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QCD phase transition

ST The Phases of QCD Two important non-perturbative
1 LHG Expenmenta properties in QCD : color confinement
and chiral symmetry breaking

Order parameter for chiral phase transition:
Chiral condensate < Etp >
QGP phase < Et[) >=0  Chiral symmetry restored

Hardronic phase < Yy >0 Chiral symmetry breaking

Critical Point

—
Hadron Gas Supercofiductor Order parameter for deconfinement phase transition:
P Nuclear 1 o
P Matter ~_ Neutron Stars ») Oly akov lo op L(%) = Fctr P(Z) with P(Z) = Peid o dtAo(t:7)
900 MeV . .
Baryon Chemical Potential Confinement: (L) =0 center symmetric

Deconfinement: (L) # 0  center symmetry breaking
(Q,a,B,E)
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UrQMD \s,,, =7.7 GeV, b=2fm,z=0fm

Rotation and Acceleration

In

Heavy-lon Collisions
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In a non-central collision, there
exists a rapid rotation.

x (fm) x (fm) x (fm)

The UrQMD simulation result for the acceleration distribution.
Taken from arXiv:2604.00302

In heavy ion collisions, the acceleration can reach a
scale of about 0.1~0.4 GeV.

If chromoelectric fields are taken into account, a can even reach 1GeV



Acceleration and Rotation Effects

Quark-gluon
T plasma

Nuclearfra/gment L\/,\/..'.
‘\/\;.- .. } /// 7
‘ G:: r:m ¢ 3%
€ cu
Collision plane ﬁ'f (% (@Qujrk 3%:
H-H-]-Q T = a/2m

*In a rotating system, the Hamiltonian acquires an *According to the Unruh effect, a uniformly accelerated
additional term, which allows rotation to be interpreted observer with proper acceleration a perceives the
as an effective chemical potential. Therefore, it is Minkowski vacuum as a thermal bath at temperature T =
natural to expect that rotation will have a nontrivial a/2m. This suggests that acceleration may also influence

impact on the QCD phase transition. the phase transition.



Puzzle of rotation
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Ji-Chong Yang and Xu-Guang Huang arxiv:2307.05755

*Effective models:: Rotation suppresses
chiral condensate—> T, decreases with ()
Lattice QCD (imaginary rotation)

As (); increases:

*Chiral condensate {, ,Polyakov loop - Analytic
continuation would imply real
rotation enhances chiral symmetry breaking.

Lattice VS model

QT-> Tl VS QT-> T. 1
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Y. Jiang and J. Liao, Phys. Rev. Lett. 117, 192302 (2016) arXiv:1606.03808

Possible sources of discrepancy:

Limitations of mean-field approximation?

eLimitations of effective models?

*Can lattice results be extrapolated to real rotation?

*Role of gluons? ...



PUZZIG Of acceleration Restoration vs. Breaking
al-> Tl VSal-> T.1T

Symmetry restored phase

1.0
0.5 Symmetry broken phase
[
1 a,_c 0.0
0.0 0.5 1.0 1.5 2.0 2.5
a

Casado-Turridn, Adrian, and Antonio Dobado. Physical /aCO
Review D 99.12 (2019): 125018. Chernodub, Maxim N. arXiv:2501.16129 (2025)

*Some works: a T — restoration of chiral symmetry S _ _
The renormalization scheme is the key issue.

*Other works: a T — breaking of chiral symmetry



Framework

We use the quantum field theory in curved spacetime
and adopt two low-energy effective models.

NLoM (Bosonic) NJL (Fermionic)
DOF o,m? P
Order parameter o = (o) o= —G,T(t,ljt,b)

Klein-Gordon eq.

Method in curved Dirac eq. in curved

. spacetime
spacetime
Cross-check, uark DOF, more
Why used Q I
scalar case realistic
NLo model Lagrangian: LNLoM = _%@TDQ —~ M2f.o

NJL model Lagrangian:  #,,, = liv"V, —mo| w + % [(v‘xw)2 - (u‘/iysnp)z]

We work In Rindler spacetime(accelerating
coordinate).

ds? = £2dt? — d&? — dx?

Route:
Solve KG/Dirac eq. - Propagator G(x,x) -
Gapeq. > ofa, T)

The propagator G(x,x) is divergent, which means we
need to introduce the choice of a renormalization
scheme:

Subtraction of Rindler vacuum vs Minkowski vacuum

— two different phase diagrams



Uniformly accelerated motion

Equation of motion:

p dxH p du# u
ut = — ot = — alta, = —a
dt dt H

2

For motion along the (z) direction, the worldline is
1 1
T(7r) = asinh(ar) ,Z(T) = acosh(ar) .

