From non-abelian superfluids to soft pion production

Derek Teaney
Stony Brook University

q\\\‘ Stony Brook University

» Eduardo Grossi, Alex Soloviev, DT, Fanglida Yan: PRD, arxiv:arXiv:2005.02885
» Eduardo Grossi, Alex Soloviev, DT, Fanglida Yan: in progress

Teaney 1/39



Trajectory of a heavy ion collision in the phase diagram

QGP with chiral symmetry
{79) =0

T

T, ~ 160 MeV

Broken chiral symmetry

(qq) # 0

1

Chiral symmetry plays no role in the “Standard Model" of heavy ions ...
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Chiral symmetry and O(4) scaling in lattice QCD: Hot QCD, PRL 2019
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The QCD lattice knows about the O(4) = SUL(2) x SUR(2) critical point!



QCD and the Chiral limit and Broken Symmetry:

Son hep-ph/9912267; Son and Stephanov hep-ph/020422

1. The approximately conserved quantities FB = PSyhray
T J JH and J!
stress Baryon number isovector iso-axial vector

2. There is the phase of the chiral condensate and pion field: ¢p* = 7%/F

a

Y =0 -U=0-Phaseof (§g) =c-e" ¥

3. The pion % is like T, 4, w7, and [i in the constitutive relations
4. Include a mass term so the Goldstone fields decay at large distances

Need to write down a theory of superfluid hydro for ¢ (Son '99)
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QCD and the Chiral limit and Broken Symmetry:

Son hep-ph/9912267; Son and Stephanov hep-ph/020422

1. The approximately conserved quantities FB = PSyhray
T J JH and JH
stress Baryon number Isovector iso-axial vector

2. There is the phase of the chiral condensate and pion field: ¢p* = 7%/F

a

Y =0-U=0-Phaseof (§g) =c-¢ ¢

3. The pion % is like T, 4, w7, and [i in the constitutive relations
4. Include a mass term so the Goldstone fields decay at large distances

Need to write down a theory of superfluid hydro for ¢ (Son '99)

Near the critical point the o (¢, x) should be included too!
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PiCtU re for T SJ T(; Son,Stephanov hep-ph020422
» Work in the regime
k<m, <nl ~ WAQCD

equilbriated hydro modes k < m

superfluid modes k ~ m

\
\L / /I\ hadron gas k ~ 3T
(including hard poins)
How do these superfluid modes contribute to pressure and viscosities,

and the diffusion rate of isovector charge ?
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PiCtU re for T ~ Tc Son,Stephanov hep-ph020422
» Work in the regime:

k<<m~mg<<7TTC~7rAQCD
equilbriated hydro modes k < m

critical modes k ~m ~ my

N
\L/ /I\ QCD medium k ~ 3T

(hadron-quark mix)

How do these superfluid modes contribute to pressure and viscosities,
and the diffusion rate of isovector charge ?
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The pressure from soft pion modes:

» Use 3D dimensionally reduced chiral perturbation theory:

A
Zocp = ePro(Ti)V x/ [Dy] exp <—B/d3a:£eﬂr>
—— ~ -
from hard modes p ~ T from soft modes p ~ m

where using U = e*fe7e

f2 f2m2 2

2 2,,2
T
Lo f( P 1y Sy Sut+ fm2( JReTr U = S (Vo) + ¢

The parameters have universal dependence near the O(4) critical point:

£2m? ocmg (Pip) o mgt? t=(T-"1T.)/T.
f2 o tl/(d—2)

Can compute f2(T) and m?(T) the real world lattice QCD with precision!
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StreSS and CU rrent for Supel’ﬂuids: Son; Jensen et al 1203.3556, Bhattacharya et al

The pressure in the presence of the phase is p,

2

Po(T, Vi) = po(T) + 3572 = L (V)2 + m2?)
» Derive the ideal stress and current from pressure W = [ diaygp,
T = \/2_—9 (;X =(ep +pp)utu’ + 0" p, + 2000
super fluid stress

normal fluid  super fluid current

» In an extension of the formalism coming from [grqr, H — uN] =0

—u"0upa = fla and QJ# = 2m2p,
| A E—
Josephson constraint PCAC
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The Josephson constraint:
(Grqr) is stable

