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Historical remarks cnc.-rm
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> 1932: nucleus of protons, neutrons bound by a strong force.
> 1940’s - 1960’s: more strongly-interacting particles found - hadrons.

> 1970’s: All originate from same sub-structure - quarks and gluons.
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Nature of strong force cnc.-rm

13

» Electromagnetic force: force falls with distance
FEM 0.8 1/7"2

» Strong force: > 107'5 m, independent of distance
between quark and antiquark. This is called
Confinement.

» Strong force: < 107'° m, quarks and anti-quark
pairs are "free". This is called Asymptotic freedom.
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How to get freedom ? cnc.-rm

[MADAI collaboration, H. Petersen and J. Bernhard]

P> Heat nuclear matter hot enough. Accelerate nuclei to very high-energy and collide
them: Heavy lon Collisions.

> Relevant temperature: hc/(107 m) = 200 MeV = 2.4 x 102 K. Temperature at
interior of sun ~ 107 K.
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Heavy-ion collisions cnc.-rm

ALICE @ CERN, Switzerland STAR @ BNL, USA

» Huge collaborations: 40+ countries, 150+ institutions with 2000+
members.

» Upcoming experiment: CBM @ FAIR, GSI, Germany
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Physics of Heavy-ion collision cnc.-rm

Emergent properties of QCD using relativistic
heavy-ion collision:

7

> 200k . . )
s 3 iR ndlG UoDs » QCD transitions: De-confinement and
S f,éEfi'i;a' point? chiral symmetry restoration.
S 8 € ) e, 0
s l \ - "0”%% » Deconfined state of quarks and gluons :
L L = Hadrons &
g 3 s Quark Gluon Plasma (QGP).
2 & 3 & . o
- & o » Properties of QGP: viscosity,
k-
e . : .
)/ Newror e T conductivity, opacity, polarization and
0 1'N - 7/ vorticity.
uclel

Net Baryon Density

» Phase diagram of QCD:
Thermalization, crossover, first order,
critical point ?

[NuPECC Long Range Plan 2017]
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Theoretical Frameworks cnc.-rm

coatictient thormaltime » Equation of state, thermodynamics and
distribution Dilute Hadronic gas/ tra nsport )

Hadronic Transport
’ 1. LQCD (Lattice QCD): First principle
Monte-Carlo calculation of QCD on a
lattice.
2. FRG (Functional Renormalization
Group): First-principle functional
method of QCD in continuum.

» Bulk evolution: Relativistic
NE g hydrodynamics/magnetohydrodynamics
: 53 (_\E (RHD/RMHD).
— » Statistical thermal models: Hadron
resonance gas (with interactions -
S-matrix formalism)

18
~10 Gauss

Canonical picture of heavy-ion with various theoretical tools used.
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Establishing the formation of a thermal system-|
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Figure: ALICE: Eur.Phys.J.C 84 (2024) 8, 813

Z is the partition func-
tion of an ideal gas of
hadrons

T ~ 156 MeV ]
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Establishing the formation

of a thermal system-II

E T T
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Figure: ALICE: Eur.Phys
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cn?—m}

pr S 3 GeV; Aexp(—pr/Tew)

pr 25 GeV; B(pr)™“

Tei ~ (304 — 407) MeV ]

Radial expansion of the system,
which causes a blue-shift of the
emitted photons




Hydrodynamical evolution cnc.-rm

Energy Density
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Figure: A mapping of the energy density in the QGP phases vs time and space for a mid-central collision
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Hydrodynamical evolution cnc.-rm

y (fm)

Hydrodynamic stage
o )
15—
T To: Y(2S),Y(1S)
10}
5t Teff(V)
of +
@ Terr(h™)
5t
10k Chemical freeze-out (Tchem)
135 J

Kinetic freeze-out (Tin)

<> Lattice QCD: Crossover phase transition range
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Rotation and heavy-ion collision



Weak decay of Lambda hyperon cnc.-rm
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Figure: Lambda decay in the rest frame Figure: Rotated view showing decay—proton direction

» If the A? has spin up along the z-axis, what is the probability that the decay proton will
go off at the angle 6 7

> dcose = |a|2cos (0/2) + |b|25111 (0/2) = %(1 + accosf)
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Measurement of spin-polarization in a medium

A—=p+rat
» Now suppose that the A is not completely polarized but
only partially given by strength P

AN _ 1
» Measurement of ‘= = 5 (14 aP cos 0)
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Measurement of spin-polarization in a medium

A—p+at
» Now suppose that the A° is not

completely polarized but only
partially given by strength P

» Measurement of
aN _ — 2 (1 + aP cos %)

d cos 6*

> Why is the medium polarized ?
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Figure: A polarization [adamczyk et al. (2017)]
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Heavy-ion collisions cnc.-rm

» Reaction plane: Impact parameter
and beam axis.

