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Introduction




Acceleration

* Acceleration along z-direction in Minkowski spacetime

Three acceleration: an =

Proper acceleration: a = '}/ﬁ/faM

e Constant a = observer feels constant force

 There is always a dark region behind the
accelerated observer



Accelerating frame and Rindler coordinates

* An observer with constant proper acceleration in Minkowski spacetime
1 2
t?\/f— (ZM—ZM(O)‘|‘5) =—a—2, ZM >ZM(0)

* The coordinates (7, z) in which the observer is static is the Rindler coordinates

1 4
ty = (z + a) sinh(aT),

oar = (z + 1) cosh(ar) + 231 (0) — %

Rindler
wedge

ds® = dts; — dzay = (1 + az)’dr? — d2?

ds® = £2dt? — de? Observer at & = .l/a has
proper acceleration a :



Euclidean Rindler coordinates and Unruh temperature

te L
tm =15 = ,’c Sm(tE) /Euclidean Rinder coordinates at finite temperature T is a\
e — Z = § C0S(tg) cone with deficit angle f = 2m(1 — v~ 1) withv = % =

T /Ty. To avoid a negative f, we need T > Ty,

Ry ap with g = 1/T

a
¢ Ty = =— :Unruh temperature

Ty \ 2T /

£ Ry
\ a Identify tzy = 0 and ty = af

 Unruh temperature is not only geometric, it is the temperature of Minkowski vacuum
seen by accelerating observer (Unruh effect)



Unruh effect and Entanglement

* An quantum information interpretation of Unruh effect

" tm %
A 7~
\ 4
> Lz Accelerated

R wedge b
3 ’ o opbserver
wedge N (accessible) =~

(inaccessible) Z 1™

- - —>ZM

* The inertial observer and accelerated observer do not agree with the vacua

Minkowski vacuum r° Rindler vacuum

ap’|0p) =0 ag|0r) =0




Unruh effect and Entanglement

* |If the observer carry fermion detector
Minkowski vacuum: left-right entangled state*:

10)ar = cos0,|0)R|0)r, + sinb,|1)r|1) L

Density operator par = |0) (0]

1082 )b pure® Sy gm0 Von Neuman entropy Sar = —TrpprInpy =0
- LUOR —

 The right-wedge accelerated observer do not communicate with left-wedge:
The right-wedge state is a mixed state:

1 _
e (01 )
It is just a thermal state of fermions:

1 _
} PR:EG Hr/T T=%

PR =

(Unruh temperature)

pr = Trr |Oar) (Opr|

Entanglement entropy = R-wedge thermal entropy

*Here, the Bogoliubov coefficients are determined by tan 6, = e~ Tw/a



Unruh radiation and Hawking radiation

EVENT HORIZONS: From Black Holes to Acceleration

Event Horizon

(
| Stationary
. Observer

Black Hole

Hawking j KT = e
Radiation 27T

@)

Event Horizon

' Accelerating
Observer
" inYacuum

a -

Radiation C

A stationary observer outside
the black hole would see the
thermal Hawking radiation.

An accelerating observer in vacuum
would see a similar Hawking-like
radiation called Unruh radiation.

(Figure from Pisin Chen 2014)



Would acceleration melt accelerated matter?

e (Question: would acceleration melt the co-accelerated ice?

The more I'm

accelerating.
the more hotter itis 4
getting here g

* Question: would acceleration affect, e.g., chiral condensate?
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QCD phase diagram extended by acceleration

Nucleus

Baryon chemical potential

Chiral condensate )
and confinement?
Effects combined
with finite density,
temperature, ... ?
Possible signatures
in HICs? Y,




QCD phase diagram extended by acceleration

e Chiral condensate )
and confinement?
e Effects combined
with finite density,
temperature, ... ?
* Possible signatures
_ in HICs? Y,

Nucleus Baryon chemical potential

<
C o e Accelerated many-body system equilibrium (not only Unruh)?
iy * Would such strong acceleration accessible in experiment?