» The phase U is related to fi, since X = grqr, = oU is stationary:

(X, H—pr-Qr—pr-Qrl =0

using the transformation properties e.g. [¥, Q] = —it*%, we find:
0, UUT =  up—UpgpU"
N—— ————
(minus) deriv of phase the axial chem /i

» In linearized form:
—Owp = [1
—

Josephson constraint



Dissipative Corrections tO EOM Son, Stephanov hep-ph/020422 + a bit by us

&gjo +V-J= f2m2<p and —0tpq = [l
PC‘AC Josephn’s constraint

» Then expand the current in gradients

J= [Ne - NVE o o+ &
S~ ~—~— ~~
ideal current  axial conductivity  noise

and the josephson constraint

—dp= i +—raVieo+rimip+ &
v =~
ideal fluid visc correction noise

» To reach the equilibrium fluctuations we must have:

<gf’,§{,> = 9T N0 (x —a!)  (€g€s) = 2T A 04(x — o)
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Dissipative Corrections tO EOM Son, Stephanov hep-ph/020422 + a bit by us

&gjo +V-J= f2m2<p and —0tpq = [l
PC‘AC Josephn’s constraint

» Then expand the current in gradients
J= V¢ - Ao Vil + &
ideal current axial conductivity  noise

and the josephson constraint

0o = L +Aa(-0i(fP00) + [PmPe) + &5
v =~
ideal fluid visc correction noise

» To reach the equilibrium fluctuations we must have:

<gf’,g§> — 9T\ 690Nz — a)  (£sEs) = 2T A 04(x — o)
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Long WaVelength pion (SU pel’ﬂmd) mOdeSZ Son, Stephanov hep-ph/020422 + a bit by us

ot x)

» Linearizing the equation of motion ¢ = Ce~™®!+@® gne finds
o(t,q) = Ce~T/Dte=iwat This is second sound!

» The quasi-particle energy is:

2
wg = v3(¢* + m?) v (T) = fT < pion velocity
X
» The damping rate is set by two diffusion coefficients, D4 and D,,:

I'= DAq2 + Dmm2

Dy = (M/X)+ f2Am < Axial charge diffusion coefficient
Dy = 2\, < Axial damping coefficient
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|nterpretati0n Of the pion Velocity Son, Stephanov hep-ph /020422

» The ideal massless pion equation of motion: (ff =xand f2 = f?)
(X)) +  0u(fPOrp) =0
N— —

O¢(axial-chrg)  Oy(super-current)

The conserved charge is

J'= 3y = [0 +  Axdy
—~— — —
total axial-chrg super component  normal component

So the pion velocity has a simple interpretation

[\)

12 super
f2 + AX super + normal

Ol\.’)
|||
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|nterpretati0n Of the pion Velocity Son, Stephanov hep-ph /020422

» The ideal massless pion equation of motion: (ff =xand f2 = f?)
(X)) +  0u(fPOrp) =0
N— —

O¢(axial-chrg)  Oy(super-current)

The conserved charge is

J'= 3y = [0 +  Axdy
—~— — —
total axial-chrg super component  normal component

So the pion velocity has a simple interpretation

I super

A~

X fPH+AY ~ super + normal

v — 0 near T,
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weakly non-equilbriated hydro

weakly non-equilbrated superfluid

\
\l/ / /]\ weakly non-equilibrated

hadron gas

Drive the system with gravity h;(w) = h,e*i“tdjj

Superfluid fluctns and shorter are absorbed into the transport coefficients

1(oT%) = +idwh( = (V- u
cov-d

non-equil. stress



weakly non-equilbriated hydro

weakly non-equilbrated superfluid

Hydro Loops
¥

h T

\
\l/ / /]\ weakly non-equilibrated

hadron gas ©

Drive the system with gravity h;(w) = he*i“tdlj

Superfluid fluctns and shorter are absorbed into the transport coefficients

1(oT%) = +idwh( = (V- u
cov-d

non-equil. stress



weakly non-equilbriated hydro

weakly non-equilbrated superfluid

Hydro Loops
©

h T

\
\l/ / /]\ weakly non-equilibrated

hadron gas ©

Drive the system with gravity h;(w) = he*i“t(Sij

Superfluid fluctns and shorter are absorbed into the transport coefficients

1(oT%) = +idwh( = (V- u
cov-d

non-equil. stress

Let's evolve the phase-space density of the stochastic superfluid with
(hydro) kinetics



