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Outline of the talk

Ubiquity of rotation and magnetic fields on large and small scales

Unity of physics, QCD phase diagram and systems that traverse through it
Quark-gluon plasma, confinement-deconfinement, hadronization in heavy-ions
Origin of rotation and magnetic fields in ultrarelativistic heavy-ion collisions
Augment the planar phase diagram, zooming in on quark-hadron transition
Strategy: Statistical Hadronization Model aka Hadron Resonance Gas Model
Rotational and magnetic field effects on thermodynamics and phase transition
Results: augmented QCD phase diagram in higher dimensional phase space
Applicability and generality: Baryo-meter, Anemometer and Magnetometer
Implications for the early universe at the quark-hadron epoch

Observational signatures and possible impact on CMB temperature anisotropy
Outlook and research agenda: magnetogenesis from primordial vorticity



Unknown origins:
Primordial or

M a g N etl C fi e | d S 9 ‘ astrophysical?
everywhere! i Y

The universe seems to be immersed in
magnetic fields coherent over very
different distance scales and becoming
more and more accessible to
astronomical observation

Beyond terrestrial magnetism:
Planets, Stars, Neutron stars, Black holes
Galaxies, Galaxy clusters, Superclusters,

Filaments, Voids

Durrer and Neronov, Astron.Astrophys.Rev

galactic B (hints of) extragalactic B

seed field of B ~ 107G 107*G < B<1079G at 2 Mpc




Large Scale Structure of the Universe: il s “rotating™ Anaul "
The Cosmic Web ilaments “rotating”: Angular momentum

on unprecedented cosmic scales

Galaxies, Clusters, Superclusters, Filaments & Voids; Origin of this “spin”?

Structure Formation Mechanism? Significance = 1.5¢
c c‘;sq,;o_(';-.f;_' eammeall  \Wang et al., Nature Astro., 2021
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Foundations of Physics:
Quantum Field Theory & General Relativity
Standard Model of Particle Physics & Big Bang Cosmology

All fundamental interactions like the electromagnetic, strong and weak force are explained by the
Standard Model and Einstein’s General Theory of Relativity describes the gravitational interaction
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» The LHC can not only collide protons on protons, but also heavier ions.
» Approximately one month of running time is dedicated to heavy-ions each
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QCD, theory of the strong interaction

Quarks and gluons : fundamental constituents of QCD matter

Gluons

3 colors

6 flavors
(u,d,s,c, b, t

Vertices

A
Makes
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- life
/ interesting

FIGURE 1. THE QCD LAGRANGIAN £ displayed here is, in principle, a complete description of the strong interaction. But, in
practice, it leads to equations that are notoriously hard to solve. Here m and g are the mass and quantum field of the quark of jth
flavor, and A is the gluon field, with spacetime indices 1 and v and color indices @, b, ¢. The numerical coefficients fand ¢ guaran-

tee SU(3) color symmetry. Aside from the quark masses, the one coupling constant g is the only free parameter of the theory.




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

Mapping the Phases of quotidian (normal)
ntum (quark or QCD) matter
“Melting hadrons, boiling quarks”
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Geometry in heavy-ion collisions and the
generation of vorticity & in-medium magnetic field

Non-central collisions: Non-zero rotation & magnetic field

Peripheral

A plasma

A hyperon

Central

Heavy ion collision
Energy Stepping Hydodynamic
Hard Collslons Evolution

Particle detection
(t=10"fm/c)

Kinetic freeze-out
(t=10fm/c)

Chemical freeze-out
Hadronisation

System
cools down
by
(isentropic)
expansion

Chemical freeze-out

QGP expansion [

Hydrodynamic
evolution (t~0.5fm/c)

PreEquilibrium

T >300 MeV

Pre-equilibrium

Collision (t=0fm/c)



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

Fig. 1. Strong magnetic field and vortical field induced by the ultrarelativistic heavy-ion collisions.



In non-central collisions,
QGP droplets perform a
spinning ballet, and have a
magnetic personality!
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Noncentral collision An illustration of the
evolving energy density of the QGP created in a
noncentral collision. Pressure gradients act on
the initial geometrical anisotropy to create a final
velocity field (arrows), which may be
decomposed into elliptic (yellow), triangular
(teal) and higher order components.
Hydrodynamic calculations were performed

g the MUSIC software package. Credit: MUSIC
arXiv:1209.6330




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



Spin Hydrodynamic Generation in the charged

Magnetic field from [

Fl U |d VO I’tICIty Net electric charge flows and constitutes

current

Charged subatomic swirl

_ Circulating current sources magnetic field
A mechanism to generate

long-lived in-medium magnetic field Angular momentum conservation

AB AB | B lifetime

J
<GR
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Figure 1. Illustration of the magnetic field generated by a single swirling charged particle (left) or by a swirling
fluid with nonzero charge density (right).

Guo et al., 2020
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Augment the QCD phase
diagram?

