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Motivation

1. Time dependence is a common feature of strong magnetic fields
affecting QCD properties in the early universe, magnetars,

and heavy-ion collisions
2. The quark condensate is a prominent QCD property affected
by a strong magnetic field

3. Time scales of the condensate dynamics are important

for hadron production in heavy-ion collisions
4. What is the effect of a magnetic field on the quark condensate dynamics?

5. Here: formalism to tackle time dependence based on a nonequilibrium

QFT calculation

Work with Carlisson Miller + Arthur Frazon



Phase change - time dependence

Typical situation:

— A system is forced to change from a thermodynamic

equilibrium phase to another, out-of-equilibrium phase

— Evolution to new equilibrium through spatial fluctuations that
take the system (initially homogeneous) through a sequence

of highly (not in equilibrium) inhomogeneous states



Theory: coarse-graining

Rational:

— It is difficult/impossible to describe the
system with microscopic d.o.f.

— Focus on a small number of semi-macroscopic
variables; order parameters ¢

— Dynamics of ¢ is slower than that of the
microscopic degrees of freedom; described by
Ginzburg-Landau-Langevin type of equations

From A. Zee book



Dynamical equations

Landau: system's state characterized by a macroscopic free energy F'[¢]

Example: Flp] = {d®z [k(Ve)* +V(p)], V(p)=35r¢” + jup



Dynamical equations

Landau: system's state characterized by a macroscopic free energy F'[¢]
Example: F[p =({d*z [ (V)2 + (gp)], V(p) = %r@z + iugp‘1

Equilibrium (r > 0):
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Dynamical equations

Landau: system's state characterized by a macroscopic free energy F'[¢]

Example: Flp] = [z [6(Ve)> + V(p)], V(p)=57r¢>+ juep?
Equilibrium (r > 0): Out-of-equilibrium (r = —|r| < 0):
Vip) "
¢ @ .
oF . &p _OF
o o) ety 0=

Near equilibrium: 3k, £) ~ eI"l =1/

Purely diffusive dynamics - no (thermal) fluctuations



Phase change, fluctuations

4 V(@)
—————l
¢ ¢
T > Tc T < Tc
F
(g—f = —g— + &(z,t) <« Ginzburg-Landau-Langevin (GLL) equation
¥

E(z, ), V) = /20T 6(x — 2")o(t — t')

Fluctuation-dissipation theorem



Phase change

Symmetry broken
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Time increases
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Dynamical universality classes

Dynamical phase changes/transitions
can be classified in universality classes according

to the nature and couplings of the order parameters*

— Model A: nonconserved order parameter
— Model B: conserved order parameter

— Model C: nonconserved and conserved order parameters



Derivation of GLLeq - Linear 0 model*

1
L =qlid — g(o +ivsT - m)]q + 3 [Oyodto + 0ym - OHm] — Ulo, )

A

U(o,m) = Z(a2 + 7 —v?)? — hyo — Uy
m2
Parameters: v? = f2 — )\—2”, m2 =2X2f2 +m2, hy = famZ, my = g{o), Up: U(0,0) =0

Crossover at T' ~ 150 MeV: g = 3.3
Quark condensate: m{Gq)qcp = —hq{o)

Coupling magnetic field: 0, — D, = 0,, + iqA,, (for the charged fields)



The scenario, approximations

— QGP scales for temperature (7') and magnetic field (B)

— Perturbation around local equilibrium (medium at local 7" and B)
— No expansion & energy transfer field and medium

— Source of dissipation 1: ¢ — gq (no pions)

— Look at qualitative changes due to strong B

— Analytical understanding
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Closed time path formalism

Semiclassical effective action:

I[o,5] =Talo] +iTrInS — i Tr (i) — mg) S + I's[o, 5]

Dofo, 8] =g S, dztr [STH(z,z)ot (x) + S (z, )0 (2)] ©.___><

— o and S defined on the Schwinger-Keldysh contour (CTP contour), 0%, S+

— 0%, ST are not independent, they are equal at some large time (CTP b.c.)