Developing hydro-kinetics — linearized stochastic hydro

1. Evolve fields of linearized super fluid hydro:

da(k) = (p(k), J°)
2. The stochastic EOM are matrix versions of Brownian motion:

Welb) _ r(k)ouk) + Dusy, + &
—_—— —— <~

ideal damping noise
3. Break up the equations into eigen modes of L., and analyze:
P> The eigenmodes of the superfluid equations are the propagating pions:

N A o

P+ = 7

with Wi+ = +(v2 (k2 +m?))1/?

eigen-vals
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The hydro-kinetic equations

1.

Teaney

Find the evolution of the phase-space density of 2nd sound modes:
Wertog) = [dye o (31 (e +y/2ds(ta— /2)

The phase space density is W, = xw, f=(t, , q).

The phase-space distribution evolution follows the Boltzmann eqgn:

Qg Ofn _ Qwq Ofx\ __(p, 02 n[p 1
<at+8q ox Oz 8q>_ (Dag +Dmm)[f” Wq]

damping to equilibrium
The particles stream with effective 4D Hamiltonian  anBasar,Yee Stephanov

H=3G"quqy + 5/°m* G = —uPu” + g AP

fluid metric

i.e. g, = —O0H/Ox* etc. with particles onshell H = 0.
20/39



Final kinetic theory expression for bulk viscosity

1. Expression

A g3 2 2
(272 Da¢?> + Dpym? |w;, dq w, OB
2. Definitions characterizing the dispersion curve, m?> = vgm?
~ 81}2 ~ 6m2
vgzvg—Tza—T% and e =m, — 17 aTg

thermal velocity (euclidean!)

thermal mass (euclidean!)

3. Find, with r = \/D,,,/D 4, the first correction to the chiral limit:

~2
mp

3T'm 2 my
14+r m2

87TDA

1+ 2r
1+7r

¢=(?+

Teaney

32\ \°
(%—ci%)) —(4+42r) (%
Yo

~2\ 2
2 Vo
— i
Vo
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Final formulas:

7 = +/Dm/D4 is an order one number:

(in terms of superfluid parameters D 4 and » = /D, /D 4)

r? =3/4in xPT.

~ ~ 2 ~2\ 2
0 3Tm 2 M2 14+ 2r o U8 XN
CZC()+87TDA 1—|—rm7§_ 147 %_CSUZ —@t) (5
P

0

(0) Tm 23 + 412 4 6r +3
n=n-=-

407Dy (1 + 7”)2
T 1+2r ] o
T 127mDa (1+7r)? 4

These show how chiral phase flucts modify transport coeffs:
What happens near the O(4) critical point when o is active?

Y ={(Grqr) = o x U
~— ~~ ~~
order parameter  amplitude phase
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The pressure from the critical modes:

» The eff. Lagrangian near the critical point is a Landau-Ginzburg type

A
Zocp = ePpo(Th )V x/ [Dy] exp (—5/d3w£eg)
——
from hard modes p ~ T from soft modes p ~ m,.

where using ¥ = ge’?27a where o and ¢ now fluctuate:

t 2T
ps =po(T) + %tr(HZL + Hg) — <4raizaiET + mOT()GQ + Za4>
H
+ ot + 1
with mg o< (T' — T¢.) /7.
We will work with a mean field approximation
3~ o +d00+4+i6p-T
mean field flucts
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Mean field approximation
» The mean order parameter, or EOS, takes takes the scaling form
g=h0fgz)  2=th™/?

where h = H/X and t = m3(T)/\ with fg(0) = 1.

» The action for the quadratic fluctuations takes the forms

1 1
ps =po(T) + §thr(u% + u%) —3 (V50' -Véo + m§502) —

1
5 X0v*(T) (V™ - Vi + mp"e”)

Relating the pion m?(2) and sigma screening masses to the EOS, e.g.

