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N¢ = 2 chiral limit
Today
about
my, =0,myg =0,ms #0

deconfinement phase transition
o [HotQCD, 2019, 2020] )
Lattice

[Cuteri, Philipsen, Sciara, 2021] QcbD

Ni=2 PURE
“leAuGE

2™ order [Kotov, Lombardo, Trunin, 2021]
Strong evidence of 2" ord. phase trans.

(see [Philipsen, 2021] for a review)
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N¢ = 2 chiral limit

e Compatible with O(4).
(U(2) x U(2) not excluded, but U(1)4 not so

restored at T [Kaczmarek, Mazur, Sharma, 2021])



N; = 2 chiral limit

o [Pisarski, Wilczek, 1984] O(4) universality.
Spoiled by effective U(1), restoration?

e [HotQCD, 2019, 2020]

Lattice . . P
[Cuteri, Philipsen, Sciara, 2021] Qcb Phys. my, mq in critical region?
[Kotov, Lombardo, Trunin, 2021] l
Strong evidence of 2" ord. phase trans. Lat. QCD suggests yes

(see [Philipsen, 2021] for a review)
Potential predictive power
o Compatible with O(4).

(U(2) x U(2) not excluded, but U(1)4 not so

restored at T [Kaczmarek, Mazur, Sharma, 2021]
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Static universality

Landau-Ginzburg:

o= (¢07 o1, P2, ¢3) Doublf—well

2
_ 31 M3 112 L A pl4
Phys. my, my in critical region? Fo = [ dx°30u670,9° + 9" + 719l
l +Hgo
T

Lat. QCD suggests yes Explicit break.

H ~ mq
Potential predictive power _
Order parameter: (¢) ~qq

Broken phase,mop < me:  (¢) # 0

Restored, mg > m; () =0
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What about dynamics?



Dynamical universality

Landau-Ginzburg: IR dYEamics
& = (¢o, ¢1, P2, ¢3) Doublf—well Hydrodynamnics
Fo = [ & 50u0°0u0% + 55 101° + 301" EFT of slowly relaxing (conserved)
+Heo variables
T
Explicit break.

H ~ mq

Order parameter: (¢) ~qq

Broken phase,mo < me:  (¢)

N

0
0

Restored, mg > mc (&)
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Dynamical universality

Landau-Ginzburg; IR dyEamics
¢ = (¢o, d1, d2, ¢3) DOUblf‘We“ Hydrodynamics
Fo = X7 50,0°0,° + 216 + 310l EFT of slowly relaxing (conserved)
+H¢o variables
T
Explicit break.

H ~ mq One IR fixed point
Order parameter: (¢) ~qq // J\\
Broken phase, mo <me: (¢) # 0 Different hydros
Restored, my > m. (¢) =0

Need to specify the dynamics
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Dynamical universality

IR dynamics

!

Hydrodynamics

!

EFT of slowly relaxing (conserved)
variables

One IR fixed point

/N

Different hydros

Need to specify the dynamics
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1. Statics
2
Fo= [ & 50,0°0,9° + 67 + 3 0*
+Hopo

2. Identify slow and critical d.of.

Cons. ¢ arges: Ny ~ qv T q
a . g~0 5Taq >_> Nap € (’(4)

— 3_1 ab
Fi= [dx Tacg Mabl

3. Is the order parameter conserved?
(#) ~ g9 —No
4. Derive the E.o.M.

[Rajagopal, Wilczek, 1992]
[Grossi, Soloviev, Teaney, Yan, 2021]



1. Statics
2
Fo = [0 50,670,0° + F¢° + S0
+H¢o

2. Identify slow and critical d.o f.

Cons. charges: nf ~ gv°T%q
ng ~ q,yO,y5Taq >_> Ngp € 0(4)

- 3 1 ab
Fi= [dx Zacg MabP

3. Is the order parameter conserved?
(#) ~ g9 —No
4. Derive the E.o.M.

[Rajagopal, Wilczek, 1992]
[Grossi, Soloviev, Teaney, Yan, 2021]
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Poisson brackets

{field, F}, "closed dynamics”

|

O field = ideal + dissipation/diffusion

oF
Not conserved — — 57519

_oF

2
—_— — .
Conserved V< 5teid

+ noise



{¢a: npc} = €qbedPd
Poisson brackets {nabsnegt = Sacnpg + Spgnac — SadMbe — ShcMad

{field, F}, "closed dynamics”

0Oy field = ideal + dissipation/diffusion

5F
Not conserved — — 5755

oF

2
_ — >
Conserved V= st

+ noise

Adrien Florio, SEWM?22, 21.06.22 8 -9



Poisson brackets

{field, F}, "closed dynamics”

0 field = ideal + dissipation/diffusion

5F
Not conserved — — 5755

2 _oF
_ ]
Conserved V= st

+ noise
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1
Oba = — 35 NabPb

+T0V?¢a — Lo (Mg + A¢*)da + ToHa + Oa

Otngy = —V - (Viadp)) — Hiatp)
+DoVngy + 0L,



Poisson brackets

{field, F}, "closed dynamics”