A Im ¢
C+

\J
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Integrate out the quarks

oo, S]
659 (2, y)

U

. — qgoolx abx — 42 6112[0’5]
(i = goo(e) 8% o) — [ s S22

=0

5(z,y) = i6%06™ (z — y)

Very difficult to solve (even numerically): expand around local equilibrium

o%(z) = of(x) + 00 (x)

5% (x,y) = Sgpn (@, y) + 65 (x,y) + 6°S* (z,y) + -

where X = —gTrS*(z,x) and [il) —mg — goo(x)] sab

— —isabs@) (4 _
60_8(1,) thm(xa y) ¢ (l’ y)
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GLL equation

— Dissipation (o — ¢q): imaginary part of I'[c, S]

Variation of I'[o, S| w.r.t. ¢ to obtain e.o.m. not possible

Solution: use Feynman-Vernon trick, identify the imaginary part

with a noise source coupling linearly to the field

Obtain real action, variation w.r.t. o leads to GLL equation

oU|o]
do(z)

Ou0"o () + +9ps(00) = Do () = & ()




GLL equation

U |o]

0udto(x) 50(2)

(00) = Do () = &6 (2)

Scalar Density: ps(o0) = tr S}t T (=, 2)

Dissipation kernel: D, (z) = ig? Jd4y9(ac0 —y9) M(z,y) 60 (y) — Memory

M(z,y) = tr [ S, (@ 9)Sih, (v:2) = St (0, 9) S50 (0,)|

Colored noise: (¢5(z))e =0 and (&0 (2)és(y)De = N(z,y)

1
N(z,y) =29 *tr [Sthm(rc Y)S i (0, 2) + S5 F (2,9)S57 (v, @ )]
{-++ )¢ : functional average with prob. distr. P[{] = exp [—% Jd‘lxd‘ly E(@)N~Ha,y) E(y)}
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Quark propagator S¥ (z,y)

Structure of ps(z), M(z,y) and N(z,y)

— Schwinger phase drops out, use Fourier transform

In the lowest Landau level (LLL) approximation:

2 7
S (p) = e PLN9BLA(p) [W — 2mn 7 (po)d(pf - m3>}
q

S (0) = € PL9 B A(p) 26 (pF — m2) [6(—po) — nr (po)]
it (p) = e P91 Bl A(p) 276(p? — m2) [6(p0) — np (po)]

__ 2 —1
S (p) = e7PL/195 Bl A(p)

_9rn §(p2 — m2
ﬁ 3 i F (pO) (pH mq)]
1

where A(p) = (pH +myq) [1 + i’ylesign(qB)] and ng(po) = m
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Momentum space GLL equation

%o (t,p)
ot?

do(t,p)

ey F,(t,p) = &(t,p)

+p’o(t,p) + n(p)

n(p) = QQ%M@) — M(p) = M(E,,p), E; = A/p* +m2

SU o]
do(t, )

Fo(t,p) = JdSwe’i”'“’ [ +gps(ffo)]

(&t p)Es(t',p))e = (2m)*6(p + P )N (t — ', p)

n = 0: “classical” equation of motion

n # 0: slows the dynamics
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Equilibrium?
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Zero-mode 7

Recall, source of dissipation is 0 — qq

5.0 T T T T T

130 140 150 160 170

T [MeV]
2N, 1 3/2
B=0 no=g° =51 —2np(mos/2)] —5 (m2 —d4m2)*
™ mg

1

N,
B#0 ng=g92=2[1-2np(ms/2)] (eB) —1/m2 —4m2 (LLL)

2
4m ms
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o and quark masses

n # 0 when m, > 2m,

B modifies minimum of Veg («— my) and its curvature (<« m,)

S Quark mass
T T
T T ‘
800 T
I e — -
% 600 eB/m;=0 —— i %
=3 =15 = — E‘
Eb Ea—ZOO
\ ! . : :
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T [MeV]

me increases faster than mg as the temperature decreases:
— 7np increases at low temperatures
— increase in np delays evolution of o
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Short-time dynamics

Linearized GLL equation:

o5 ,
n(pL) % — (n® = p1) Tt pL) + gps(00) — famZ =&, (t,pL)
m2 —
#2:’\<72r_77r>7 T=0/L% £=¢/L?

