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• Acceleration along z-direction in Minkowski spacetime
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Acceleration

• Constant 𝑎 = observer feels constant force

𝑧𝑀

Three acceleration:

Proper acceleration:

• There is always a dark region behind the 
accelerated observer 



• An observer with constant proper acceleration in Minkowski spacetime
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Accelerating frame and Rindler coordinates

• The coordinates (𝜏, 𝑧) in which the observer is static is the Rindler coordinates

Observer at 𝜉 = 1/𝑎 has
proper acceleration 𝑎
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Euclidean Rindler coordinates and Unruh temperature

𝑡𝐸 = 0 𝑡𝐸 = 𝑎𝛽Identify and

Euclidean Rinder coordinates at finite temperature T is a

cone with deficit angle 𝑓 = 2𝜋 1 − 𝜈−1 with 𝜈 =
2𝜋𝑇

𝑎
=

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

𝑇𝑈 =
𝑎

2𝜋
: Unruh temperature

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

𝜉

𝑎𝛽 with 𝛽 = 1/𝑇

𝑅0

𝑓 = 2𝜋 1 − 𝜈−1



• An quantum information interpretation of Unruh effect
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Unruh effect and Entanglement

Minkowski vacuum Rindler vacuum

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

zM

𝑡M



• If the observer carry fermion detector

 

Unruh effect and Entanglement

• The right-wedge accelerated observer do not communicate with left-wedge:

Minkowski vacuum: left-right entangled state*:

*Here, the Bogoliubov coefficients are determined by

Density operator

Von Neuman entropy

The right-wedge state is a mixed state:

It is just a thermal state of fermions:

Entanglement entropy = R-wedge thermal entropy 
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Unruh radiation and Hawking radiation

(Figure from Pisin Chen 2014)



• Question: would acceleration melt the co-accelerated ice?
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Would acceleration melt accelerated matter?

• Question: would acceleration affect, e.g., chiral condensate?



QCD phase diagram extended by acceleration

?

?

• Chiral condensate 
and confinement?

• Effects combined 
with finite density, 
temperature, … ?

• Possible signatures
in HICs?

𝑻𝐜 ~𝜦𝐐𝐂𝐃

   ~𝟏𝟎𝟏𝟐𝐊
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• Accelerated many-body system equilibrium (not only Unruh)?
• Would such strong acceleration accessible in experiment?



Accelerating and rotating thermal equilibrium

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

• True global equilibrium 𝜌eq is a time-independent LE

Boost
operator

Angular
momentum



Effect of rotation: Comparison with chemical potential

• Hints for possible rotation effect: comparison with chemical potential

Rotation Chemical potential

(At rotating axis, for unbounded system)

(Ambrus and Winstanley 2019; Palermo etal 2021)

For massless Dirac fermions
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Effect of acceleration: Comparison with chemical potential

• Hints for possible acceleration effect: comparison with chemical potential

Acceleration Chemical potential

(Ambrus-Gecic 2025)

For massless Dirac fermions
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Acceleration in heavy ion collisions
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Heavy-ion collisions

• Currently operating heavy-ion colliders

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)

NICA@Russia

FAIR@Germany

J-PARC@Japan

HIAF@China
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Strong acceleration in heavy-ion collisions

• Strong elliptic flow indicates strong fluid acceleration

Elliptic flow due to fluid
acceleration

• But high-energy and low-energy collisions may differ
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Strong acceleration in heavy-ion collisions

• Spatial distribution • Proper acceleration 

➢ Very strong acceleration (~ few 100 MeV)
➢ Last longer at lower energies

(Zhong-Deng-XGH-Ma 2026; Prokhorov etal 2025)



• Thermalization by acceleration in heavy-ion collisions
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Thermalization or refrigeration?

• Acceleration as refrigeration: enhancement of chiral condensate



Phase transitions under acceleration
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• The model
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• Mean-field effective action (large-N)

• Gap equations

• Field operator and Green function (propagator)

Nonlinear sigma model analysis



• Extend it to Euclidean time
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• Extend it to finite temperature

• Gap equation at chiral limit

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

Nonlinear sigma model analysis



• What vacuum contribution to subtract?
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Minkowski vacuum

Nonlinear sigma model analysis

Rindler vacuum

Related by a Bogoliubov transformation



• Subtraction with respect to the Minkowski vacuum
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Nonlinear sigma model analysis

• Subtraction with respect to the Rindler vacuum

Local observer with constant 
acceleration 𝑎:  𝜉 = 1/𝑎

Local observer with constant 
acceleration 𝑎:  𝜉 = 1/𝑎



• Subtraction with respect to the Minkowski vacuum
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Nonlinear sigma model analysis: phase diagram

• Subtraction with respect to the Rindler vacuum

(Zhu-Chen-XGH 2025)

see also Chernodub
2025)

(Zhu-Chen-XGH 2025;



• Let us go into more micro degree of freedom by considering NJL for quarks

 

28

NJL model analysis

• Gap equation

• Euclidean Green function (propagator)

• Extend it to finite temperature



• Subtraction with respect to the Minkowski vacuum

 

29

NJL model analysis

• Subtraction with respect to the Rindler vacuum

Local observer with constant 
acceleration 𝑎:  𝜉 = 1/𝑎

Local observer with constant 
acceleration 𝑎:  𝜉 = 1/𝑎



• The phase diagram is completely consistent with NLsM analysis
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NJL model analysis

• The phase diagram is completely consistent with NLsM analysis

(Zhu-Chen-XGH,2025)

see also Chernodub
2025)

(Zhu-Chen-XGH 2025;



• Consider high-temperature regime of SU(N) gluons. 
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PQCD analysis

(Chen-Fukushinma-Gao-XGH-Shimada-Zhu 2026)

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

with                       ,                   , and

Bernoulli polynomials:

• Acceleration deepens the potential
• No tendence to weaken deconfinement



• Formulate lattice action in the following accelerating metric
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Lattice formulation

=



• Measurements are done at quenched limit
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Lattice results

Chiral condensate vs acceleration g Polyakov loop vs acceleration g

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



• A recent simulation for pure Yang-Mills
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Lattice results

Deconfinment temperature as determined by Polyakov loop 

No  acceleration dependence measured

(Braguta etal 2024)



Summary and outlooks
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• Quark-gluon matter under acceleration is an interesting topic.

• Acceleration effects may depend crucially on subtraction scheme

• It is important for heavy ion collisions.

• Outlooks

 

Summary and outlooks

Thank you!
acceleration

• Combing with rotation, B-field, etc.

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

• Quantum simulation of accelerated 
QCD?

• … …



• Calculation is just calculation, but which one accelerating observer really sees?
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Nonlinear sigma model analysis: phase diagram

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

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