The trajectory is a hyperbola in Minkowski spacetime:

1
2 2
T =

¢ = const
A
t = const



Rindler coordinates VT

F ¢ = const
A family of uniformly accelerated observers defines the
Rindler coordinate system: - :
&7

T = & sinht,

Z = & cosht. i L= const
The line element becomes  ds? = £2dt? — d&? — dx?
An observer at fixed ¢ follows a hyperbolic worldline with §=1/a t =ar
Vacuum Ambiguity Define the creation and annihilation operators for

Rindler spacetime: . ag(w) FA azg(a)),

The Rindler vacuum [0) is not equivalent to According to the definition, it satisfies: agz|0)z=0

the Minkowski vacuum|0),,.

2TTW

-1
The particle number operator satisfies: M(O|a};aR 10y~ (exp (T) — 1) (For b )
or boson
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Thermal States in Rindler Coordinates

After Wick rotation t = —itg, the
Euclidean metric is

62

ds? = —ﬁdt,% — d&% — dx3 — dx3

where the Euclidean time is periodic, Tg = ¢sintg/v,

0<tg<2m v=2nT/a Z=~¢costg/v. |

TE

Ro

Ry

2n (1 - V’l)

Regularity condition 0
v=1T =Ty)

* the Euclidean geometry is smooth;

* the conical singularity disappears.
v> 1T >Ty)

* a positive angular deficit (conical geometry) appears.

v < I(T < Ty)
* the angular deficit becomes negative;
* The geometry meaning becomes unclear
* Indicating an unstable stage

To avoid a negative angular deficit,
we impose v = 1 in this work, which
leads to the condition T = Ty.
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NLoc model analysis

N 1
. 1 : |
The NLo model Lagrangian: LNLoMm = —§<I)TEI<D — M2 fro ol — (;q-”*j ()‘)

The partition function: 7 — /D[@](g[qﬁ@ — [ exp (?; /d’l:rﬁNLgM)

introducing an auxiliary field A(x) and integrating out the pion fields and taking the large-N limit

: : 1 A ; N =04 A
The effective action: T'[o,\] = /d’l:r: (QCTDO’ + 5(0“‘ —f2)+ —1In L

— M2,
> O «f ‘7)

The gap equation:

5_F
do
(SF 0'2 — f,? N 0.2 — fZ —NG(X X 0)
e 5 +§G(m,m,)\)—0 m

M,=0,LJoc=0 —4=0

We assume Oo =~ 0 in acceleration case

= —0o+ o — M?f. =0,

12



NLo model analysis

1 .
d,u [(j e \/__yd:z (;b]

Lo = g™V, Vg = \/7_—(1

The explicit form of the KG equation
in Rindler coordinate is

The eigenfunctions

K,, is the modified Bessel function
satisfying the equation:

The Green function:

ds? = 2dt? — d2 — dy? — dz?
1 ¢ 2 2 2 2
_ 0 (9 1 d (9 d— —m? | dp=0
5 oz 0¢? f df 312
11 2w sinh mTw | —iwttikex
Q.'b — \/ﬁ 27_[_\/ 2 sz(mlg)e
dev(Z) de(Z)
sz ZTZ (ZZ+V2) KV(Z)

('n?’J_S)Kiw (’ITLJ_&I)(?_N| tp—ty|+ik-(x—x")

d‘zk sinh W
.BE,.“L'E) — d{,u ( 2 zw
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NLo model analysis

The Green function:
v = ZG};, t}_«, — 1{&; ﬁ”n)

2 _ _ . ,
/' du.;r/ d k coshw(|tg — ty| — Br/2) f;lnhz?rw K. (TrbLﬁ)ng(’rruf’)etk{x_x )

sinh(8rw/2)

The diagonal part of Green function:

dw d?k

Gues.or) = [ 5

m

coth (wBgr/2) sinh(mw)K:;

l Massless [imit

G,(rg,zp;m=0) = /

0

dw 1
2 (27?)

coth (wﬁR/Q)

252

2 (m &)
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Renormalization in the NLo Model

oo

The diagonal part of Green function: G,(zg,zg;m =0) = /

0

I: Subtract the Rindler vacuum expectation value

(O>Ten - (O>ﬁ - <é>R The position of the

accelerating observer:

T2 N
2 p2
g = j:T o Clgéfz'izi' E = ]W/Cl
2
T, — at 12f2
N

Il: Subtract the Minkowski vacuum expectation value
<O>T'en = <O>ﬁ - <O>M
o2 2 1 N (Tz a”

- - (2,”)2) The position of the
accelerating observer:

T (a€)?212

_JR2E L e,
T(:(a)—\/ N +(2ﬁ) t=1/a

— /T2 + ()2
c{}+ (27r)

Different vacuum choices lead to different result.

dw 1

W
———coth (w 2)——
2.0
— 2nd-PT
1.5 — T=Ty
L‘? 1.0}
}_
0.5
0'CO 2 4
alTeo[rT]
0.5
0'8. 0.5 1.0 1.5 2.0 2.5 3.0

alag
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NJL model analysis

The Green’s function G is

'E.k(x_]_ —XZ)

2 _ 0.3
. _f dw d°k sinh(Brw/2 — w|tg — ts|) sinh7(w + iv"v°/2)
0

K. o.3,0mi&OK, __o.3,0(mi&)e
(271_ (‘Ocih(,BRw/2) Wz T — Yy /Z(mJ-E) tw—yYy /z(mlf )P

I: Subtract the Rindler vacuum expectation value

o [ . 1 1 (372
Gy(.'BE,iBE,m, = 0) = fn dw 2£2 fdﬂh(ﬁRQJ/Z) The gap equatlon: o — 6(_12&'2 ( — _ TQ)
A 00
w w 2
= dw——=—= +/ dw . 2
fn m2a?¢? -~ Jo  7m%a?E?eP + 1 The critical temperature is 7. = a¢ % _ 6
1 3A2 T G
— — T2
6a2£2 ( 2 )
ll: Subtract the Minkowski vacuum expectation value
.. : 3A2 6 2
1 /3A2 a2 The critical temperature is T.(a) =4/ — — ot ;‘ 5
G, " (xg,xg;m=0) = —T? + T (2m)
6a2&? (27)2



Renormalization scheme

Subtract the Rindler vacuum expectation value

(O>Ten = (O>ﬁ — <O>R T, = at 3A2 6

ﬂ_2 G::r |

T . is independent of acceleration

Subtract the Minkowski vacuum expectation value

) 9 2 302 6 a?
(O)ren = (0)s = (O)m T =753 — G+ g
— \/T._?o 4 (am)2
T . is enhanced by acceleration ’ 2T

The conclusion is independent of the effective model.

2.0

1.5

T/Teo
(=)

0.5

0.0

3.0

.0 0.5 1.0 1.5 2.0 2.5
alag

3.0

17



NJL Model under Acceleration and Rotation
Framework Assumptions

2 —r20% Qy —Qx 0

. Qp -1 0 0
Metric: v = o 0 -1 0
0 0o 0 -1 Acceleration and rotation are parallel.

!

Solving the Dirac equation

!

Gap equation

!

Numerical solution

We subtract the Rindler vacuum expectation

T=Tu.



Result

Q=0 — Q=0.3GeV . Q=0.5GeV __ a=0.5GeVv a=0.6GeV __ a=0.7GeV
0.20 0.20r
0.15 0.15
> =
8 0.10 3 0.10f
= £
0.05 0.05}
0.00 0.00;
04 06 08 70 o 00 01 02 03 04 05 06

= Acceleration induces thermalization

= Rotation induces an effective chemical potential

= Both acceleration and rotation restore chiral symmetry

19



Analytical Result in the Massless Limit

: : _ _ -1 _ -1
The gap equation can be solved analytically. — r=0 — r=0.7Gev" __ r=1GeV
1.2
2 2 (404 22004 | 202 1.0t
o A a (’I Q) —i—l)—-r' ° + 302 _
T\ 272 2472 (r2Q2 — 1)2 - %' 0.8
.06
©
0.4
The critical acceleration is obtained directly 0.2
from this equation.
0.0} -
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Q [GeV]
Rotation lowers the critical acceleration.

The effects of rotation become increasingly significant with increasing radius.

20



Summary |

v We developed a unified framework to study chiral symmetry
under acceleration and rotation.

v Different renormalization schemes lead to different phase
diagrams.

v Under the Rindler vacuum subtraction, both acceleration and
rotation favor chiral symmetry restoration.



Framework

Subtle:

In Zopt # In ZER

[\

Relate to Vs Relate to T+

Yang—Mills theory with a
Polyakov-loop background

Euclidean Rindler modes

Bulk expression and
energy—-momentum tensor

Thermodynamic relation

Physical local effective
potential

Optical metric: gluon and
ghost heat kernels

Optical effective potential

Convert the volume measure

22



Formalism |

Metric:

One loop action: 1

We expand the gauge field:

ds3, = dz® + dy* + dz*° + (az) dr’

) = 2 TrIn Aglyon — TrIn Agpest

A @ <«——— Cartan subalgebra

A,=A + ’ Az — Oa
g g Qﬁ 9B
-H @ -H
aT — DBr:c)T—l—f‘}b > GBr:vr+z¢
p p
) 21 + ¢ -(0) —— The root of Cartan
D;Q;, = (c'ir S5 1.(;‘)/8 a) Q, Wy = 8o @ subalgebra
0

The Cartan background shifts the Matsubara frequencies of the gluon root modes.

