Effect of critical point on A-hyperon spin polarization
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Large OAM in non-central heavy-ion collision

reaction plane

@ Nuclei carry a large orbital angular
momentum (OAM),

Lo = pb >~ AW/SNNb/Q.

e e.g. for \/syy =200 GeV and b=5
fm, Lo ~ 5 x 10°.

@ A fraction of Lg is transferred to QGP
arXiv:0910.4114 fireball.



Define thickness function (number of nucleons per unit transverse area) as

T(x,y) = /dz p(x,y,2) , p — Nuclear density distribution
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didy =[T(x = b/2,y) = T(x + b/2,y)] ‘/S'Q’TN PRC77, 024906 (2008)



Initial angular momentum of the fireball is then

o [ [y w = [ [y x(T0c= /209 = Tl b2, )] Y5

Au Au, Vs = 200 GeV
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Spin polarization of hadrons

Parton scattering polarizes quarks along the OAM direction due to
spin-orbital coupling in QCD, P, ~ —0.3 at RHIC.
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Produced partons have a large local relative orbital angular momentum along the direction opposite to
the reaction plane in the early stage of noncentral heavy-ion collisions. Parton scattering is shown to
polarize quarks along the same direction due to spin-orbital coupling. Such global quark polarization will
lead to many observable consequences, such as left-right asymmetry of hadron spectra and global
transverse polarization of thermal photons, dileptons, and hadrons. Hadrons from the decay of polarized
resonances will have an azimuthal asymmetry similar to the elliptic flow. Global hyperon polarization is
studied within different hadronization scenarios and can be easily tested.

One distinctive signature of an OAM would be the polarization of the
emitted hadrons. Considering hadronization via quark recombination,

Pp = Ps, for example.



Experimental observation of A-polarization
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The../syx-averaged polarizations indicate a vorticity of w = (9 +1) x 108”7,
with a systematic uncertainty of a factor of two, mostly owing to
uncertainties in the temperature. This far surpasses the vorticity of all other
known fluids, including solar subsurface flow? (107 s™); large-scale

B (%)
T

terrestrial atmospheric patterns?* (107-107s™); supercell tornado cores?
(107's7)); the great red spot of Jupiter2 (up to 10~*s™); and the rotating,

heated soap bubbles (100 s™)) used to model climate changeZZ. Vorticities of 2r E# E# Et

up to 150 s have been measured in turbulent flow23 in bulk superfluid He I, * #

and Gomez et al.?* have recently produced superfluid nanodroplets with w = o=
10757

S (GeY)



Hydrodynamic simulation for global polarization

@ Awvailable online at www.sciencedirect.com -
ScienceDirect NUCLEAR
comia S A

ELSEVIER Nuclear Physics A 967 (2017) T64-767

www.elsevier.comlocate/nuclphysa

Vorticity in the QGP liquid and A polarization at the RHIC
Beam Energy Scan

Turii Karpenko®?, Francesco Becattini®¢

Initial condition : UrQMD string/hadron cascade, all components of thermal vorticity
tensor are initially non-vanishing. Simulation on a constant energy density hypersurface
(0.5 GeV/fm3).

| AwAu, 20-50% central — A model |
Feod-down contrbutions incl.  |---- 3. model

or & ASTAR [

s § ASTAR |

L !
77 95 390 624 200
Ve [GeV]




Cooper-Frye formula for particles with spin

Momentum spectrum of of it" hadron is given by

dN;
E—— = / (dX.p) fi(x, p) — Cooper-Frye prescription
d3p >

Polarization vector for spin-1/2 particles

1
Pu(x,p) = _87m6#pw(1 — nf)w”p” + O(w?)

where 1
wf? = 5(({“)0@) — 0pfs) with Bp = £
Ann. Phys. 338:32 (2013)

Space-integrated mean polarization vector

Jx (dX.p) Pu(x, p)ne(x, p)
Jx (dX.p) ne(x, p)

PM(P)



Spin sign puzzle

"Hydrodynamic and transport-hybrid calculations predict a negative sign
of the longitudinal component of the polarization vector. The magnitude
of the effect is significantly larger in the model.”
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This and several other questions led to the development of relativistic
dissipative spin hydrodynamics, still under development. So assume LTE
for spin dof.



QCD phase diagram
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Observed spin polarization has following sources:

@ Initial orbital angular momentum.

@ Vorticity generated through viscous stresses. This can be seen from
non-relativistic vorticity equation:
s

5 ) Gt — (5. ) T T - LN w018, vles vis
‘,)t+(:.. V)w-{—b‘u— (u; v)wpgvvap — (¢+3;;) Vx0T Opx VHi+ VG,



Why consider EoS?