» L and B perpendicular to reaction
plane.

» No rigid rotation, but local fluid
vorticity.
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How large is the vorticity ? cnc.-rm

0.12 . . . . 0149 & « 39Gev| |
- 62Gev] ]

0.104° + 100 GeV|
— - 150 Gev| ]
\3 P + 200 GeV|
‘= 0.08"
S
=
— 0.06-]
=
8>~
S o044

0024 <

0.00 . . ; ;

0 2 4 6 8 Time (fm/c)
Time (fm/c)

[Jiang et al. (2016)]
> Angular momentum conservation: Vorticity decreases with time — moment of inertia
increases due to expansion.

» For /s =200 GeV and b =5 fm, w ~ 10 MeV — v ~ ¢. System is relativistic.

Ashutosh Dash Magnetized by Rotation




Measurement of vorticity from spin-polarization cnc.-rm

g - A A
& 3l =m= @ ALICE
F 02 + Pb-Pb 15-50%
25
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05 dN - = L (1 + aPcos6*)
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= NN, T 2T
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[Adamczyk et al. (2017)] [Liang and Wang (2005);

Becattini et al. (2013)]
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Measurement of vorticity from spin-polarization cnc.-rm

g [ ‘ A A
o 3f % me @1 ALICE
I 02 Pb-Pb 15-50%
250 0.5<p, <50 GeVic
P . LI
ok lyl<0.5
+
150 -02 _ A—p+m
I 0 : Jl A &
4L M 102 10° 10°| == @ STAR » Measurement of
- Vs (GeV) | Au-Au 20-50% _dN__ _ 1 *
i - u-Au Tt = 5 (14 P cos %)
) 05<p <6.0GeV/c eger e
ol ® . ¢ o > At global equilibrium
ot vt o W dNe — o=(Ho—w.5)/T
P
10 10 10° 10* Nie N
_ NNy w
Vs (GeV) P=xNFN ~or
[Adamczyk et al. (2017)] [Becattini et al. (2013)] > W~ (5 — 20) MeV

But what about local equillibrium ? — Spin Hydrodynamics

Ashutosh Dash Magnetized by Rotation 4.12.2025



Thermodynamics of Spin-hydrodynamics



Spin hydrodynamics and spin chemical potential cnc.-rm

Equations of motion for hydrodynamics consist of local conservation laws

> Energy-momentum conservation
Vv, T" =0
» Spin-(non) conservation
6)\82,, = 2T}, + (Anti-symmetric part of stress-energy tensor)

» Non-conservation equation for the spin current implies the existence of a spin
potential f., i.e. the spin analog of electric chemical potential .

[Jensen et al. (2014); Becattini et al. (2019); Bhadury et al. (2021); Gallegos et al. (2021); Hongo et al. (2021); Weickgenannt et al. (2022)]...
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Generating functional cnc.-rm

In the hydrostatic limit, the generating functional is given as

InZy =Wyq = [d*z P(T,M?* m- M ,m?) + (Equation of state for spin-hydro)

[Gallegos et al. (2021)]
where we have decomposed spin potential p,; into transverse components,

[ Hab = 2u[amb] + My

analogous to the generating functional of electrically polarised matter

InZy =Wy = [d*z P(T,B* E - B, E?)

[Kovtun (2016)]

Ashutosh Dash Magnetized by Rotation



Polarization ambiguities cnc.-rm

For polarizable media, the current
J% is given as

THE BLINO BND THE. ELEPHIINT

[ J® = pu® (free charge) — VAM? (bound charge) ] OUR, 0w EXFERIENCE {6 RAFELY THE WHOLE T

NO, 115 A WAL

[Jensen et al. (2014); Kovtun (2016)]

The second term in the right-
hand side is a derivative of an
anti-symmetric tensor.