Quench from high to low 7"

+

(T2(t,p%) e = M (eA(m)t/Ts _ 1)2 E(pL)coth(E(pL)) (em(m)t/rs _ 1)

(12 —p1)? L3(u? — p?)
1— 2 2
n= 8 and (L) — P
% n(p1)/nB
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Short-time dynamics
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Large B slows considerably the short-time dynamics

Present estimate: delays of ~ 1 fm/c « 1/10 of QGP lifetime
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Long-time dynamics

QUARK CONDENSATE TIME EVOLUTION
300—————————
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Condensate not thermalized within QGP lifetime
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Long-time dynamics

QUARK CONDENSATE TIME EVOLUTION
———F——————7—"——r 71—+
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Condensate thermilized within QGP lifetime



Cold

matter - nucleon superposition

normal nuclear matter
Densities and

Distance Scales in
Baryonic Matter

pB = po = 0.16 fm—3
dNN ~ 1.8 fm

5

20 Ave istance
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@ (Multi-)pion fields in space between baryonic sources (ChEFT)

@ Quark cores of nucleons overlap (percolate) at baryon densities
pB > 5po

Figure from W. Weise
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Nucleon compositeness: quark model

Nucleon creation operator:

Bt — L s gt gt gt

n \/? n 9, 9,94
{Bny BIL/} = 5nn’ - Ann/a {Bna Bn’} =0

A 3
_ spy pops gy Ripevs At~ D \gkppops gy rvevs st At o~
An’n’ = 3\1’,” \I/n’ qygqug 2\I/n \Ifn, QVSqUQQHQQHB

Two-nucleon state:
Inn'y = Bl BI,|0)
(nn'Inn’y = 1 — 6 — ANpp

_ K12 3\ RV1IV2VS M1 p2V3 \[FV1V2H3 _ \[yMH1V2V3 \yY1M213
AN”"’ - 3\1171 ‘Iln’ (‘I]n \Iln’ \I]n \I/n’ )
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Field theory: “deformed’ field algebra

Nucleon field operator:

Wi, t) = ) [us(k) e bl(k) + vs(k) " dl (K)]

k,s
bs (k)DL (k') + AbL, (K )bs(K) = OssrOtpr, Ads(k)dl (K') + dl, (K)d(k) = 6seOrn
=1—x— {bs(k:), bl,(k:,)} = 055/ Okl — L bZ(k)bb(k) <— X in general density dependent
Pz, T () 1) + AT (2! (. t) = 6(x — )

Example: equilibrium nucleon scalar density (noninteracting)

/X
3
fdx(zb z)) = 42 (e,@E m+)\+)\eﬁE(k)+m+1>

E(k) = (K2 +m2)Y2, B=1/T, px=p+TIn), 0< X< 1(positive number density)

Nonrelativistic: S.S. Avancini and GK, J. Phys A 28, 685 (1995)
Relativistic free gas: X-Y. Hou et al., J. Stat. Mech. (2020) 113402
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Walecka model: T'=0

A constant

NUCLEAR MATTER
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plfm™]
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Walecka

A constant

model: T =0

PURE NEUTRON MATTER
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Conclusions & Perspectives

1. Presented a nonequilibrium QFT setup to tackle magnetic field effects

on chiral dynamics, a first incursion into a complex many-body problem

2. Made umerical estimates, short- and long-time dynamics

3. Applications to HIC: beyond LLL approximation (weak fields),

include pion dynamics, couple to hydrodynamics

4. Dense matter: presented a way to into account effectively

nucleon compositeness and superposition
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