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Physical motivation

QGP with chiral symmetry
{qq) =0

.......

Ty, =~ 160 MeV

Broken chiral symmetry

(qq) # 0

1

Approximate chiral symmetry SU(2); x SU(2)gr ~ O(4)
What role does chiral symmetry play in heavy ion collisions?
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O(4) scaling as seen on the lattice
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Plot from HotQCD collaboration: arXiv:1903.04801

3/15



Hydrodynamics in the chiral limit?

equilibrated hydro modes, k < m,
superfluid modes, k ~ m,

At long distances, effective theory of QCD is hydrodynamics

At finite quark mass, theory should be superfluid-like for L ~ m;l

Son hep-ph/9912267,Son and Stephanov hep-ph/020422 4/15



Hydrodynamics in the chiral limit?

equilibrated hydro modes, k < m;
superfluid modes, k ~ m,

Question: How do these modes contribute to hydrodynamic
variables and transport?

'Son hep-ph/9912267,Son and Stephanov hep-ph/020422
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Hydrodynamics in the chiral limit?

equilibrated hydro modes, k < m,
superfluid modes, k ~ m;

Hydrodynamic variables get correction due to pions, e.g.

1 = Nhydro + A7
'Son hep-ph/9912267,Son and Stephanov hep-ph/020422 4/15




Equilibrium statics near O(4) critical point?

> Start from generating functional

1
W = / T) + ﬁﬂgb - EAMVDH¢3DV¢3 - V(Cb)

tab is the O(4) chemical potential (e.g. o = pa)
O(4) vector: ¢, = (o,7;)

(%%) = mj(t)¢? + Ap* — Ho

mg(t) ~ (T = To)

O O O O

?Rajagopal /Wilczek arXiv:9210253,Son/Stephanov arXiv:0204226,
Jensen et al 1203.3556
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Mean field compared to lattice’
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Dynamics near O(4) critical point?

» Start from generating functional

1
W= [ o(T)+ 30y = 581D,0,0,0,~ V(0)

» Compute ideal equations of motion
Josephson constraint follows from entropy conservation:

u-0¢,+ fab®p =0

Coupling between pions and chemical potential!

Rajagopal /Wilczek arXiv:9210253,Son/Stephanov arXiv:0204226,
Jensen et al 1203.3556
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Dynamics near O(4) critical point?

» Start from generating functional

W= / uﬁb - ,A# D,uﬁba u@ba - (d))

» Compute ideal equations of motion

u- 8¢a + pab®p = 0
» Add dissipation in standard way:
™ Tdeal + N
= Jdeal + q
u-0¢a+ papdp ==

Rajagopal /Wilczek arXiv:9210253,Son/Stephanov arXiv:0204226,
Jensen et al 1203.3556 7/15



Dynamics near O(4) critical point?

» Start from generating functional

1
W = / ﬁﬂgb - EAMVDH¢3DV¢3 - V(Cb)

» Compute ideal equations of motion

u-0¢s+ ftapdp =0

P> Add dissipation in standard way

» Linearize equations around mean field: ¢, = (G + do, ;)

Rajagopal /Wilczek arXiv:9210253,Son /Stephanov arXiv:0204226,
Jensen et al 1203.3556 7/15



Dynamics near O(4) critical point?

» Start from generating functional

1
W = / ﬁugb - EAMVDH¢3DV¢3 - V(Cb)

» Compute ideal equations of motion

u-0¢s+ ftapdp =0

P> Add dissipation in standard way

» Linearize equations around mean field: ¢, = (G + do, ;)
= Compute change in transport coefficients

Rajagopal /Wilczek arXiv:9210253,Son/Stephanov arXiv:0204226,
Jensen et al 1203.3556 7/15



Spectral density for axial charge density-density correlator

(Xowk) 2G5 = Lpaa
3.5 : : :
— z=-16...16
3.0F g/m.=1 16 ]
2.5} T > T, diffusion of quarks

T, pions

Can see hadronization from QGP to soft pions in the propagator! 8/15



Modification of shear viscosity
G¥¥

sym

Ty =Y

GrY

sSym

2Ty = /d4x<;{TXY(t, x), T%(0,0)})
In linearized regime, relevant components for shear viscosity:
ATY = 960060 4 520%00" ¢,
condensate contribution  pion contribution
Break up computation into two pieces:

An =17+ 1%
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Modification of shear viscosity

Break up computation into two pieces:

A=+ 12,

- o0

— 2z=-16...16

Pion correlator:

B 20
Ggfxﬁ;(bd, k) = 2£ImG§¢(w, k) = éiz

0.5

0.0!

a3k dw
Xy _ X 1Y GPP
15 2/ @) (2n )(k k Gsym)

Two pieces: divergence which can be absorbed and a universal
finite piece, An
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Results: change in shear viscosity
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Results: change in isovector conductivity

2To) = /d4X< {JVa (t, x), )\(/,3(070)}>’

)\</,a = 0g fabc‘ﬁba Pc
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Outlook:

soft pions in experiment?
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Plot from arXiv:1909.10485

Soft pions are harder to fit to

hydrodynamic models
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Estimating soft pion yield enhancement near critical point

Want to compare soft pion dispersion: E2 = v2(p)p? + m?(p)
to vacuum dispersion: E2 . = p? + m?

Quick model:
» Critical theory valid at low momentum
» Vacuum for high momentum

» Interpolating form in between.

Compare to vacuum by computing ratio:

n(Ep) _ Evac

ratio = ——— &
n(Evac) Ep
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Estimating soft pion yield enhancement near critical point
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» Promising, enhancement is where it should be!
» Needs more robust treatment, e.g. constraining dispersion via
lattice, second order hydro, including resonance decays, etc.

» Future: upgrade to Inner Tracking System at ALICE allows to

see more low pr particles, especially pions...
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