Accelerating and rotating thermal equilibrium

* Many-body system can remain equilibrium with acceleration and rotation
* Local equilibrium density operator (determined by max-entropy principle)

1 1
Z1E 2

* True global equilibrium Peq IS A time-independent LE

m) (* and wh? are constants

[ B =(8,0) :
< wo; = Ba - Peq:ZeleP[_ﬁ(H_a'K_Q'J)]

_ Wi = ﬁeijkﬂk
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Effect of rotation: Comparison with chemical potential

* Hints for possible rotation effect: comparison with chemical potential

Rotation Chemical potential
H:Ho—QJz H:HO—MN
‘ «— For massless Dirac fermions — ‘
2 2 4
Tt (/2% (2/2)° p_ T
P = 18034 T 6,32 T 1972 180/34 + 6,32 + 1272

(At rotating axis, for unbounded system)

(Ambrus and Winstanley 2019; Palermo etal 2021)
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Effect of acceleration: Comparison with chemical potential

e Hints for possible acceleration effect: comparison with chemical potential

Acceleration Chemical potential
H = Hy — oK, H = Ho — pN
‘ «—— For massless Dirac fermions —— ‘
2 2 4
m? (a/2)? 17 (a/2) p_ ™ K

— 18034 T 6,32 15 1272 N 1808 652 1272

(Ambrus-Gecic 2025)
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Acceleration in heavy ion collisions




Heavy-ion collisions

* Currently operating heavy-ion colliders

Large Hadron Collider

LINAC NERE SN

T‘\"{\.EB@:AJ Sl 7

L W
BOOSTER

RHIC@BNL,2000 - LHC@CERN, 2010 -
Top energy: Au + Au @ /s = 200 GeV Top energy: Pb + Pb @ /s = 5.02 TeV



Heavy-ion collisions

Future heavy-ion colliders (cover low collision energies)

W Gsifacilities
B FAR facilities
. FAIR experiments

FAIR@Germany

HI Booster Ring

; stripping ).« /0
A I’éf" Hadron Experimental
MR T Facility
3->30GeV (p) p/HI

Hor,
UGEH & R‘CS :
>e7amev 3 3EVRER
(p) %

f04>3Gev ¥

& stripping X proton (existing)
“““ Ry = HI (under plan)
”[jsev G o2+
H- Linac: 0.4 GeV R
- 735 AMeV > 11.2 AGeV

J-PARC@Japan

High Intensity heavy-ion Accelerator Facility (HIAF)

— N
m

HIAF@Chlna




Strong acceleration in heavy-ion collisions

» Strong elliptic flow indicates strong fluid acceleration

Vs, = 200GeV '¥"Au + '¥"Au at RHIC
1 T 1 - d

012 H
STAR PHENIX P ¢’ y
0.1 —S Eg i ; ) ’,.;;';' 00 .
8 |Dp o pi A Y | . L. .
N Elliptic flow due to fluid
— SN 006 qujm‘
wf' — acceleration
’ L oofH R
a — v 1 v P ,,;r..;;:@;nﬁ“j%? e,
dt e+ P B B N E

Transverse momentum p, (GeV/c)

e But high-energy and low-energy collisions may differ

1. Low-energy collisions: Deceleration (stopping) 2. High-energy collisions: Acceleration from pressure gradients
Baryons lose longitudinal momentum while passing through each other. Large pressure gradients in the produced matter push fluid elements

° i
.B' Q\~® “-’

St Seetmy
Qo0 (TR, PRSI S5

» °O.% 0“3?0« (-'., g%-e.as—»
S Sias Ry
oocg‘o'. @ ¢. ‘9¢)gg‘° P4 .91359‘
0'g @ 0% /'?00 Vg ™
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Strong acceleration in heavy-ion collisions

e Spatial distribution * Proper acceleration a=/—a*a,

MD =7.7GeV,b=2f =0f
N ol T el bt e B 600 ' ' ' ' OO o o5 m.al ' '
10Fa, t=1fmi ta, t=2fm o 1= 3 fm La, t=4Mm/ Ls =5 fm,
a m/c a, m/c a m/c a, e o A . ﬁ:S_S oV | ( ) m, al . ﬁ:SAS Gev
T i o0 500 —— {550 GeV 500_ —— |5=50 GeV
=% | " 400t o =TT GV 4001 o 5g=77 Gev |
_ 3 |00z — 0 — "
5 _I vos = Beh Vo=19.6 Gev % A V5=19.6 Gev
o = 300 —o— \5=27.0GeV | = 300 —e— fS=27.0GeV |
jofa,. 1= 1 fmic Fa, 1= 2tmic I8, 1= 8 fmic "Fa, 1-4imic .‘nm o L = L4
N~ b ~ b
4 1. 200/} . 2001 |, .
3 tAk oo
= 0F 0.00
100 . 100 ]
h,s; L L = -# 4 |00z L -
“10F _‘_m 0 Bizoo . . 0 . .
—— e 10 15 20 0 5 10 15 20
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5 ‘ 1 lo2o
% ok I 0.00
_BF -0.20 T T T T T T T T
—10F .I kS L + 0.40 400 () b=0m, all —u— 5, =624 GeV | 400 -(d) =5 fm, al —u— |5, =624 GeV|
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x (fm) x (fm) x (fm) x (fm) 300 —— Y5, =276 TeV | 300 —— 5, =276 TeV |
(b) AMPT ﬁ =200GeV,b=2fm,z=01m (Gev) %’ %
10Fa,.t=11mic Fa, 1= i’ "1, t=5mic’ "Fa 1-4mmic 016 = b
= 200 - ~ 200 -
5 r 1 |oce © ©
:E4 r 1 1 ’ ( 4 [0.00 I
> = =
-5F 4 : F L 4 [o08 100 100
-10p ) ) . ) _| 016 I
10Fa,, t=1fmic Fa, 1= Bmic = 8me Fa, 1=4imic —]mﬁ Cb 2 4 6 8 10 Ct) 2 4 6 8 10
5 Y . E L time(fm/c) time(fm/c)
E 0l 4 |oon
= L]
N vt Tl MieeatlE: ® >V t lerat ~ few 100 MeV
. i ery strong acceleration ew e
10Fa.. 1= 1 fmic A 1- 2imic T8 me | Fa,t-4imic "