H 2
m?(z) =—= e
—— a(z)  fa(z)
pion screening mass
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Screening masses and magnetic EOS compared to lattice

Lattice: Engels, Vogt 0911.1939. Engels, Karsch 1105.0584

20}
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General trends are reproduced by mean field analysis
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Screening masses and magnetic EOS compared to lattice

Lattice: Engels, Vogt 0911.1939. Engels, Karsch 1105.0584
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General trends are reproduced by mean field analysis
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Stochastic hydrodynamic equations Wilczek-Rajagopal hep-ph/9210253

Given the pressure, we go find the hydro equations for ¥ = gei¥eTe

» For example: the equation of the phase is, with L=—ivUut

i Dy, 2=  Ho.
(5laUU" = —%(uL—UuRUTH? V~(7L)+TZ(U—UT) +¢

phase deriv joseph constraint viscous correction

And are coupled to the partially conserved currents, e.g.

H . . .

i—(S-%f)  with  Jp=%L+ \Vpr + €
8 N v
diffusion ~ noise

DTt = —

and the pion contribution to the current

oL = % (Vst — Vexnh)
| S —
pion current

» And a similar equation for o, e.g. 9,0 = D,, (05/00) + £.
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Iso-axial denisty-density correlator and pions from stochastic EOM:

M l/ d4SC e—iwt—l—iq-m <j2($)j3(0)>

w T )
3.5 : ; ‘
— 2=-16...16
3.0F g/mg=1 |
z=16
2.5¢ ‘ o
”o Simple quark diffusion for T > T,

paa/w / const

ions for T' <« T,

Can see the transition from QGP to propagating pions from the EOM.
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Hydro loops:

weakly non-equilbriated hydro
weakly non-equilbrated critical modes

Hydro Loops

(o, 1), 0
(0, 1) /\/\ h T
o e
l/ T weakly non-equilibrated
/ hadrons/quarks (o, 1), o

Drive the system with gravity h;(t)

The retarded propagators are given by the linearized stochastic EOM.
Integrate out (p, /1), o to find its influence on hydro
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The conductivity through 7.

0=0wg+ Aoy

crit. part
2.0k
................ Pion kinetic theory
g£15
~ cr?c = Aggglziggg,
— o0
Y « kinetics 167 Dy 2=zpe
<§ \
N
0.5} A1 S~
0.0 o e
=10 -5 0 5 10

z

Estimate of the absolute magnitude for o} with Tp,c ~ 155 MeV

Acr\ 0. oO 1.3 0.4 3.0
AD; =
X = or ” Mpc/T xq/T? 27T Dy,

Teaney
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The shear through T,

1 = Nreg + An
—~—

crit. part

-0.5¢
%8
S
~
% -------- w kinetics an _ Tmgy
< -15} \ oo

Ang \ 87TDm 2=2pc
\
— Ay N\
_2. ‘ ‘ ‘ N
910 -5 0 5 10

z

Estimate of the absolute magnitude for 755 with T}, ~ 155 MeV

dmy /s = —0.30 x (3;3) (mféT) (27;{;?%)
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The bulk through T.

(= Creg + AC
~~

crit. part
0.0
-0.2 - -
/

vy -0.4 /
3 /
~ - ~ 2
— 06 L pe 140 Tme cﬁmf,
[OOSR w kinetics ==
Z -0.8 32 wD,, m2
< AC z=zpc

-1.0f o0

-1.2¢ AC

-10 -5 5 10

Estimate of the absolute magnitude for (5 with T}, ~ 155 MeV

() (Y (54 (Y (50
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The bulk through T.

(= Creg + AC
~~

crit. part
0.0
-0.2 - -
/
v -0.4 /
&8 /
~ - N
— 706 - e 140 Tmy, (i
RN SR w kinetics o = T Q4n
Z -0.8 32 wD,, m2
z=zpc
-1.0} Al
-1.2¢ AC
-10 -5 5 10

Estimate of the absolute magnitude for (5 with T}, ~ 155 MeV

¢ _ o (& ? (dIn{(gg) /dnT*\? [ 54 \ (mo/T 3.0
s 0.2 2.8 s/T3 1.6 20T D,
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Evidence for the chiral crossover in the heavy ion data?