0Oy field = ideal + dissipation/diffusion

5F
Not conserved — — 5755

2 _oF
_ ]
Conserved V= st

+ noise
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1
Oba = — 35 NabPb

+T0V?¢a — Lo (Mg + A¢*)da + ToHa + Oa

Otngy = —V - (Viadp)) — Hiatp)
+DoVngy + 0L,

(6a(0)0p (")) = 21T b 5% (x — x')

(Ely 0EL () = 2Tcog T5q o 5% 0 = 1)



Poisson brackets

{field, F}, "closed dynamics” Opg = — %nabq&b
+T0V?¢a — To(mg + A¢p?)pa + ToHa + Oa

0 field = ideal + dissipation/diffusion Ay = — V - (Vatp)) — Hiabs)
+DoV2ngy + O;Zh,

5F
Not conserved — — 5755

"Model G” of [Hohenberg, Halperin, 1977]

2 _oF
_ )
Conserved V= st

Solve this numerically

+ noise
Compute (O): average over realizations
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{¢a:npc} = €qbedPd
{ngb+ neg} = Sacnpg + Spghac = SadNbe — ShcMad

1
Oba = — 35 NabPb

+T0V?¢a — Lo(m§ + A¢*)da + DoHa + Oa

Otngy = —V - (Viadp)) — Hiadp)
+DoV?ngy + 0L,

(6200, (') = 2TcTg dgp 6%(x — x')
(Ep =0 = 2Teon 61551cbqp 64 (x — )

C
"Model G” of [Hohenberg, Halperin, 1977]
Solve this numerically

Compute (O): average over realizations
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Results

0. Find phase transition (statics).

2
Fo= [ *50,¢°0,6" + T ¢* + 5 ¢
+Heo
1. Explore phase diagram

2. Broken phase and soft pions EFT

3. Critical behavior

See also [Schlichting et al.]



{¢a:npc} = €qbedPd
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1
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"Model G” of [Hohenberg, Halperin, 1977]

Solve this numerically

Compute (O): average over realizations
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Results

1. Explore phase diagram

3. Critical behavior

See also [Schlichting et al.]
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Observables

d) = (0’, 71—0)3 n'g = Noa, nav = %EOchnbc
= Goo(t, k) = %( (t,k)o(0,—Kk))c
Grr (t,k) = 5y 2o, (ms(t, k) s (0, —k))c
Gaa(t, k) = 55 2o, (na (8, k)n; (0, —k))c
G(t) = G(t,k=10)
z G(t) = &£ [dwG(w)e™"
X\, T, D, xo fixed, N = 80 p(w) = wG(w)

0(10°) cpu hours
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Restored phase
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Across the transition

Gaa(t) / Xo
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Across the transition
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Across the transition
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Across the transition
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Across the transition
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Emergence of pion waves!

Adrien Florio, SEWM?22, 21.06.22

0
)

0.01

0.02 0.03



And criticality in all of that?



Critical behavior
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Scaling hypothesis:

S _y, (&7¢t) =V (M)

GAAX(CI)-H) =Y, (ngt) — ~A (HCVCt)

¢ : dyn. scaling exponent



Critical line
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T
H=0.002

Href = 0.002

600 900 1200

t-(Hret / H) 147 Ve

¢ = 1.47 + 0.01(stat.)
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T
H=0.002

Href = 0.002

600 900 1200

t-(Hret / H) 147 Ve

¢ = 1.47 + 0.01(stat.)

Compare: (" =

1.5



Outlooks

o Finite k
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Outlooks

o Expansion rate

Kibble-Zurek mechanism
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Outlooks

e Pheno. prediction

Adrien Florio, SEWM?22, 21.06.22

A recent ordinary hydro fit from Devetak et al 1909.10485
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= Ne=2 PURE
“leAuGE

e my,my = 0 deconfinement PT. .
. . . oraer

dynamical universality class 0(4)

(/) physicgl point

¢m

Elia, de Forcrand, 1702.00330

order
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e Studied pion waves
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¢ = 1.47 +0.01(stat.)

e Extracted dyn. critical exponent



Thanks!



Backup



Lattice data

HotQCD, PRL 123 (2019) 6, 062002
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Lattice data

HotQCD, PRL 123 (2019) 6, 062002
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Xm

0(4) scaling, from Engels et al., Nucl Phys B 655 (2003) 277-299
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Lattice data

HotQCD, PRL 123 (2019) 6, 062002 0(4) scaling, from Engels et al., Nucl Phys B 655 (2003) 277-299
_ 700 0.7 w
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Potential predictive power
[Rajagopal, Wilczek, 1992]
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Critical line
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Broken phase and pion EFT
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Pions EFT in the broken phase [Grossi, Soloviev, Teaney, Yan, 2020]:

2x 1 r'm?w?

Grr (W) = orrmtiT oty
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ZXOTQOg

Gaa(w) = (—wZFmD)Z+w? (Tm?)?

1 1 1
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Broken phase and pion EFT

Gell-Mann Oakes Renner

1

EFT pred. ("GOR"):

2 _
(mET)? =t

Num. result:

Ho 1 —
o W = 1.011 4+ 0.001(stat.)

Pion EFT works surpisingly well!
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