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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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What happens to
confinement-deconfinement
in special situations?

Like circumstances leading to
swirling currents and strong
external fields

Where are such extreme
conditions relevant?



UltraRelativistic Heavy lon Collisions (URHIC)

* Highly length-contracted heavy * System cools and expands

ion discs’ collide to form fireball « Hadronization takes place due to

* Nuclear matter transitions to QGP confinement of the QCD color
phase after collision charges

VAT i 's Nature Physics | VOL 15 | OCTOBER 2019 | 1040-1045
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Heavy-ion collisions:

parallel global rotation and magnetic field for a generic non-central impact

A hyperon
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Nature 548, 34-35 (2017)

K.Hattori, Y.Yin, Nuclear Physics A 967(2017)768-771



The QCD phase diagram

What systems traverse the
different regions of the phase
diagram?

e HICs & the early universe
(hot)

e Neutron star cores
(cold, dense)

e Neutron star mergers

Temperature (MeV)
o
o

100
: (hot, dense)
50
| \ How can we probe the phase
0 200 400 600 800 1000 1,200 1,400 1,600
Baryon doping, ug (MeV)

Experimental handle: HIC and
experimental control knobs

Busza et al., Annu. Rev. Nucl.
Part. Sci. 2018. 68:339-76
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Aim: a more comprehensive phase diagram (new axes!)

e Explore QCD phase structure in (vorticity + magnetic field) augmented setting

Phase diagram to be augmented

Hot [T], Dense [ug]

Vorticity [0 ], Magnetic field [eB]
Magnetic field, eB ~ 6m% ~ 0.12 GeV*
Angular velocity, o ~ 0.1 fm™ ~ 0.02 GeV

Yy v v Vv

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

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

Hagedorn limiting temperature

[See: K. Fukushima, Phys. Lett. B 695 (2011) 387-391]

e Hadro-chemical freeze-out curves determined by
universal freeze-out conditions

A Framework of statistical hadronization

aka Hadron Resonance Gas or HRG model

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



Statistical Hadronization Model aka Hadron Resonance Gas Model

Thermodynamics from partition function

P 1 On[Z(V,T,p)]
= P oV

In[Z(T,V,pu)l~ >  In[Z, (T, V, ,uQ,,u)]

i€ mesons

+ Y In[Z, (T, Vg, o )]

icbaryons
Nature 561 (2018) 7723, 321-330

Attractive interactions are mediated via resonances.

Only two free parameters are
needed: (T,us). Volume
cancels if particle ratios

ni/n; are calculated. If yields
are fitted, it acts as the third
free parameter.

Valid and successful description
below the deconfinement
temperature

Non-interacting hadron resonance gas thus serves as a good approximation for an

interacting hadron gas.




Statistical Hadronization model
under rotation

Causality bound: a constraint
from the finite speed of light

A quantum relativistic gas of all known hadrons Rw<1
and resonances under global rigid rotation within
a cylindrical boundary obeying the causality bound &> &Tl > 51 @
. - £+25; Boundary condition important
4 2 2
S =t— dks | dk kyr
pl 87[2 E—Z / r/ z Z ]v( T) /dkz . f de
=—00 v=¢{ r r
x log {1 £ exp[— (g — i)/T1} (AF)?
AR =&

Eoi= \/kﬁ +ki+m2— L+ Spw
Y.Fujimoto, K.Fukushima, Y.Hidaka,
Rotation induces an effective chemical potential Physics Letters B 816 (2021) 136184
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Deconfining phase boundary under rotation

Y. Fujimoto, K. Fukushima and Y. Hidaka Physics Letters B 816 (2021) 136184
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r(Gev~1]
Fig. 2. Deconfinement transition surface as a function of the baryon chemical po-
tential x and the angular velocity w. Fig. 3. Ap as a function of r for three different values of w.
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Inhomogeneity from centrifugation

(i)

////A\T.mal(k)

\

3,

Fig. 2. Configurations of rotating QCD matter in the region 0 < p < R. i) QGP without phase transition for 7" > T,(0). ii) Only hadronic matter for T.(0) > T}, ,(R).
iii) Phase transition at p, when T,.,,(p.) = T.(0).