The spin polarization vector in the rest frame of a hyperon at some point
in the fluid is given by (Ann. Rev. Nucl. Part. Sci. 70 (2020) 395)

, 1 -
5*(X,p)oc%?xVT—i—%(cU—(ﬁ-\?’)\?')—i—?'yAx v

S* depends on VT, &J = V x V and acceleration of fluid cell.

In nutshell, gradients of temperature and flow-velocity.

Gradients depend on the expansion dynamics of the system.

Expansion depends on the EoS.



Statement of the problem

How does thermal vorticity evolve in presence of CP?

Assumptions:

@ The dynamical universality class of the QCD critical point is Model H.
D. T. Son and M. A. Stephanov, PRD 70 (2004) 056001.

@ Hydrodynamics valid near CP. True when not too close to the CP. In
that case the back-reaction of critical fluctuations on bulk observables
can be neglected. K Rajagopal et al., PRD 102 (2020) 094025

@ We assume zero baryon diffusion, for simplicity.



Modeling the fireball evolution

Initial
Condition

Initial condition

Flow Chart for simulation

Relativistic St -
Dymailies criterion :

: Shifted Glauber
EoS : BEST model
Stopping criterion :
Afterburner : UrQMD

constant energy density (CORNELIUS)



Relativistic Hydrodynamics

o Ref : SKS & J. Alam, VECC/IR/2018/04 (VECC Internal Report)
SKS & J. Alam, arXiv:2110.15604
SKS & J. Alam, arXiv:2205.14469

@ Hydrodynamic equations

YT Z 4
A — Al D, =~ NS — 2D,y
o - s
" M—Mys 4
DuNg =0 VDN =N *p
m

@ We develop the code using relativistic HLLE algorithm and test it
against known analytical results and with output from publicly
available MUSIC and vHLLE codes.



Relativistic Hydrodynamics : Test Results
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Description of model

Initial condition
o 5 [pTw’V]X + PxTrn + pnwm']
@ Need an IC with non-zero 0, uy or Oxuy,.

@ Glauber model for transverse profile along with symmetric rapidity
profile for energy density has zero ;) at all times.

o We use Glauber model + symmetric rapidity profile 4+ local
energy-momentum conservation. C. Shen et al. PRC 102 (2020)
014909

@ The local collision energy and net longitudinal momentum at a point
in the transverse plane are

E(x,y) = [na(x,y) + ng(x, y)] mpn cosh(Ybean) = M(x, y) cosh(ycn)
P.(x,y) = [na(x,y) — ng(x,y)] mn sinh(yvean) = M(x, y) sinh(ycu)



where

M(x,y) = m,\,\/nlz4 + n% + 2nang cosh(Yovean)

na —np

= tanh™!
Yem {”A ¥ g

cosh( ybeam)]

We must have
/dxdy E(x,y) = /dZMT“t
/dxdy P,(x,y) = /dZMT“Z

Assuming u” =1 and v = v¥ = u" =0, we have T" = ¢(x,y,ns) and
T™ =0, so that

W&WZ/mM¢&mmkwawm

OZ/me&mmHM%—mm



If we further assume

_ _ 2
S, ys1s) = Na(x, v) exp [—('”S Yaul Z10)" gy e - 770)]

202
we get
M(x
Ne(x,y) =
) 2sinh(no +\/70'n e%i/2C
with

G, = eerfc (‘\/E%) + e Merfc <\/E07,>

Initial net baryon density is taken as

ng(x,y,ns:10) = Ng[ga(ns)na(x, y) + gs(ns)ns(x, y)]

where N is fixed by the condition

/ o dx dy dns ng(x, y,ns; 70) = Npart



ns = 0.00

PRC 102, 014909 (2020)
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The IC model of C. Shen et al. has been generalized to include non-zero
initial OAM in S. Ryu et al. PRC 104, 054908 (2021). The initial
energy-momentum current is assumed to have the following form:

T™" =e(x,y,ns)cosh(y.)

1 .
T = 75(X7y7 775) Slnh(yL)
70

where
_yL:fyCM s fE[O,l]



% Au+Au @ 19.6 GeV

PRC 104, 054908 (2021)




Description of model

Equation of state & transport coefficients

Ref. - PRC 101, 034901 (2020)

@ The pressure at non-zero T and pg can be obtained through a Taylor
series expansion about ug = 0 as follows

2n
Poco(us, T) = T* ZCzn (>

@ The presence of CP makes some of the coefficients diverge
Thca(T) — THcNomSe(T) + T2cl"e(T)
Equivalently,
Poco(ps, T) = P*¥(ug, T) + P (ug, T)

@ Choose and adjust P& such that Pocp(0, T) = PYAT(T).