[ VaoJ% = Vg, (Pua) sketehplanstions
Tittha Sutta (Buddhist text), Udana

Similar terms can be added to the 6.4, Khuddaka Nikaya

spin current and energy momen-

tum tensor.
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Generating functional cnc.-rm

The stress tensor and current associated are given by

Tfﬁ = euqug + PAyg — 2 ( + 4W> uaMgTm.,

N

ifaﬂ = uxpag < (Spin density)

oP 1
=P+ —T+ =pap™
oP oP ~

[Gallegos et al. (2021)]
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Analogy with other system: liquid crystals



Liquid crystals & order parameter tensor cnc.-rm

Degree of randomization: 0.25 Degree of randomization: 0.5 Degree of randomization: 0.75 Degree of randomization: 2.0
Nematic order parameter: 0.938 Nematic order parameter: 0.725 Nematic order parameter: 0.378 Nematic order parameter: 0.051

P Liquid crystals are compound objects, typically non-spherical, with an orientational degree
of freedom.

» Prototype for uni-axial particles being rod or disc like shape.

> At high temperature, the orientation of the molecules is completely random, and the
system is an isotropic liquid.

> At low temperature, the molecules start to orient in a common direction and form the
nematic phase.
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Landau—de Gennes theory cnc.-rm

The Landau-de Gennes theory for the phase transition from isotropic <> nematic is based on
minimizing the free enrgy F associated with alignment.

F = kgT® = Thy (3AL - §BI; + 1C13)

[De Gennes (1969)]

where I3 and I3 are scalar invariants (norm and determinant) formed from the second-rank
alignment tensor a,,,.

» ay, is bi-axial and the order parameter of the theory.
> A B,C are phenomenological coefficients.

» One of the outcome of this theory is that equilibrium state is uni-axial and not bi-axial.
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A simple model



Rotating fermions cnc.-ﬁ

The metric tensor is given as

‘—» ds® = di? — dr? — 12 (df + Qdt)? — d22

\_/ ! The Euclidean metric is given as t — —iT

ds? = —dr? — dr? — 12 (df — iQdr)* — d2?

» Outcome: Complex Riemannian* section instead
of real Riemannian when Wick rotation is done.

I
\-\_Ly
I
R / » Space-time is stationary but not static.
I
I

. » Analytic continuation 2 — .
[Gibbons and Hawking (1977)]

> We will stay with real rotation.
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NJL(Nambu—Jona-Lasino) model cnc.-rm

The Lagrangian of the NJL-model is given as

Lz = P(iv 8y — m)y + G(W)? + Ga(Pyuy°v)?

and in a non-trivial background:

Oy, — Dy =el (8u — Fu) Iy = —}ﬂ“fybezaueb,,

and the connection coefficients are

Iy=0Iy, To=-3v14%, I, =I.=0

.
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Mean-field and the effective potential cnc.-ﬁ

We rewrite the Lagrangian in terms of a scalar and axial-vector condensate and then perform
the Hubbard -Stratonovich transformation leading to the effective action:

B _
S5 [0, 5] = / s /0 4775 $(@) (V5D s — o — Vr3s”) (@)

V4 9 Vi o
26 V) " 3g,s
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Mean-field effective potential

Resulting in the effective potential:

1 l .
— r[&"{ln (iYeDEu—o0 — fyg’E’y%s)}

1
Very (0,8) = ﬁ(a —v)?+

where the Tr acts in color, flavor, Dirac and coordinate space. But how to calculate the

inverse thermal propagator?

(VDB — 0 = Vi VES)

use Ritus method [Rriws (1972)]
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Ritus method cnc.-rm

Fourier-like method that uses eigenfunction matrices EIl)(a:) to diagonalize the propagator

E(z) = P=7H0470n) 5 diag (J_ (&), J4. (%), J- (&), J1(F))

where J1(Z) = Jli%(pﬂ') are the cylindrical Bessel functions of first kind .

with this the inverse thermal propagator becomes:

Gl_l(p,p') = /d4$d4x/ E_pl(i*ygDu — g — 7%7%3)5(4) (x — x/)El//

= (2r)*W(p - p)or G (p)
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Effective potential cnc.-rm

After performing the trace and the Matsubara sum we have:

B NfNac i / prdpidp: [T ln(l + e‘(Es—emVT) + E}

where e = £ denotes the contribution of particles/antiparticles, s = + denotes spin up/down,
and the dispersion relation is

2
B, = |02 + (VIZ T 4 51
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Divergences and regularization cnc.-rm

» The vacuum part is divergent and needs regularization.