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

Confinement Mixed Deconfinement

Spatial inhomogeneity in the confined and
deconfined phases from rotation evenin a
continuous crossover transition may manifest

0 Tcl Tc2 T

FIG. 7. [Illustration of the conﬁning. mixed, and deconﬁning Chernodub PhySical Review D 103. 054027 (2021)
phases of the uniformly rotating system at finite temperature. ’ ’
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Statistical Hadronization model under magnetic field

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

db: [ Elps k85 - .
:FZZ / : ( 2 )+Tlog(1:|:e E(p: k, z)/T))

Landau levels
S, k=0

E(p.,k,s,) = \/pg +m2+2¢B(k+1/2—s,),

3
1) =Y [ 55 (2 + Tlog(a =5t

L E, =/ p? 2,
Vacuum part needs renormalization o(p) B T

F™(s) = f($)lr=o FHE(s) = f(8) — ™(s) .
G.Endrodi, JHEP04(2013)023
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p(T) x 10-3 (GeVv*)

e(T) x 10-3 (GeV4)

0.8 F

mg(T) x 1073 (GeV?)

s(T) x 103 (GeVv*)

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

Caveats:
No finite transverse boundary,
Landau quantization may not be suitable for

50

0.05 F

T (MeV)

100

5o s=3/2 or higher spin particles

G.Endrodi,
JHEPO04(2013)023

Figure 3. The equation of state in the HRG model. Shown are (from left to right and downwards)
the pressure, the magnetization, the energy density, the entropy density and the speed of sound
squared as functions of the temperature, for eB = 0 (solid red lines), eB = 0.2 GeV? (dashed blue)
and eB = 0.3 GeV? (dot-dashed green). 15



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

-
- -
SR emnm

it : These constraints restrict the validity of the model
4 K results to certain regimes of the various parameters.

~
~ -
SR asmm-

Fortunately physical systems of interest are expected to
lie in this parameter space
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B1> B: > Bs > B=0

1/yIQB| KR < 1/w.

c=1 Boundary conditions make finite-size effects important
only when lsystem < Ip Which corresponds to a very narrow sliver

Causality mandates boundary to maintain (0 <eB $0.0064 GeV? for g ~ lsystem = 12.5 GeV~' or 2.5 fm)
in the phase space that we will investigate. Also, these distortions

Tangentlal VelOC|ty < Speed of “ght occur due to the so-called edge states and become essentially ir-
Bulk physics unaffected by boundary for relevant in the deep interior, i.e., r < R, of the system where only

o the bulk states dominat i i
Strong enough magnetic fields € bulk states dominate  Depicted above, schematically
As magnetic length, [, << system size .



Statistical Hadronization Model, aka Hadron
Resonance Gas model in the presence of global
vorticity & external in-medium magnetic field

Landau quantized spectra and
the Dimensional reduction of Phase space

1//1QB| € R < 1/w.

Landau quantization and Causality bound, p2 = |QB|(2n +1—2s,), dp,dp, — 2xp,dp, = 27|QB|dn
Thermodynamic potential or free energy density
T o N—n 5§

b/m _ dpl (&; c—qiw(l+s2)—p)/T " dpzdpy |QU -
fic =% ZZ D In(1£em e ) ./(’2ﬂ’n'~ a

n—Ol-——nS _—b, > n=()

(10)
where the dispersion relation contains the Landau levels

Landau d lifted due to Rotati
£ic=/p2+m? +QiBIn—25,11) . (11) andau degeneracy lifted due to Rotation

oo 1+2s;

b/m
fi.'n _"" / dpr fdpz Z Z ] (p,7)
(4 ‘\IR.,2 |=—o0 v=I o Q)B ‘S. @
X ln( 1 :t e_(gl,n_”-f-sl e — [ ',"'T ).
where the free part of the energy dispersion is given by o dp” | e
( ’"r i H Z Z

n=01l=—n

€in = \.“'lprz' +p:+ m;’- :



G. Mukherjee, D. Dutta and D.K. Mishra

Results: u, w, eB, all finite
0201 /7 ™y
Entropy density rises sharply and b p NG
0151 By =00 p, =02GeV
[ [ — e eB =00 GeV’, =00GeV |
Squared speed of sound dips rapidly vkl 5o = iiﬁiliiﬁﬁiziﬁiﬁféiv_i

0.05 o.(1' ' ;).15 0.2
i ) T (GeV
at deconfinement. These signal the

Fig. 1. The variation of the squared speed of sound as a function of temperature
with a magnified view of the region where the minima occur in the inset.

onset of deconfinement and can be Y
0.20® ©=0GeV
So 5l
used as a proxy for the phase transition, (?.9,0-15“ _ ;
—0.10f ¢ ST 1 STARdata
. . . . -- leB=0 1 © (0-5%
yielding the pseudo-critical or deconfinement 0.05}---- %:Bmseevz_:_ ¢ (60-80)%
0 0102030405 0102030405
b, (GeV)

temperature estimate.