Description of model

Equation of state & transport coefficients

e Obtain Pt by mapping to 3D-Ising model. The mapping is done as

follows:
T—-T,
€= w (rp sin g + h sinay)
Tc
He — BC _ w (—rp cosay — h cos ay)
Tc

@ The Ising pressure in the critical region is given by
Proing(R, 0) = hoMoR?*~ [0F(0) — g(0)]

where N
h=hoRh(0) , r=R(1-6%

and

h(0) = 0(1+a0?+b6%) , g(0) = cotci(1—60)+ca(1-6%)*+c3(1-62)



Description of model

Equation of state & transport coefficients
Ref. - PRC 101, 034901 (2020)
@ The Ising coefficients are obtained from Prgi,g as follows:

an Plsmg
n! opg

Ismg( -,-) —

ne=0

@ The “Non-Ising” coefficients are obtained as follows:
T4CLAT(T) = T4cNonlsing( Ty 4 T4 lsing( Ty,

@ The QCD pressure is then

2n )
Paco(Tps) = T* 3 (T) (7 )+ T2 PES(R(T. 110). (T )



T[MeV] 400 200 pg[MeV]

TIMeV] 200 100 Hs[MeV]

For hydrodynamics we require p = p(e, ng). Discretize € — ng plane:

0.002 if 0.001 < e < 1.001,

5, ) 002 if  1.001<e< 11001,
Ac(GeV/fm™) =10 01 i 11.001 <= < 61.001,
05 if  61.001 <e < 101.001.

0.0005 if  0<ng<0.15,

Ang(im%) = 0001 i 015< s <03,

0.01 if  03<ng<l,
0.025 if 1<ng<5.



Equilibrium Correlation Length, &

= (o),

Assume Hy = 1. M is parameterized in terms of R and 6 as

M(R,0) = MoR°6

().~ Gr), o).+ (59, (G5,

so that £ is given by

We have

Mo RB(1-9)

&= ‘ho 2850h(0) + (1 — 62) ()

1+ (28 - 1)?]
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Near the critical point, the transport coefficients diverge as

C ~ 63 N~ 50.05
The critical behavior of these transport coefficients can be modeled as
B 6 )3 B ( 5 )0.05
C—Co<§o , n=rno &
Similarly for 7 and m, i.e.
3 0.05
A et
m=mm!|— , T =T, | —
nemn (50 &o

&o is a parameter for deciding the boundary of the critical region. We
choose & = 1.75 fm. (o and 1 taken as

E+p

no(ns, T) = 0.08 ( ) , Colps, T) = 15m0(us, T) <:1)) B Csz)2



Stopping criterion

e Constant energy density, ¢ = 0.3 GeV/fm3. Close to transition line.
@ The surface is found using the CORNELIUS code.

@ The surface is input to the UrQMD.

The spin polarization analysis is done on this surface



Fixing the parameters

Comparison with experimental data
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Hydrodynamic trajectories in phase diagram
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Case | : Zero initial angular momentum



Evolution of thermal vorticity

Vsyy = 14.5 GeV Vsyn = 62.4 GeV
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Suppression of spin polarization of A-hyperons

@ Polarization calculated on constant energy density hypersurface 0.3
GeV/fm3. No afterburner.
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Vs = 14.5 GeV Vs = 62.4 GeV
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x, y and z components of A-polarization are plotted respectively in
the upper, middle and the lower panels as a function of azimuthal
angle in momentum space for /syy = 14.5GeV and 62.4GeV. Ref:
SKS and J. Alam, arXiv:2110.15604



Case Il : Non-zero initial angular momentum



Comparison with experimental data at /syy = 200 GeV

@ In S. Ryu et al,, PRC 104, 054908 (2021), non-zero initial vorticity is
obtained by introducing a parameter f that controls the fraction of
longitudinal momentum that can be attributed to the flow velocity.
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Prediction near critical point

Au-+Au collisions at /syy = 14.5 GeV with b = 5.6 fm
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@ We also find that the other bulk observables like elliptic flow,
pT-spectra etc. are not much affected due to the CP. SKS and J.
Alam, arXiv:2205.14469.



VSny =145GeV, b =5fm Vswy =145GeV, b=5fm
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Summary

@ Observables dependent on gradients are more sensitive to the EoS.

@ We observe a suppression in thermal vorticity and hence, polarization
of A-hyperons, as the CP is approached.

@ Suppression in the rapidity distribution of spin polarization may be
useful for locating CP. Further study needed.
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