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Polarization of QCD matter
» STAR collaboration: A polarization in HIC!
» Anomalous transport: Chiral + helical vortical effects?

» Chirality works at m = 0, helicity works for any m.

ISTAR Collaboration, Nature 548 (2017) 62—65.
VEA, M. N. Chernodub, arXiv:1912.11034 [hep-th].
3B. V. Jacak, B. Muller, Science 337 (2012) 310.
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QCD phase transition
» At high temperatures, quarks & gluons become deconfined = QGP.3
» Effective models: quarks acquire dynamical medium-dependent mass.

» In the linear ¢ model, m, = g (o) # 0 in the confined state.
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Motivation cR:Tﬁ

Polarization of QCD matter
» STAR collaboration: A polarization in HIC!
» Anomalous transport: Chiral + helical vortical effects?
» Chirality works at m = 0, helicity works for any m.

QCD phase transition
» At high temperatures, quarks & gluons become deconfined = QGP.3
» Effective models: quarks acquire dynamical medium-dependent mass.
» In the linear ¢ model, m, = g (o) # 0 in the confined state.

Persistent (thermodynamic) polarization

> 0,J¢ =0= @ which can be modelled thermodynamically via p.
» 114 inconsistent with m, # 0.

» |s gy compatible with QCD models?

» How does up affect QCD phase transition?

ISTAR Collaboration, Nature 548 (2017) 62—65.
VEA, M. N. Chernodub, arXiv:1912.11034 [hep-th].
3B. V. Jacak, B. Muller, Science 337 (2012) 310.
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Chirality (+°) vs. helicity (h) CR:T%

v

S-P
For m =0, v° and h = share the eigenmodes U; and V; = i?U
p
2h 2h
( 5) Uj = 2A;Uj, (_ 5) Vi =2M0;V5, (1)
Y Y
JH = hyH~Seh satisfies 0, Jy = 2imapy°ap.
JI' = pyrhyp + hapy*ep  satisfies 0, Jz = 0 (for all m).

Why is chirality good?
Why is chirality bad?

Why is helicity good?
Why is helicity bad?

V.E.Ambrus, M.N.Chernodub

Chiral vortical / magnetic / separation / etc. effects

m # 0; Axial anomaly (9,,J!, = _%ijﬁw)

Works at m £ 0; Helical vortical effects

interactions; anomaly?; ambiguous when m # 0
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CPT symmetries CR:T%

Qv | Qa | Qu | Jv | Ja | Ju | w
Cl — [+ = =1+ =1+
Pl + | - [ = =T+1T+1+
T + [+ [ =1=-1-1-
Dv =S (b1b; — did 2Ly g 4 BV I
Qv _Z(jﬂ_ i) oy = mat — o,
J
- A . T2 M2
Q=Y 2x(blb; + didy), oAt o
J
O =20, (010, — did, N2V g g B
-QH-—Z J(jj_ jJ)7 OH =— 5 1 T 2

J

> Ji, J% and Jt, form a triad: same T, different C' and P.
» New vortical effects Jy = oyw allowed by C' P11 symmetries.
» H and V share a duality — could i be important in QCD?
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Thermodynamics of free termions with piy/4/5 CRC.-T%

» The Lagrangian for free, massive fermions at finite py 4, is*

Liree = V(i@ + pvy? + 1ay°y° + 27 h — m)p. (2)

» Performing the Fourier transform ) — Xpe_ipﬂmu, the Dirac Eq. reduces to

M(p)xp = 0. (3)

> det M = HS |po — pé L] = 0 reveals energy branches:

p§L(P) = —py — sepun + s/m2 + (|p| — 2pia)?. (4)

» s = 41 corresponds to particles / anti-particles.
» 3 = 41 corresponds to right- / left- handed fermions.

“*M. Laine, A. Vuorinen, Basics of Thermal Field Theory (Springer, 2016).
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Free energy cR:T%

» Using the path-integral formalism in Euclidean time 7 = it, the partition
function Z can be expressed as

Z ~ H det M.
{P}

» The free energy 2 = —T'In Z = Qyp + Qp consists of the zero-point
(vacuum) and thermal parts:

! d’p (s
QZP:_§ y: y: /(27_‘_)38]?0,%7

w==41s==+1
d3p —s (s) T
== 2 /(2w)3Tln e
w==41s==41
of)

» The charge densities can be obtained via ny = (J)) = ——.
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(,uv,,uH) duality CR:T%

» For uy =0 but py, ug # 0, the “energy branches” are

p(()SL(P) = —[{y — XUH T SWp, Wp = \/m2 + p2.

d3
[ Qgg:_z/ p

(2m)°
» The thermal part,
_wp = s(pv + %uH))]

d3p
Q¥H(MV7MH) — _TZ/ (27T)3 In [1 + eXp ( T

exhibits the symmetry Q72 (uy, pug) = Q¥ (g, pv).

wp is independent of iy and T'.