Arecent ordinary hydro fit from Devetak et al 1909.10485

— FluiduM+FastReso

Pb-Pb, |5y =276 TeV

[c2/GeV?]

1__dN
N prldedy

1

107°F

ALICE

Ws =0.164 Norm, = 54.2

- 0 0-5% N =563
3 [% 0 5-10% x 107 (©s),,,, =0.059 e
g &) max Norm, = 56.1
o i W 10-20% x 10 T, =137.1 MeV SN y
S ol 8 20-30% x 10° 0 =137 Norm, = 56.9
E (3 % 30-40% x 10* t,=0.179 fm/c Norm, =569 _
8 ¥ o e :

! 10
15 2 25 30 05

Il
4
[GeV/c] p

! ! ! 1
15 2 25 3

[GeV/c]

Il
4
[GeV/c] p

T T

Because the pions are the Goldstones expect an enhancement at low pp

1 T
n(wy) = T 1 ~ % = 00, Since at T, the velocity = 0 !
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Estimate of dispersion curve

The velocity vg = v(0) and pole mass mg = v2m? scale with (gq)

EZ = v*(p)p” + m3(p)

and are reduced for T ~ Tj,.

1 _______________________
0.8 1
506} 1
> sl ideal yhydro | Cut off the yhydro for:
' 20y _ 2
v (p) = v p~A=nTy
02 1
0

0 0.1 02 03 04 05 0.6 0.7 0.8
p (GeV)
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Estimate of dispersion curve

The velocity vg = v(0) and pole mass mg = v2m? scale with (gq)

EZ = v*(p)p” + m3(p)

and are reduced for T ~ Tj,.

1 - - - - - - - - - - L ===
08 2nd order yhydro K
© 1 2 . B
)=+ s L
306 | . |
L oal ",t ideal xhydro| Cut off the yhydro for:
. Phs - 2 .2
.- U(p)_v(] pr‘vA:ﬂ-TpC
0.2 [ |
0

0 0.1 02 03 04 05 0.6 0.7 0.8
p (GeV)
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Estimate of dispersion curve

The velocity vg = v(0) and pole mass mg = v2m? scale with (gq)

EZ = v*(p)p” + m3(p)

and are reduced for T ~ Tj,.

2nd order yhydro
0.8 [v*(p) = v + p*/(277)

506 1
L 0ol ideal xhydro| Cut off the yhydro for:
: 20y _ 2
U(p)—vo pNA:’]TTpC
02 1
0

0 0.1 02 03 04 05 0.6 0.7 0.8
p (GeV)
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Estimate of soft pion enhancement at 7}, >~ 155 MeV

With the modified dispersion curve E, predict the yields

1
n(kp) = ———
( p) eEP/T 1
2.0 . : .
chrit dNvac )
1_87 T I T T T T T
2 2 ALICE
d*prdn ~ dprdy 5 fe=~| o005
16 ko) I O510% x 10"
o o 1 W 10-20% x 10
= % 'r I & 2030% x 10°
o o [ o 10"
1.4 pi} [
T 4
[N ]
1.2 e le ]
: [ 1 ]
0.5 1 ot ’ 1 1 1 1 1
10 ~0 0.5 1 1.5 2 25 31
00 02 04 06 08 10 P, [GeV/c]

p (GeV)

Encouraging, but this is just direct pions for a bath at rest.
Nevertheless, | think this is it!

Teaney 38/39



Summary

1. Wrote down the appropriate SUL(2) x SUR(2) superfluid theory
Included non-linear forms, viscous and mass corrections, noise etc.
2. Determined how the ordinary transport parameters depend on m
Solved the driven kinetic equation, or integrating out the hydro loops
3. Determined a kinetic equation for soft pions from the hydro EOM
This can be used for the real world! It is on the right track!
4. Developed the O(4) scaling theory in hydro with 3 = oe™ field

Thank you and stay safe!
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