Fig. 2. QCD phase diagrams, T vs. up for eB =0 (red band or curve) and eB =
0.15 GeVZ2 (blue band or curve) and (a) for @ =0 GeV and (b) for @ = 0.02 GeV.

. The deconfinement transition zones depicted as (i) bands constrained by s/T3 =4
PhySICS Lette rs 8846(2023)138228 (lower edge) and 7 (upper edge), and (ii) curves obtained from the minima of fé
vs. T as shown in Fig. 1.



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

0.20 }(é) © =0 GeV

s S e s { such fitting analyses incorporate rotation and
> 0.1 % 1 magnetic field as additional quasi-control
8 » S | parameters (M, w and eB, all dependent on
"_’0.105 c2 sIT? 1 STAR data : collision energy and impact parameter or
4 eB =0 1 © (0-5)% centrality), our phenomenological results may

& 1 ¢ (60-80)% {1 be better interpreted. The comparison might

s eB =0.15 GeV* ) lead to not only T - p freeze-out data serving

L A L 1 1 PR PSSV U TN TN W VT VO S NN TS WY NN VT ST U U S T AN Y
0 0102030405 0102 03 04 05 as ‘thermometer and ‘baryo-meter but also
My (GeV) possibly augment them with capabilities of
‘magnetometer’ and ‘anemometer’ to estimate
Fig. 2. QCD phase diagrams, T vs. ug for eB =0 (red band or curve) and eB = the _magthdeS O_f magnet!c field and rotational
0.15 GeV2 (blue band or curve) and (a) for @ =0 GeV and (b) for w = 0.02 Gev. motion prevalent in a HIC fireball. The degree of
The deconfinement transition zones depicted as (i) bands constrained by s/T*> =4 the relative influences of M,Ww and eB might be
(lower edge) .an 7.(upper edge), and (ii) curves obtained from the minima of cf constrained from other observable phenomena,
vs. T as shown in Fig. 1. . .
for example measured polarization to
independently constrain w, etc.
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Augmented QCD phase diagram

Physics Letters B 846 (2023) 138228

eB(GeV?)

0.2
0.4 yp(GeV)

Fig. 3. (Top) Deconfinement transition surfaces showing Tc(ig. @) for eB =0
(upper surface) and eB = 0.15 GeV? (lower surface). (Bottom) Augmented phase
diagram showing Tc(ug, . eB) as a color-coded density plot where the T¢-
calibrated legend (left) provides reference for the different iso-T¢ contour bound-
aries in the pg. @, eB space. Both plots obtained from rapid rise in entropy density
at s/T3 =5.5.

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

eB(GeV?)

0.1
0.2 yy(Gev)

Fig. 4. (Top) Deconfinement transition surfaces showing Tc(ug., @) for eB =0
(upper surface) and eB = 0.15 GeV? (lower surface). (Bottom) Augmented phase
diagram showing T¢(ip. @. eB) as a color-coded density plot where the T¢-
calibrated legend (left) provides reference for the different iso-T¢ contour bound-
aries in the jg, w. eB space. Both obtained from the minima of the squared speed
of sound.
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Research findings and implications

e Drop inthe deconfinement temperature significant

e 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

e Quasi-control parameters (dependent on collision
energy, impact parameter or centrality) can be
independently constrained from other observables

e Potentially longer lifetime for the deconfined phase
due to descent of the deconfinement crossover region



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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Mapping the Phases of quotidian (normal)

& qua

ntum (quark or QCD) matter

. At T and p values above

the critical point, the
material properties change
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QCD phases: quark-gluon plasma (hot
& dense), hadronic and nuclear matter

“Melting hadrons, boiling quarks”

Baryon density

Color Super-
conductor?
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Transient nature of the
magnetic field created
by spectator nucleons

In this mechanism,

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?

eB (MeV?)

Magnetic field as a function of proper time 7 for three
different values of the impact parameter b. From Kharzeev,

FIG. 1.

McLerran, and Warringa, 2008.