> Also, Q7. is invariant under puy — —puy, and/or pug — —pp.

» The charge densities can be computed exactly in the small mass limit:

2 2

v T? N pyv (Y +3ug) _ pvm® o pnT? N pr(ph +3p%)  pam
3 372 o2r2 3 372 2r2

nv
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Incompatibility between 14 #= 0 and m # 0 cR:T%

» For puy = g = 0 but pa # 0, the “energy branches” are

p§L(p) = sv/([p] — 7a)2 + m?.

> In this case, Q2p = QYL + Q4. contains also a density-dependent part:

Qélé‘ens - %:Zil/ (;Zﬂ_z)jg [\/(|p| o %/LA)2 +m? — \/p2 + ?7?,2].

» While everything works at m = 0, the T' = 0 limit of n4 at finite m diverges:

3 2
[ m-ua . Auy
na(pa)lr—omeipa = 575 + 5 I —=+..., (5)

where Ayv is an UV cutoff.
» Hence, ua # 0 cannot be used when m # 0.°

>M. Ruggieri, M. N. Chernodub, Z.-Y. Lu, Phys. Rev. D 102 (2020) 014031.
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Linear 0 model with quarks (LSM,) CR:Tm

» LSM, is a low-energy effective model of QCD, exhibiting the chiral phase
transition.

» Considering the two-flavour model, ¢ = (u,d)?, the LSM,, Lagrangian
density is

L=L,+ L,,
Ly =lid — glo +iv>T - )Y,
1
L, zi(apﬁ“a + 0,070 + 0, 7Ot — V (o, ),
where 7+ = %(7‘(’1 +47?) and ¥ = 72 correspond to the isotriplet of the
pseudoscalar pions, 7 = (71,72, m3), while o is the pseudoscalar field.

» The potential,

A
Vio,m) = 1(02 + 7 —v?)? — ho,

reaches a minimum when () = 0 and (¢)® — v2 (o) — 2 = 0.

h
A
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Mean field approximation CRC.-T%

» In the mean field approximation, the quantum fluctuations of o and 7 are
neglected, such that

Laie = Y[id — M(0)]yp — V(0),

where V(o) = V(0,0) and M (o) = go is the dynamical quark mass.

» The model parameters are taken as®

g=33, A=197 v=87.7MeV, h= (121 MeV)?,

such that

m (o) = fr =93 MeV = pion decay constant;
| M(< >) = 307 Mev =~ mnucleon

B My = \/)\ — v?) = 138 MeV matches the pion mass.

©0. Scavenius, A. Mocsy, I. N. Mishustin, D. H. Rischke, PRC 64 (2001) 045202.
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Thermodynamics of the LSM,, CR:T%

» We now add py = g = pup/3 (N. = 3) and pg, such that

Qo pv,pr) = V(o) + Qqo; pyv, im), (6)

where Q, (o5 v, pp) = Qvac(o) + Qr(o; py, pg) and

A
Vo) 21(02 —v%)? — ho,
d3p

x In {1 + exp [—T(wp(a) — s(py + %,UH))] } :

where wp(0) = 1/p? + g20? depends on o.
» (.c is ignored in order to avoid UV cutoff-dependence.

» For given T', py and py, o is obtained by minimising Q(o; puv, perr).
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Dense matter at 7' = ( cR:T%
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» At ug =0, 1st order PT occurs at uy = pe. = 305 MeV.
» Increasing 7 leads to crossover and then again to 1st order PT.
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Dense matter at 7' = ( cR:Tﬁ

elical matter T =0

0.3
» PT1 along FC and GD.

» Crossover along CD. 0.25 %&: |
» up < py duality. D “%.
0.2 Y,
g
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CRC.-T%
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Quadratic ansatz cR:T%

0

-0.001
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» The PT temperature at small g and finite g can be approximated by

T.(uB, 1)
Tc,O

where k(g ) is the curvature.
V.E.Ambrus, M.N.Chernodub

Tc(/'LH)

Tc,O

- k(un)

KB
Tc,O

2
) e

(7)
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1y dependence of k cR:T%
0.15 ‘

UB = b :
0.12 | -
0.09 | Lsn, 2 -
¢ LSM, . ,g |
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» x(0) >~ 0.016 is the curvature at uy = 0.
» Best fit for a = 0.70, v = 0.58.
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Conclusion cR:T%

» Ji is classically conserved for free fields, even when m # 0.
» 1 can account for helicity imbalance.

» 14 incompatible with LSM,,, while (ug, 1y) form a dual pair.

» Non-trivial changes to the chiral phase diagram can be seen when gy # 0:

m New critical points at 7'=0: C' and D.

m At T > 0, the critical point £ becomes a critical line: £E —L — L' — C.
m New critical line (dual to ELL'C): A— K — K'—D.

m New region of 1st order phase transition = H matter (dual to B matter).

m Curvature k of transition temperature at vanishing g depends on g .
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