23



Formalism lI

(DS 0 0 0 \
0 7D, 0 0
1 1 1 2
D,=—_D:—02—-02—0:— 4, Dy=|10 0 D+ - °D,
a?z? Y Z ) 22 Z )
\ 0 0 ~ 3.3 D, D, ;32)

1
InZgr = TrlnDy — - TrlnD, :
~—— 2

ghost h ~~
gluon

o

Conformal transformation

2 — M | Z— 2 N i j
dsi: o = —(az)?dr* + dx* + dy* + d7?. ——) dsiop = (Gopt) ¥ dx” = dv” + hy;dx'dd,

iy (x) = (ai)z 5

Subtle: InZ, # InZgg

24



Cartan subalgebra

l ,5[) _ 1 _
L(¢) = N tr exp (ig/ﬂ A d'r) — _— trei?H

2 1 _
For SU(2): H:T3:2:2((1J _01), gBvAr = ¢H a=+1 LSU(Q):COS;&
: 1 0 0
For SU(3): g="=(0 1 o o1 (200
2 2 Hg = 0 1 0
oo 2 23\ o —2

1 — diae (P P8 93 P59 _ L, ibeva) . D3 ids/ V3
950A7—¢3H3+¢8H8—d1ag( 5+ Wi 5+ el \/5) Lgyr(3) [26 cos - +e

25



Subtle between two method

In ZOpt ?é‘ In ZER'

ER calculation Subtle: Optical calculation

ds%pt - (gopt) ydxﬂdxl/ = dr? + hijdxidxj,

hij(x) = ;

dSZRindler - _(aZ)Zde + dx2 + dy2 + dZZ.

52 _ = _ ~4
Vi =Th Y| B (qbz:) _%Z(qbz a) 750 2] Vo = T Ja¥. (£2) - Lat
— | V4 T opt 0 2 o 24072
[ 2 @ (Pra) - alf? i N
=T _E_E+(24ﬂ2) _|¢67r| _ 74 ___61_ (¢ - a)4 P - al’
« - 0L 45 6 24x° 67
(e ) @07+ il + ] | 11
) 4 . a
6 7202 1_a 21 9\ a] - (39
+(6 ) @ar +Lipeal -] (9

. . . j{)
The coincident relation: v g (x) = (az) ™V = —/%/{ dpVir(x).
0

The ¢ is obtained by minimizing the V¢

26



Real acceleration

The system is always deconfined.

Acceleration enhances the
deconfinement

0 /2 7 37/2 o
¢

decoﬁﬂned confined decoﬁﬂned

27



Imaginary acceleration

2 _ : a’
Veff ()C) — T?OCZ |:2%B4 (¢2_ﬂa) B2 (%ﬂa) B 2141(;:{2]

a— —1iaj. l Sign change

3 27? ¢ ¢
—o7 |2 B, (=) k2B, (=) +---
Veff ()C) loc |: 3 4 (221_) T arp» (271_) + ]

Ve (@) — Verr(0)

Imaginary acceleration will induce confinement. - .
deconfined confined deconfined

28



Polyakov-loop under Imaginary acceleration and rotation

deconfined
1.0
Accleration:
0.81
- 2* ¢ _ ¢
Ve (x) = 2T, [734 (ﬁ) + a7B, (ﬂ) + - ]
0.6-
=
Rotation: 0.4
27{2T ¢ -+ SQI
Volo =257 81| (5
s==+1 mod 1
0.0-
confined 0

No period for the acceleration case

71')2

ar, QI




Summary Il

v/ The optical formulation yields the physical Polyakov-loop
potential, consistent with the Rindler energy-momentum tensor
through thermodynamic relations.

v Real acceleration strengthens the preference for the
deconfined minimum

v Imaginary acceleration favors a center-symmetric phase, with
similarities to and distinct differences from imaginary rotation.
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  Ω   ~   0 . 01 − 0 . 1   GeV


  a


  H   →   H − J ⋅ Ω
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   T c


  Ω


   Ω I
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  0 <  t E < 2 𝜋


  ν = 2 π T / a


  𝜈 = 1
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  𝜈 > 1
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  σ


  The position of the accelerating observer
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  ξ = 1 / a
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   𝑻 𝒄


   𝑻 𝒄
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   𝑻 𝝉 𝝉
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  𝛼 =
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