Q)
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» Last longer at lower energies

(Zhong-Deng-XGH-Ma 2026; Prokhorov etal 2025)
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Thermalization or refrigeration?

Thermalization by acceleration in heavy-ion collisions

Available online at www.sciencedirect.com

ScIENcE@DlHECT'

ELSEVIER Nuclear Physics A 753 (2005) 316-334

From color glass condensate to quark—gluon plasma
through the event horizon

Dmitri Kharzeev, Kirill Tuchin *

Nuclear Theory Group, Physics Department, Brookhaven National Laboratory, Upton, NY 11973-5000, USA

NUCLEAR
PHYSICS A

Abstract

We propose a new thermalization scenario for heavy ion collisions which at sufficiently high en-
ergies implies the phase transition to the quark—gluon plasma. The key ingredient of our approach
is the Hawkine—Unruh effect: an observer moving with an acceleration ¢ experiences the influence
of a thermal bath with an effective temperature T = a/2x, similar to the one present in the vicinity

of a black hole horizon. For electric charges moving in external electromagnetic fields of realistic
strength, the resulting temperature appears too small to be detected. However for partons in strong
color fields the effect should be observable: in the color glass condensate picture, the strength of
the color-electric field is £ ~ Q?/g (Qy5 is the saturation scale, and g is the strong coupling), the
typical acceleration is @ ~ (g, and the heat bath temperature is 7' = Qg /2x ~ 200 MeV. In nuclear

collisions at suthiciently high energies the clfect can mnduce a rapid thermalization over the time pe-
riod of T >~ 27 /Qy >~ 1 fm accompanied by phase transitions. We consider a specific example of
chiral symmetry restoration induced by a rapid deceleration of the colliding nuclei. We argue that
parton saturation in the initial nuclear wave functions 1s a necessary precondition for the formation
of quark—gluon plasma. We discuss the implications of our “black hole thermalization™ scenario for
various observables in relativistic heavy ion collisions.

Acceleration as refrigeration: enhancement of chiral condensate

=
% E? PUBLISHED FOR SISSA BY £) SPRINGER

RECEIVED: October 15,
REVISED: April 13,
ACCEPTED: April 20,
PUBLISHED: June 8,

Acceleration as refrigeration: acceleration-driven
spontaneous symmetry breaking in thermal medium

Maxim N. Chernodub

“ Institut Denis Poisson, CNRS UMR 7013, Université de Tours, Université d’Orléans,

Parc de Grandmont, Tours, 37200, France
b Department of Physics, West University of Timisoara,
Bd. Vasile Parvan 4, Timisoara, 300223 Romania

2.5
Symmetry restored phase

2.0

Tc( a)/ TCO

1.0
0.5 Symmetry broken phase
0.0
0.0 0.5 1.0 1.5 2.0 2.5
a/ Geg
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Phase transitions under acceleration




The model

Nonlinear sigma model analysis

1
LNLom = —E@TD@ — M2 fro, &7 =(n%0) TP = f2.

 Mean-field effective action (large-N)

* Gap equations

1 A N. —O+A
Lo, \] = /d%; (—EJDO' + 5(02 =)k 5 In _S - Mgfﬁa)
L Y \ 7 @
do
o o?—f* N
B g g AEmEmd) =0, e

* Field operator and Green function (propagator)

