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Outline of the talk

● Quark-gluon plasma, confinement-deconfinement, hadronization 
●
● Ubiquity of rotation and magnetic fields for different systems and scales
●
● Augment the planar phase diagram, zooming in on quark-hadron transition
●
● Thermodynamics, equation of state, sound speed, deconfinement temperature
●
● Results: quark-hadron deconfinement in the augmented QCD phase diagram 
●
● Applicability and outlook: Conclusions
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Confinement ~ 1 fm Deconfinement ~ 10 fm
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What happens to 
confinement-deconfinement 
in special situations?

Like circumstances leading to 
swirling currents and strong 
external fields

Where are such extreme 
conditions relevant?
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Heavy-ion collisions: 
parallel global rotation and magnetic field for a generic non-central impact 
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K.Hattori, Y.Yin, Nuclear Physics A 967(2017)768-771
Nature 548, 34-35 (2017)



 The QCD phase diagram What systems traverse the 
different regions of the phase 
diagram?

● HICs & the early universe 
(hot)

● Neutron star cores
(cold, dense)

● Neutron star mergers 
(hot, dense) 

How can we probe the phase 
diagram? 

Experimental handle: HIC and 
experimental control knobs
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Busza et al., Annu. Rev. Nucl. 
Part. Sci. 2018. 68:339–76



Aim: a more comprehensive phase diagram (new axes!)

● Explore QCD phase structure in (vorticity + magnetic field) augmented setting 
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To get the full picture, where rotation parametrized by vorticity or angular 
velocity, and magnetic field may be non-zero simultaneously and 
included along with the temperature and net baryon density axes



Strategy to identify deconfinement

● A drastic rise in thermodynamic quantities (like the 
entropy density) at deconfinement: 

Hagedorn limiting temperature

 

● Hadro-chemical freeze-out curves determined by 
universal freeze-out conditions 
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[See: K. Fukushima, Phys. Lett. B 695 (2011) 387–391] 

● Dip in the squared 
speed of sound vs. 
temperature

● Unique temperatures 
where minima occur

● Crossover nature does 
not let the speed of 
sound go all the way to 
zero

❏ Framework of statistical hadronization 

aka Hadron Resonance Gas or HRG model



Statistical Hadronization Model aka Hadron Resonance Gas Model

Thermodynamics from partition function 

Attractive interactions are mediated via resonances.

Non-interacting hadron resonance gas thus serves as a good approximation for an 
interacting hadron gas.
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Nature 561 (2018) 7723, 321-330

Valid and successful description 
below the deconfinement 
temperature



Statistical Hadronization model
under rotation

Y.Fujimoto, K.Fukushima, Y.Hidaka, 
Physics Letters B 816 (2021) 136184

A quantum relativistic gas of all known hadrons 
and resonances under global rigid rotation within 
a cylindrical boundary obeying the causality bound 
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Rotation induces an effective chemical potential

Causality bound: a constraint 
from the finite speed of light

Boundary condition important



 Deconfining phase boundary under rotation
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Inhomogeneity from centrifugation

Braga, Junqueira, Physics Letters B 848 (2024) 138330

Chernodub, Physical Review D 103, 054027 (2021)

Spatial inhomogeneity in the confined and 
deconfined phases from rotation even in a 
continuous crossover transition may manifest 
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Statistical Hadronization model under magnetic field

G.Endrodi, JHEP04(2013)023

A quantum relativistic gas of all hadrons and resonances 
embedded in a uniform, static magnetic field
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Landau levels

Vacuum part needs renormalization



G.Endrodi, 
JHEP04(2013)023

To evade divergences and 
renormalization calculations we can 
choose the entropy density and 
squared speed of sound to impose 
suitable criteria that yield the 
deconfinement temperature 
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Caveats:
No finite transverse boundary,  
Landau quantization may not be suitable for 
s=3/2 or higher spin particles



Statistical Hadronization model under parallel
rotation and magnetic field

Rotation :  transverse size finite

Magnetic field :   Landau quantization when boundary 
effects can be neglected, that is, when the magnetic 
length is much smaller than the system size 

These constraints restrict the validity of the model 
results to certain regimes of the various parameters.

Fortunately physical systems of interest are expected to 
lie in this parameter space
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Causality mandates boundary to maintain
Tangential velocity < Speed of light
Bulk physics unaffected by boundary for 
Strong enough magnetic fields
As magnetic length, lB << system size

c = 1 Boundary conditions make finite-size effects important 
only

. Depicted above, schematically
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Statistical Hadronization Model, aka Hadron 
Resonance Gas model in the presence of global  

vorticity & external in-medium magnetic field

Landau quantization and Causality bound,
 Thermodynamic potential or free energy density
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Results: μ, ω, eB, all finite

Entropy density rises sharply and 

Squared speed of sound dips rapidly

at deconfinement. These signal the 

onset of deconfinement and can be 

used as a proxy for the phase transition, 

yielding the pseudo-critical or deconfinement

temperature estimate.