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

Vorticity and magnetic field to be
included



Statistical Hadronization Model aka Hadron Resonance Gas Model

dispersion
(-) for bosons, (+) for fermions B = \/p* +m? relation . 7 0 ) ==
(quantum gas) \ / (relativistic) Only tWO free parameters are
InZex, = 495y / dp p?1n (1 + e~ Pl needed: (T,us). Volume
/ 272h I cancels if particle ratios
.. = 1B+ usSi + pusls, + peC ni/n; are calculated. If yields
BENCa chemical potential representing are ﬁtted! it acts as the third
each conserved quantity free parameter :

Relevant interactions are mediated via resonances

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



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:
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HRG model under rotation

A quantum relativistic gas of all hadrons and Rw<1
resonances within a cylindrical boundary obeying the
causality bound (due to the speed of light constraint) £ > &Tl > §1w

(ARR)2

> £42S; / A = / dk?
o=t 3 [ [ X s ' ’
f=—00 v={
x log {1 £ exp[—(e¢.i — i)/ T} AP =&

i = Jk2+k2+m? - (£+ SpHw

Fujimoto et al., PLB 816(2021)136184




Deconfining phase boundary under rotation

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

0.1

0.14

T [GeV] ¢.12

0.00 0.03 0.06 0.09 0.12 0.15 0.18

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.



Inhomogeneity from centrifugation

(i)

//A\mm(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 et al., 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
phases of the uniformly rotating system at finite temperature. Chernodub, PRD 103, 054027 (2021)



HRG model under magnetic field

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

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

S. k=0

E(p,,k,s,) = /p2+m2+2¢B(k+1/2 - s,),

3
fiuls) = Z/ (gﬂ—l))3 (Eoz(p) + T'log(1 + e—Eo(P)/T))

Ey(p) = vp? +m2.

f7(s) = f(8)lr=0o > Flem() = F(is) — fP5(q)
Endrodi, JHEP04(2013)023
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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

Endrodi, JHEP04(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).



HRG 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



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



Bi> B2 >

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
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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
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Fig. 1. The variation of the squared speed of sound as a function of temperature

at d e CO n fl n e m e n t. T h eS e S | g n a | th e with a magnified view of the region where the minima occur in the inset.
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Augmented QCD phase diagram GM et al., PLB846(2023)138228

Physics Letters B 846 (2023) 138228

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
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Fig. 2. QCD phase diagrams, T vs. ug for eB =0 (red band or curve) and eB =
0.15 GeV? (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/T> =4

(lower edge) and 7 (upper edge), and (ii) curves obtained from the minima of cf
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 such fitting analyses incorporate
rotation and magnetic field as additional quasi-control parameters (uB , w 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 — p freeze-out data serving as ‘thermometer’ and
‘baryometer’ 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 y ,w and eB might be constrained from other observable phenomena, for
example measured polarization to independently constrain w, etc.



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.




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



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 '\



Vorticity and magnetic fields
Why can’t this be happening
in the early universe?

Talks by Ruth, Tina and others explored
this scenario too

1. In the quark-hadron epoch, the
baryon-lepton fluid is predominantly
composed of matter, not antimatter:
due to prior baryogenesis

2. Baryons much heavier than leptons

3. Even quarks heavier than electrons
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Primordial magnetogenesis:
proposed mechanism

1. Differential masses of the quarks (later
baryons, mainly protons) and leptons could
be responsible for a biased primordial
distribution (stochastic, statistically isotropic)
of local charged subatomic swirls

2. Spin hydrodynamic generation may be
activated as demonstrated previously

== 1111]11]]// T
@ L

3. Primordial magnetic fields take birth

4. The large scale magnetic fields found today
may be seeded this way



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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More to come, stay tuned!

The basic ideas appear consistent and promising

Work in progress

Expect to have complete results soon



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



Thank you
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Magnetogenesis: Alternative mechanisms

Literature contains several proposals for primordial magnetogenesis, such as

e From primordial vorticity (electron-ion plasma, not QGP; charge separation,
emf, current flow, magnetic field)

e From the quark-hadron phase transition (assumed first order, which is now
known not to be the case; via bubble nucleation, turbulence)

e From the electroweak phase transition

e From turbulent charge flow, Higgs field equilibration, Magnetic helicity,
Electroweak baryogenesis, Inflation, Cosmic strings

Many of the above scenarios have been studied in the literature
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Statistical-thermal model for heavy-ion collisions

« Starting point: grand-canonical partition function for an relativistic ideal
quantum gas of hadrons of particle type i (i = pion, proton,... - full PDG!):

\/ dispersion
(-) for bosons, (+) for fermions g = E; = \/p*+m? relation
(quantum gas) S "Ny elativisric) QNI two free parameters are
InZns =] i s / dp In (1 £ e~ Sr-)) needed: (,us). Volume
/ 2m2h” Jo cancels if particle ratios
spin e = up By + psSi + s + oGy ni/n; are cglculated. If ylelfis
degeneracy are fitted, it acts as the third

chemical potential representing

each conserved quantity free parameter.

* Once the partition function is known, we can calculate all other

thermodynamic quantities:  13(T'nz) - I(Thz)  19(TIh2)
"=V o || av TV er

Partition function shown here is only valid in the resonance gas limit (HRG), i.e. relevant interactions
are mediated via resonances, and thus the non-interacting hadron resonance gas can be used as a
good approximation for an interacting hadron gas.