[

d?k inh ‘ ; ) j )
. \/SIH?TTK«;Q; (mlg)(&w‘ke—zwt+ak-x + &L‘kelwt—%k'x) ‘ G(ma ml) =~ E((;)1%|:21(p($)(if)(mjr)|0R>

2
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Nonlinear sigma model analysis

Extend it to Euclidean time

00 2 .
GE :BE:'T, — dw ;0 gl ?Twa.iw m1 &) Kiy m_J_f’ e_wltE_tiﬂ"‘ik'(x_xf)f
o 0 (27} @2

Extend it to finite temperature

Gu(tg,t%) = G, (tg + Br,ts) where g =1/Tr = a/T and v = 27T /a
E E

G, (zp, 7)) = ) Grlte — tg + Brn)

. d?k coshw(|tg — t7| — Br/2) sinh 7w L
- d ” K, Wos " eik:(x—x")
/0 w/ (2m)? sinh(Brw/2) 2 (m1L&)Kiw(mi§)e

Gap equation at chiral limit

o? = fﬁ — NG, (zg,zEg;0)

There is divergence in the above one-loop result: vacuum contribution

24



Nonlinear sigma model analysis

What vacuum contribution to subtract?

Minkowski vacuum Rindler vacuum
\ )}

Related by a Bogoliubov transformation

—1/2
af = [2sinh (%)] / (em“’/ 2“a§€1)M L 2”’(1(_2;MT)
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Nonlinear sigma model analysis

e Subtraction with respect to the Minkowski vacuum
o2 = f2 1 E(Tz_ a’ )
™ (af)? 12 (2mr)2

Local observer with constant 122 a

ona: £ = T.(a) =\ 7 + (52)?

accelerationa: ¢ =1/a N &
T2 a 2

M

e Subtraction with respect to the Rindler vacuum

’ 2 2_T_2§
o =I pe

Local observer with constant \/@
accelerationa: ¢ = 1/a » Te(a) = N = Leo
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Nonlinear sigma model analysis: phase diagram

e Subtraction with respect to the Minkowski vacuum

3.0

"

a 2.0

|0M =:{), “ E”15
1.0
\

‘ LN
0.5
8% 0.5 1.0

e Subtraction with respect to the Rindler vacuum

1.5 2.0 25
alag

3.0

p 2.0 :
1.5 - T=Ty
= 1.0
=
0.5
0.0% -

alT[rT]

{ (Zhu-Chen-XGH 2025;
| see also Chernodub

2025)

(Zhu-Chen-XGH 2025)
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NJL model analysis

Let us go into more micro degree of freedom by considering NJL for quarks
Ly =P [y*V, —moly + % [(1510)2 + (Yiv°y) 2]
Gap equation

m — MMy =

0 =i Tx(S), S(z,2') = (D +m)G(z, ),

Euclidean Green function (propagator)

d?k sinh 7 (w + i7%93/2)
Ge(zg,Tg) :fo o (27)2 2 Ko (ML) Ky, o5 5(m L€

f)e—w| tg—tg|+ik-(x—x")

Extend it to finite temperature
Gy _Z( 1)"GEg(te — tg + Brn)

ik-(x—x") )

d2k sinh(Brw/2 — w(|tg — tz|) sinh 7(w + Z-,},ﬁ,},é/2)
/ dw/ cosh(Brw/2) 2 Koyt j2(miE) Ky, 7073/2(WL§ Je
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NJL model analysis

e Subtraction with respect to the Minkowski vacuum

Local observer with constant T(a) =/ — — =+
accelerationa: ¢ =1/a »

Local observer with constant » 3A2 6
accelerationa: ¢ =1/a

29




NJL model analysis

 The phase diagram is completely consistent with NLsM analysis

{ (Zhu-Chen-XGH 2025;
see also Chernodub

2025)

0'8.0 0.5 1.0 1.5 2.0 2.5 3.0
alag

 The phase diagram is completely consistent with NLsM analysis

Ta 2.0

— 2nd-PT
1.5 — T=Ty

(Zhu-Chen-XGH,2025)

0 1 2 3 4

alTo[rT] 30



PQCD analysis

e Consider high-temperature regime of SU(N) gluons.