Physics Letters B846(2023)138228
19



In Fig. 2, we have also shown data points for 
chemical freezeout as extracted from 
experimental particle yields and ratios for two 
centrality classes, (0-5)% and (60-80)%. When 
such fitting analyses incorporate rotation and 
magnetic field as additional quasi-control 
parameters (μ, ω and eB, all dependent on 
collision energy and impact parameter or 
centrality), our phenomenological results may 
be better interpreted. The comparison might 
lead to not only T − μ freeze-out data serving 
as ‘thermometer’ and ‘baryo-meter’ but also 
possibly augment them with capabilities of 
‘magnetometer’ and ‘anemometer’ to estimate 
the magnitudes of magnetic field and rotational 
motion prevalent in a HIC fireball. The degree of 
the relative influences of μ ,ω and eB might be 
constrained from other observable phenomena, 
for example measured polarization to 
independently constrain ω, etc.
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Augmented QCD phase diagram

Deconfinement 
temperature is lowered 
when baryon chemical 
potential, angular velocity 
and magnetic field take 
up finite values. These 
parameters seem to 
reinforce each other at 
high values where the 
decrease in the transition 
temperature is most 
prominent.

GM, D. Dutta, D.K.Mishra
Physics Letters B846(2023)138228
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Research findings and implications

● Drop in the deconfinement temperature significant 
●
● Thermal model (augmented) may be used as 

freeze-out probes and serve as thermometer, 
baryo-meter (chemical freeze-out parameters) as well 
as anemometer and magnetometer  

●
● Quasi-control parameters (dependent on collision 

energy, impact parameter or centrality) can be 
independently constrained from other observables

●
● Potentially longer lifetime for the deconfined phase 

due to descent of the deconfinement crossover region
22



Conclusions

● HICs produce the hottest, densest, most vortical fluids in the strongest 
magnetic fields - deconfined matter under extreme and exotic conditions

●
● Effects of rotation and magnetic field are potentially important 
●
● Interesting insights were revealed and exciting new possibilities may open up
●
● Definitive answers awaited. Much more to look forward to with LHC, RHIC, 

FAIR, NICA, etc.
●
● Implications for early universe at the quark-hadron epoch are also accessible
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Thank you

Contact:

phy.res.gaurav.m@gmail.com
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Backup slides
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Mapping the Phases of quotidian (normal) 
& quantum (quark or QCD) matter

QCD phases: quark-gluon plasma (hot 
& dense), hadronic and nuclear matter

“Melting hadrons, boiling quarks”
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Transient nature of the 
magnetic field created 
by spectator nucleons

Spectator protons fly past the 
collision zone, creating very 

strong field in the overlap region 
where the fireball QGP droplet 
forms, but it is rapidly decaying 

How long can the magnetic field last?

In this mechanism,
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Can other mechanisms 
extend the lifetime of the 

magnetic field?

Can we experimentally 
detect its signatures?

Gursoy et al., PRC (2014)

Yes!

Tuchin, arXiv:1301.0099
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Thermodynamics, Deconfinement and Freeze-out
HRG model provides theoretical access to the thermodynamics, confinement-deconfinement 
transition and also phenomenological to heavy-ion collisions via chemical freeze-out

Busza et al., Annu. Rev. Nucl. 
Part. Sci. 2018. 68:339–76
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Kazuya Mameda, Rotational effect versus finite-size effect
Chen et al., Phys. Rev. D 93 (10) (2016) 104052

Strong magnetic field or weak rotation and finite size

The above inequalities may be satisfied by 
values relevant for a wide range of physical 
systems including HIC fireballs and perhaps 
even the early universe.

Thus this idealized model could be applicable 
in hitherto unexplored regimes. 30



Key findings, Conclusions 
(and applications)
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HICs probe the phase space traversed by 
the early universe* *along T-axis, near 0 net baryon density

The quark-hadron transition region that we have estimated in 
the phase diagram is where both 

the early universe passed through and 

heavy-ion collision fireball droplets commute, being created  
at particle colliders like RHIC, LHC, etc.  
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Could vortical fields and magnetic fields be present in 
the early universe too?

If yes (if they did exist in the microseconds old universe at the quark-hadron epoch), 
then their influence on the quark-hadron transition temperature could be important 
and should be taken into account

Observational constraints from the CMB may be obtained

Spatial inhomogeneity due to rotation and anisotropy from magnetic field may be 
important too
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Evolution of the Universe:
The Epochs

Modern Cosmology provides 
high-precision data 
to support this picture
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Conclusions

● We have an estimated quark-hadron deconfinement region in the QCD phase 
diagram that is augmented to incorporate the effects of parallel vorticity and 
magnetic field under ideal conditions

● This suggests in strong vortical and magnetic fields the 
confinement-deconfinement happens at somewhat cooler temperatures

● Heavy-ion phenomenological consequences should be important
● Experimentalists have partial control over proxies for the vorticity and magnetic 

field generated in HICs
● To connect with the problem of cosmological magnetogenesis and study the 

impact of the lowered transition temperature on the quark-hadron epoch and 
cosmological observables, more work is needed 
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Heavy-ion collisions to early universe (quark-hadron epoch): 

Can the theoretical framework be legitimately applied throughout? 
If yes, what are the parameter ranges for each case? 
Where does the model break down?

1. Homogeneity and Isotropy

2. Locally violated?

3. On what scales?

4. Dynamics and evolution to present times
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