» Pauli-Villars regularization has been used.

E, — Y o_o¢VEZ+ A

> >, ¢; = 0 kills quartic divergences
> >, cjm5 =0 kills quadratic divergences
> >, cjmj =0 kills logarithmic divergences

> ¢y = 1, others 3 coefficients are obtained by solving three equations.
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Influence of the spin condensate on the Fermi sea cnc.-rm

In the zero-temperature limit, the following identity is useful:

lim T'ln (1 + e*<E*WT) —(u—E)0(u— E), (1)

Spin-up - Spin-down Spin-up - Spin-down Spin-up - Spin-down Spin-up - Spin-down

=0 MeV =0 MeV =100 MeV =300 MeV
s =0 Mev s =200 MeV s =300 MeV s =200 MeV
1000 1000 1000 1000
AT TS 0
500 oo fedeobe oty 500 T 500 500
s s : s s
] \ o ] ]
= 0 | J = 0] = 0] = 3}
& \ / Q g Q
-500 - -500 -500 -500
L
-1000 -1000 -1000 -1000
-1000-500 O 500 1000 -1000-500 O 500 1000 -1000-500 0O 500 1000 -1000-500 0O 500 1000
Py [Mev] Py [Mev] Py [Mev]

Py [MeV]
> By = % (—54 + 2053 4+ Q4 — 2393) E = % (34 —20s% + O + 2893)

> Er+E = %4

» Thus, a nonzero spin condensate s is never energetically favored, unless the chiral

condensate o is also non-vanishing.
Ashutosh Dash
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Rotational suppression cnc.-rm

0.315

0.310
JOLleid ‘:IﬁJZL- _ o8

Unbroken phase

= 0.300
=
0.295
0.290

0.285F Dynamically broken phase
J=0,L=0 J=1, L=0
00 0. 02 03 04 05 06 0.7 08

QR

Figure: Meson supersession (left) and schematic phase diagram (right) [chemodub and Gongyo (2017)].

> Rotation typically suppresses scalar L = 1,5 =1 but J = 0 (or pseudoscalar) pair of
fermions.

» However, if a spin condensate forms corresponding to quark-antiquark pairs with total
angular momentum J = 1, the rotation enhances the stability of such mesons.
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Phase diagram



» Solve the coupled gap equations
self-consistently

300

I 300

200

Vet 1+ ( OVerr

100 80’ 83

» Define rq = G4/G. G is fixed by
0 10 20 30 40 50 vacuum o = 300 MeV, and

Q[MeV]

fr =88 MeV.

» For a given T', o decreases with
- increasing €.
0 » T, ~ 165 MeV where as Q). ~ 33
0 MeV .

e ] » For small r4, no spin condensates,
Q[MeV] @ [Mev] but appears as we increase 74.

0. (2

T[MeV]

100

m =0.0 MeV
ra=2.0

m = 0.0 MeV
=333

e

Figure: Phase diagram of o (top) and s (bottom) condensates; r4 = 2.0 (left) and r4 = 3.33 (right).
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For the case with s = 0, the chiral
transition is second order both in
T and € direction.

For smaller r4, the presence of
spin condensation slightly
enhances the chiral condensate.

For larger 74, spin condensate
slightly reduces the value of the
chiral condensate.

The chiral transition here is

noticeably steeper, resembling a
first-order transition.

Figure: T (top) and Q (bottom) depend. of ¢ and s for r4 = 3.33 (left) and r4 = 8.33 (right).
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Conclusion & Outlook



Conclusion & Outlook cnc.-ﬁ

» In order to understand the hydrodynamics of polarized matter subject to rotation, one
needs to understand its thermodynamics first.

» The alignment of spin, driven by rotational dynamics, manifests as anisotropies in
momentum space and deformations of the Fermi surface

» Secondly, the interplay between the chiral and spin condensates under rotation results in a
region of non-vanishing spin condensate in the plane of temperature and angular velocity.

» In this region, we observe “rotational catalysis”, albeit small and a change of the nature
of the chiral phase transition from second to first order.
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