Can other mechanisms eBy (im™] Gursoy et al., PRC (2014)
‘ Tuchin, arXiv:1301.0099

extend the lifetime of the
magnetic field?

= [fm]

0.5 1.0 | 5 2,

Can we experimentally
FIG. 2. (Color online) Magnetic field B, perpendicular to the
H H reaction plane produced by the spectators in a heavy ion collision
d ete Ct |tS S I g n atu re S? with impact parameter b = 7 fm at the LHC. The value of e¢B, at

the center of the collision, at n = 0 = x,, is plotted as a function
of 7. The blue curve shows how rapidly B, at n =0 = x, would
decay as the spectators recede if there were no medium present, i.e.,
in vacuum with o = 0. The presence of a conducting medium with
YeS! o = 0.023 fm~! substantially delays the decay of B, (red curve). At
very early times before any medium has formed, when the blue curve
is well above the red curve the blue curve is a better approximation.

Colossal Magnetic Field Detected in
Observation of the Electromagnetic Field
N u C lea r M atte r Effect via Charge-Dependent girected

Flow in Heavy-lon Collisions at the
Relativistic Heavy lon Collider

M. 1. Abdulhamid et al. (STAR Collaboration)
Collisions of heavy ions briefly produced a magnetic field 10'® times stronger than Earth’s, and it left observable Phys. Rev. X 14, 011028 (2024)

effects. Published February 23, 2024

February 23,2024 - Physics 17,31



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

Once the partition function is known, we can calculate all other
thermodynamic quantities:

_19(Tz)|,_3(Thz) _ 10(TinZ)

P

n

TV ou av VvV 9T Busza et al., Annu. Rev. Nucl.
Part. Sci. 2018. 68:339-76

16_lllIIIIlIIIIIIlIIIIIIIIlIl_ §§:200;\E=62.4Gev
Noninteracting limit ) 52
L - 250 |
12+ >
< 200
5 150
8- ®
)
8 Critical
i E 100 Bty
Al M 3o/ (= ’1 Hadrona
M e 50 Hade v..gasN:‘ s 2\
- Nuciear
W 3s/473 ] - _Vacuum Fter ‘
o3 T T T T T T N T O A 0 .‘. |'-...i"»..—.l“.”.'-.vvlil‘N-.-l,.v
130 170 210 250 290 330 370 0 200 400 600 800 1,000 1,200 1,400 1600

T (MeV) Baryon doping, ug (MeV)



Strong magnetic field or weak rotation and finite size

Momentum Discretization

Bosons in a well

Dirichlet type
- = . discrete sin(pz)|z=r =0
1 Y K ) ey, D nwo._m
NS s i e —p e B
o =T =L
weak magnetic field strong —
y IR gapped mode
1/IQB| KR < 1/w. Fermions in a cylinder
NO incoming current
D B
}_2_ discrete Yy Y _——

P1L ¢
ik Sl
. = 2= > 220
PLS R — R

IR gapped mode

The above inequalities may be satisfied by
values relevant for a wide range of physical

5555555

systems including HIC fireballs and perhaps A\

- &k : the kth root of Ji(x)
even the early universe. VIV Y2

Thus this idealized model could be applicable Kazuya Mameda, Rotational effect versus finite-size effect
in hitherto unexplored regimes. Chen et al., Phys. Rev. D 93 (10) (2016) 104052 30



Key findings, Conclusions

(and applications)

Simultaneous turning on of both eB and w appears to significantly
amplify the drop in T> due to up, by nearly 40 to 50 MeV

The existing parameterization for chemical freeze-out data seems
well-suited to be extended to include w, eB along with T" and up

This work may also shed some light on whether the two transition (chiral
and deconfinement) temperatures stay locked in value or split as we turn
on the various parameters to finite values.



HICs probe the phase space traversed by
th e ea rly U n ive FSG * *along T-axis, near O 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 t00?

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

Today 14 billion years
Life on earth : »
Acceleration \———=> 11 ;

700 million years

L T R R N N N N )

Recombination Atoms torm \—— 1400 s
Relic radiation decouples (CMB e

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Ui |

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuciear
forces first ditlerentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition F=—=10
Electroweak and strong nuciear A
forces differentiate

Infiation

Quantum gravity wall
Spacetime descripion breaks down '\
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Conclusions

e 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

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

e Heavy-ion phenomenological consequences should be important

e Experimentalists have partial control over proxies for the vorticity and magnetic
field generated in HICs

e 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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