centralities, b = 0 (left panels) and b = 5 fm (right panels).

ation in the high-energy regime are suppressed compared to the low to interme-
diate energy cases.

This counterintuitive behavior is perhaps due to that although higher collision
energies generate larger absolute pressure gradients (VP ), the local enthalpy
density (e + P ) scales upward at an even faster rate, leading to a damping
of the acceleration comparing to the low energy cases. By integrating over
the whole fireball in the high-energy cases, the relatively slow development of
transverse radial flow is overwhelmed by the strong longitudinal acceleration at
the forward and backward boundaries of the fireball which is insensitive to the
collision energies at the relativistic energies, collapsing a into a near-universal
time profile.

To expose the detailed interplay between the longitudinal and transverse dynam-
ics, we show in at midrapidity (z = 0). First, due to the up-down symmetry of
the collision geometry, ay x>0 0 for all energies and centralities. Second, in
central collisions (b = 0 fm), exact forward-backward symmetry dictates that
the longitudinal acceleration az x>0 should identically vanish at z = 0.

01234time(fm/c)050100 (MeV)x>0)x,y,za(xayaza(c) 200 GeV, b=0 fm, z=0

fm01234time(fm/c)050100 (MeV)x>0)x,y,za{xayaza(d) 200 GeV, b=>5 fm, z=0
fm0246810time(fm/c)20—10—01020304050 (MeV)x>0)x,y,za{xayaza(a)7.7 GeV,
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b=0 fm, z=0 fm0246810time(fm/c)40—20—0204060 (MeV)x>0)x,y,za(xayaza(b)7.7
GeV, b=5 fm, z=0 fm 1

s = 7.7 GeV, we observe a small but finite az x>0 during the first 1 fm/c. This
However, at deviation is possibly a numerical artifact; it likely arises from finite
grid-size effects and the limited number of simulated events. Third, in non-
central collisions (b = 5 fm), the longitudinal dynamics strongly depend on the
collision energy. At 7.7 GeV, intense baryon stopping generates a strong neg-
ative longitudinal acceleration (deceleration) that persists for several fm/c. As
the compressed core slowly crosses the midplane, it continues to drive a neg-
ative longitudinal acceleration, visible as a broad dip around t 3-5 fm/c. At
200 GeV, the Lorentz-contracted nuclei go through each other almost instanta-
neously. The outgoing projectile remnant drags the formed midrapidity plasma
forward via strong string tension at x > 0. This kinematic wake generates a
sharp, positive az x>0 pulse around t 1 fm/c (consistent with the spatial pro-
files in Fig. 1). As the bulk of this dragged matter fully crosses the midplane,
the local longitudinal pressure gradient inverts, pushing the matter at z = 0
backward and flipping the acceleration to negative values at later times (t
2 fm/c). Finally, across all simulated energies and centralities, the transverse
acceleration ax x>0 acts as the universal driver of radial flow, exhibiting a de-
layed, steady rise to a broad maximum (t 2 — 4 fm/c). Eventually, during
the expansion of the system, the internal thermal energy is gradually converted
into transverse kinetic expansion, driving spatial gradients disperse, and ax x>0
smoothly decays.

V. SUMMARY AND DISCUSSIONS

In summary, we have systematically investigated the generation and space-time
evolution of fluid acceleration in heavy-ion collisions. By utilizing the AMPT
and UrQMD transport models, combined with a Gaussian smearing technique
to extract the energy-momentum tensor and define the local fluid velocity, we
mapped out the local 4-acceleration of the produced medium across a wide
collision energies and impact parameters.

Our main findings are the following. (1) The peak value of the proper accel-
eration can be very large, reaching a few hundred MeV for both low and high
collision energies. However, we note that its precise value may depend on the
model used. (2) In the transverse plane, the acceleration always points outward.
The strongest acceleration occurs near the fireball peripheral boundary.

From a hydrodynamic point of view (see Eq. (2.4)), this is understood as a
two-fold boundary effect: a steep gradient of the pressure and a low enthalpy
density. Remarkably, this boundary enhancement persists even at low energies
or in very early stages of the evolution. Similar obser- vation was also made
in Ref. [70]. (3) Longitudinal acceleration shows strong collision-energy depen-
dence. At low energies, nuclear stopping leads to strong early deceleration along
the beam direction. At ultra-relativistic energies, Lorentz contraction causes the
nuclei to pass through each other quickly. The produced matter at midrapid-
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ity is dragged strongly by the passing projectile (target) at forward (backward)
directions, producing a sharp acceleration pulse. (4) In low-energy collisions,
initial longitudinal stopping dominates early on, but transverse expansion even-
tually builds up enough strength to overtake it. High-energy collisions bypass
this extended decelera-

tion, immediately converting extreme pressure gradients into violent transverse
expansion. Inter- estingly, the averaged proper acceleration depends only weakly
on centrality. Because the most extreme acceleration resides at the fireball
boundaries, the details of the overlap geometry plays only a minor role in the
global volume averaged acceleration.

These strong acceleration fields may have important implications for quark-
gluon plasma physics. FEarly-stage proper accelerations of hundreds of MeV
could mimic a thermal bath through the Unruh effect, suggesting that acceler-
ation might act as a thermodynamic control parameter, potentially influencing
the chiral phase transition or the deconfinement properties. Moreover, local
fluid acceleration could drive non-dissipative transport phenomena and affect
particle spin polarization in ways complementary to fluid vorticity.
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