* Look at whether acceleration makes Polyakov potential deeper or shallower:

271'2 G;b O ~ G;b s 115&4
Vert () = Tioe ) [T&*( o )_ QBQ( 27 )_ 240772]

T
with Tioe = -0 , a4 = ¢ , and
ag 0
Bernoulli polynomials:
2 1
Bao(z) == —:I:—I—é,
1
By(z) = 2% — 22° + 2 — —
30 0 /2 %r 3/2 o
¢

* Acceleration deepens the potential
(Chen-Fukushinma-Gao-XGH-Shimada-Zhu 2026) * No tendence to weaken deconfinement
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Lattice formulation

Formulate lattice action in the following accelerating metric

(14+g2)° 0 0 0
B 0 -1 0 0
Jpv = 0 0 -1 0
0 0O 0 -1
Retr [1 — U2 lat _ . /
slat — B Z (1492) 3 Retr [1-02] + 1[ %] S —ZX(R)DX(R),
i<i<d i=1,2,3 T 9% i

Dp = { Z Z (1 —I_QE)T]ATZ (n)Uﬁi (n)dn,n’—éi +1r (n) (U/T(n)c?n’nr__r = U_T(n)dn?nur.r)
i=2.Y,2 M;=+4

—|—%772 (n) (Uz(n)én,nf_z 1 U_z(n)fsn,n’-kz) +2(1 13 gz)amén,n’}

1

-— P E-
= 29’}’3 .



Lattice results

* Measurements are done at quenched limit

0.25 ' . ; - l ' : ] : l
= e~ (A N ) . - T = 151.8 MeV g T = 270.4 MeV
""" LT =151.8 MoV T = 2704 MEY 0.14 % T — 170.4 MeV s T = 207.6 MoV 1
------ Fo T =170.4 MeV o T = 297.6 MeV P 00 BT - Ak B
For T = 192.5 MeV o T = 325.5 MeV e ey
ok [ Ko T =217.8 MeV -f T = 356.9 MeV | 0.12 |~ = 217.8 MeV - § ----- = 356.9 Me ]
sl [ - T = 242.5 MeV T=3%8%2MeVI | || ¥ T = 242.5 MeV T = 385.2 MeV
= IR T eeeennns S - LD P SRR -+ eesvnns fecnnsnsane e & -SRI b o ETETPEPI S - SOPPPR 0 1 _ " i
A T T - ST~ ST GRS — o - Lo > TI— g MeetTH
| 0 15,:! ........... B " SR S i TR dr L S o _* I Ee T B g P xx -----
% . - 008 e gk
= ~ I B R
3 - E o
........... ﬂﬁ‘ﬁ*ﬁﬁﬂﬁﬁ I ii
........................ 0.06 ¥ oz >
04 " — S — - T— S — S — s 4 v, N i ............ Fo % L
Saa T e LT TR CRRRE ' R GRS S T . L o N 7 x
(= ST = . a8 g DU R, | S 2 SRR i & - =
S e e S g .......... g ................. g .......... " st b S - .'.':."."."."."."."; 0.04 i ..................... A— ; ....... ; ............................ g e : ...........
| . ’ T::::;:;::::2:;::::::::E:::::::::::.:::::;;;::t,;;;;;;;:;;;..;;;;:;;;;;; ,%;T
0.05 ' ' | ' ' ~ 0.02 ' ' ' '
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
9/T 9/T
Chiral condensate vs acceleration g Polyakov loop vs acceleration g

(Yang-XGH, to appear) No acceleration dependence measured .



Lattice results

* A recent simulation for pure Yang-Mills

= 0.22
1.04 504 g:ig
x, fm 2 _" gig
-5 _r 0.12
1-02 0.0 — - 0.08
T.(a) h ]
T(0) 1.00 = g--E------ e i -
0.98
0.96
0 2 4 6 8 10 12 14 16
a, MeV

Deconfinment temperature as determined by Polyakov loop

(Braguta etal 2024)

No acceleration dependence measured



Summary and outlooks




Summary and outlooks

* Quark-gluon matter under acceleration is an interesting topic.
* Acceleration effects may depend crucially on subtraction scheme
* |tis important for heavy ion collisions.

A

i O u t | O O kS Temperature

Quark-Gluon Plasma
X Symmetry Restored

 Combing with rotation, B-field, etc.

Hadronic Matter

* What would be a good observable for
Unruh effect in heavy-ion collisions?

e Quantum simulation of accelerated
QCD?

Rotation

Thank you!



Nonlinear sigma model analysis: phase diagram

e Calculation is just calculation, but which one accelerating observer really sees?

* Perhaps the one with respect to the Rindler vacuum is more reasonable

TITeo

2.0

2nd—PT!
1.5 = T=Ty

1.0

0.5

0.0

0 1 2 3
alT[r]

G(z,z") = i(Or|T¢(x)p(x)|0R).

Gu(z,2') = i(0m|Td(z)p(2")|Onr)

Equivalence principle: Local experiments in
a free-falling frame give the same results as
in inertial frame
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