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Quark-gluon plasma: hydrodynamic phase CR:Tm
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[B. V. Jacak, B. Muller, Science A. Monnai, PhD Thesis (Tokyo, 2014).
337 (2012) 310.

» The QGP produced at RHIC is. ..

m the hottest (kg1 > 0.2 GeV & T > 2.3 x 10'* K),
m densest (p > 10 GeV/fm® ~ 1.6 x 10°° Pa)
m and most vortical (w ~ 10*?s71). ..

... fluid produced in the laboratory. [STAR Collaboration, Nature 548 (2017) 62]
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QGP: Polarisation of A-hyperons CRC-TR2n

: o » Py = average projection
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[STAR Collaboration, Nature 548 (2017) 62]
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Known mechanism: Chiral vortical effect (CVE) CR:Tm
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T § 27
Ja # 0 even when iy = 0! [D. E. Kharzeev et al., Nucl. Phys. 88 (2016) 1]
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New mechanism: Helical vortical effect (HVE) cR:T%
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VEA, M. N. Chernodub, arXiv:1912.11034 [hep-th].
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Chirality (+°) CR:T%

> For particles (Ug,1,) and anti-particles (Vg = z'nyUE/L):

75UR =+ UR7 75UL — _UL7
v’Vi = — Vg, vV =+Vp. (1)

» The axial current JY = 1)y~ satisfies (classically)
0, JY = 2imypy°,

and is hence conserved when m = 0.

» Qa = [d’x JY can be promoted to a quantum operator:
1Qa = ZXJ'(E;BJ' + C/Zj'd\j)a Xr = +1, xr = —1, (2)
J

P

which satisfies [Q 4, H] = 0 = when m = 0.
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» The polarisation of @) can be characterised using h = ——, with

1
Us=AUx,  RVA=AVA, A=z, (3)

» The helicity current Jg, = YY" hap + hapyHa) is conserved Ym:
d,J5 = 0.

» A comparison between Egs. (1) and Eq. (3) shows that for a given mode U,
2N = X (4)

» Qu = [ d®x J} can also be represented as a quantum operator:

‘ QH = 22)\3(6;6] - C/Z\;r-c/i\j), (5)

J

satisfying [Qm, H] = 0.
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CPT symmetries CR:T%

Qv | Qa | Qu || Jv | Ja | Ju || w
Cl - [+ - =1+ -1+
Pl + | - | - =T+ [+~
T+ |+ |+ -1=-1-1-

Qv =) (blb; — did;),

J

: @A 222)\](8;[8] —+ @cij),

. @H 222)\3(?);8] — C/Z;tc/l\j),

J

J

> Ji, J' and J% form a triad: same T, different C' and P.

» New vortical effects J; = oyw allowed by CPT symmetries:

oy =~

7T
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Classical results: RKT CR:T%

» Fermions in equilibrium can be described using

f:f(eq)(ﬁ.ko_a)’ V’uﬁy—l—vyﬁ’u :O, VMCV:O, (7)

where S = T~ 1u# and a = pu/T.

» According to the relativistic Boltzmann equation k#0,,f = C|f], global
equilibrium is achieved when

VB, +V.,B8, =0, V,a=0. (8)
» One possible solution of the Killing eq. corresponds to rigid rotation:

B = Bo(0: + NI,), (9)

giving rise to

u=T(9; + Q0,), (T) =T (T‘)) , I =(1-p20%"12 (10)
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Kinematic frame for rigid rotation CR:T%

i
e 7 u
The kinematic tetrad is given by: [Becattini, Grossi, PRD 2015]
Velocity : u =I'(e; + pQey), I'=(1-p°Q%)~12
Acceleration : a=V,u= —pQQI‘Qeﬁ,
Vorticity : w z%eé‘m&e@ug(vfyu&) — QFQ@;&
Fourth vector : T za&Bﬁ&eduéa@c‘% = —pQ°T°(pQe; + e4).

V.E.Ambrus i 10 / 19



Quantum rigidly-rotating thermal states CR:T%

» Thermal states can be constructed using

(A) = Zz7'Tx(pA),  o=exp

1 [ -~ —~ ~
—— | H—-QM?* — :
T < ZU@,OQE)] :

where Z = Tr(9) is the partition function.
» Expanding U w.r.t. Uj and V; = z'nyUJ’-",

U(z) = [Uj(x)b; + V;(x)d]], (11)

we are interested in the following t.e.v.s:
JE=CUrT ), =TT, = Tyr2nT ). (12)
» The charge currents deviate from the perfect fluid form,
J) =Qeut + oWt + oy Th. (13)

» The circular terms are suppressed since 7 = —Q°T°(p?Q0; + 9,,).
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Vortical conductivities: mode sums cR:T%

» Noting that
(0jb7) =gy (5, 1,2,28),  {djd;) = ng (5. =1,2X,-2)),  (14)
where p = p — O2m and

8, (B, qv s 44, qm) = [exp(Bo (B — qepe)) + 177, (15)
.. the vortical conductivities can be expressed as mode sums:

2A\o g
V_ Y ;j 56 Z / dpnﬁo(p,a 2\ 2)\0')/0 dk pJ,, (qp)

o=x1 = :|:1 m=—oo

p

o= ) WQQ Z / dpng, (P, o, 2A 2>\0)/ dk pJ.(ap),
o==x1 )= :|:1 m=—oo 0
p

=D Y. g Z / dpng, (P, 0,2 2A0)/0 dk pJo(ap),

1 m=—oo
2

where p is the distance to the rotation axis, ¢ = v/p? — k? and
Trlap) = J7,_1(ap) = I}, 1 (ap)- (16)

V.E.Ambrus Polarization asymmetry due to CVE and HVE i September 2021 12 / 19




Leading order in 2 CR:T%

» At small €,

ng, (P, qv,qa, qr) = ng, (P, qv,qa, qu) — mQOpngs, (p,qv,qa,qmg)  (17)

...and the sum over m can be performed using

@)

> Jalap) =0, > mJ(ap) =1, (18)

m—=—0o0 m—=—0oo

such that the k integral is trivially fgj dkp>. md, =p°
» Integrating by parts w.r.t. p gives

N 20Aq [
O¢ = S: S: 972 / dpp U (pv g, 2)\7 2>‘0-)7
o=%1\=£1 0

_ y Y QAQET2Li [—exp(q.“)}
_ S 27T2 2 T ?

o==1 )\:j:%

where (qv,qa,qa) = (0,2X,2)\0).
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Axial /helical vortical effects: Consitutive relations

» For high temperatures, the vortical conductivities are

2ugT PAMY

W — In 2 O(T~1
Oy 7'('2 N2z 7_‘_2 + ( )7
T° iy 5+ gy
A= O(T!
2uy T
= 'Ijr‘g In2 -+ 'LL?TZH +0(T™1).

» At finite 1" and uy, w generates both J4 and Jg!

CRC.-T%
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Particle /anti-particle polarisation from J4 + Jy

» Considering now a system with

cRc.-Tﬁ

Qsys = Nsys|Qsys| and Jp = J; - n, ||
we can identify:

Jv=Jr +J, — Jy — J|,

Ja=Jy+Jy = J, = Jy,

Jg =Js + J, — Jy — J4,
where (1, ]) = (right-, left-)handed helicity, Rt
while = anti-particles. \ ,
The net helicity current of particles and quarks anti-quarks
anti-particles can be obtained as [momenmm g chfii,aﬁty hzl’i;LitJ

J J - - Ja —J
Jr—Jp = A—; = L= J = A2 =. (19)

The polarisation of (light flavour) quarks / anti-quarks can be related to the
above via -
Py = kgi(Jr = 1), Pg=kgg(Jy = J1), (20)

where ky; = kg5 are (C-even) kinematical factors.
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(Anti-)hyperon polarisation from ¢/q CRC.-T%

» The discussion above applies to ¢ = (u, d) [strange-neutrality requires pus = 0]
» Pp comes predominantly from P. [QCDSF Collaboration, PLB 545 (2002) 112]
» P, can be transferred to Ps via intermediate K9 KT states:

7)3 = /is(qu, 735 = /igqpq, Rsqg = Rsq- (21)
» The intermediate Kaons donate their s quarks to the antihyperon:

7DA — K’ASPS7 P/_\ — ’43]\§7D§7 RAs = Rjag- (22)
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Freezeout calculation cR:T%

a, GeV | b, GeV | ¢ GV | d,GeV | f, GeV!
0.166(2) | 0.139(16) | 0.053(21) | 1.308(28) | 0.273(8)

> Applying the vortical effects for P, /5, we get
1 — ./ W w 1 </ W w
Pa = §RAS’£SCIRQ.](O-A — o)W, Pi = 5“/_\5"3§q"3QJ(0A +of)w. (23)
» At freezeout, [Cleymans, Oeschler, Redlich, Wheaton, PRC 73 (2006) 034905]
T=T(up)=a—bup —cup,  pp(Vs)= L (24)
14 f+/s
» The total polarisation can be obtained by integrating P over the FO
hypersurface:
1 w w
Pua =yl £ %) [ dS,en (25)
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Result cR:T%

1 1 1 | 1 1 1 1 1 1 1 T I
or — chiral-helical vortical effects B
- \ * from the STAR data T i
(Au-Au collisions)
4 B —
<
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< | -
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» The anti-hyperon / hyperon polarisation ratio becomes simply

. :PA:Pq:Uﬁ—FO’ﬁ:l_'_SIHQILLB
AT P, Ps o4 —0% 72 T

+O0(up/T").  (26)
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Conclusion cR:T%

» The (V, A, H) triad uncovers the helical vortical effects (HVE).
» J4 generated at finite 7" and/or finite uy, even when pua = pug = 0.
» Ji generated at finite 7" and uy, even when pa = g = 0.

» Polarisation of light quarks /antiquarks can be expressed via J4 + Jy.

8In2 up
w2 T

> Assuming Py g — Ps/s = Pxa, it is easy to derive Ry, ~ 1+
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8In2 up

w2 T -

> Assuming Py g — Ps/s = Pxa, it is easy to derive Ry, ~ 1+

THANK YOU!
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