Anekantavada, the ultimate truth and reality is complex and has multiple aspects
Blind men (different physics communities, like nuclear and particle physicists studying heavy-ion
collisions or astrophysicists, neutron stars or cosmologists, the early universe) and an elephant
(Nature with all its different aspects epitomized by the phase diagram)




What is everything made of?

Basic building blocks

Newtron

What are the contents of the
universe?
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A first glimpse at our galaxy's
magnetic field in 3D

by Institute of Astrophysics
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b emission
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The surveyed area on the sky. Left: Full-sky map of the polarized glow emi

Thanks to new sophisticated techniques and state-of-
the-art facilities, astronomy has entered a new era in
which the depth of the sky can finally be accessed. The
ingredients of our cosmic home, the Milky Way galaxy—
stars, gas, magnetic fields—can at long last be mapped
in 3D.

quasar spectrum

V. Pelgrims et al, The first degree-scale starlight-polarization-based tomography map of the magnetized interstellar
medium, Astronomy & Astrophysics (2024). DOI: 10.1051/0004-6361/202349015



2% quantamagazine.org/radio-maps-may-reveal-the-universes-biggest-magnetic-fields-20240206/
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: : : Cosmic Cartograph
Detecting Cosmic Magnetism grapiy
Magnetic fields can’t be observed directly, so researchers

look for signatures of their presence. One way to do that relies
on electrons traveling at near light-speed.

Scientists typically find cosmic magnetic fields by studying
synchrotron radiation — radio emissions produced as a magnetic field
bends the path of electrons traveling close to the speed of light. Such
observations can also use the orientation of those radio emissions —
S ync hrotron radiation their polarization — to reveal the orientation of the magnetic fields.
Charged particles take spiraling pathways through magnetic fields. But polarization measurements are extremely time-consuming, and

That twisting motion generates observable radio waves. ’ : .
g £ work best in denser and dustier regions of a galaxy cluster.

Faraday rotation
A magnetic field rotates the polarization of light waves

that pass through it.

Radio waves AL N AL Ao
Light Polarized light
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Magnetic
field




It’s all relative!

A head-on collision may not be head-on in another frame.
Lorentz invariance, a spacetime

0 B —-B ; What lead me more or less directly to the
symmetry under Lorentz boosts z Y cpecial theor TN m
Gauge invariance, an internal P z x
‘ ) ; w1 B -B 0
symmetry’ responsible for y z
electromagnetic and other 1B, 1B, E,

Standard Model interactions
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G. Mukherjee, D. Dutta and D.K. Mishra
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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.
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Fig. 2. QCD phase diagrams, T vs. pp for eB =0 (red band or curve) and eB =
0.15 GeV2 (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/T* =4
(lower edge) and 7 (upper edge), and (ii) curves obtained from the minima of ¢2
vs. T as shown in Fig. 1.

Physics Letters B 846 (2023) 138228

Fig. 3. (Top) Deconfi t ion surfaces showing Tc(up. w) for eB =0
(upper surface) and eB = 0.15 GeV2 (lower surface). (Bottom) Augmented phase
diagram showing T¢(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. w. eB space. Both plots obtained from rapid rise in entropy density
at s/T3 =5.5.

0.2 vs(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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QGP tOh QGP hOt(J hGi!* *conditions apply

Our estimate of the quark-hadron transition region in the hot
and zero-to-small net baryon density region of the phase
diagram is where both

the early universe passed through(!) and

heavy-ion collision fireball droplets commute
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1/\/|QB| <KR<1l/w.
c=1

Causality mandates boundary to maintain
Tangential velocity < Speed of light

Bulk physics unaffected by boundary for
Strong enough magnetic fields

As magnetic length, [, << system size

Boundary conditions make finite-size effects important

only when lsystem < Ig which corresponds to a very narrow sliver
(0 < eB < 0.0064 GeV? for Ig ~ lsystem = 12.5 GeV~! or 2.5 fm)
in the phase space that we will investigate. Also, these distortions
occur due to the so-called edge states and become essentially ir-
relevant in the deep interior, i.e., r < R, of the system where only

the bulk states dominate pepicted above, schematically
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Momentum Discretization
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Figure 2. The vort1c1ty w, | (left, in unit of MeV corresponding to1.5 % 10" sec "), charge density o (middle,
in unit of fm = 10* m™’) and magnetic field eB (right, in umt of m? corresponding to 3.3 x 10'* Tesla) as

functions of collisional beam energy /sy (in unit of GeV = 10’ eV) with solid/dashed curves in each panel
representing an upper/lower estimates and with the shaded band between them giving an idea of the expected
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Figure 3. The induced polarization difference between hyperons and anti-hyperons, AP = Py — P, asa
function of collisional beam energy /5y (in unit of GeV = 10’ ¢V), in comparison with STAR data*’. The
solid/dashed curves are obtained from the upper/lower estimates for eB (see solid/dashed curves respectively in
Fig. 2 right panel).
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