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Appetizer

fundamental phase diagrams of QCD
with possible phenomenological implications
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Outline

P introduction: strongly interacting matter in
» strong electromagnetic fields
» nonzero isospin density

lattice simulation techniques

phase diagrams: current status

application: cosmic trajectory
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further electromagnetic effects:
inhomogeneities, topology and chirality

v
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Introduction



Strong interactions

» explain 99.9% of visible matter in the Universe

Nucleus LI C It

ooooooo

P> elementary particles: quarks and gluons

> elementary fields: 1/(x) and A,(x) enter the QCD Lagrangian

1 - .
Lqcp = 2 Tr Fuu(gs, A)2 + [V (Ou + igsAu) + mltp

» gs = O(1) ~» confinement ,
my, mg =~ 3 —5MeV, m, =938 MeV @ &

©

P> asymptotic freedom at high energy scales ~» deconfinement
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Quarks and gluons in extreme conditions

> heavy ion collisions T < 1012°C = 200 MeV, n < 0.12 fm~3
B <10 G =0.3 GeV?/e

final detected
particle distributions

re-
equlibrium

namics viscous hydrodynamics | freg streaning
collision evolution ]
c~0fm/c T~1fm/c < ~ 10 fm/c © ~ 1015 fm/c
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Quarks and gluons in extreme conditions
> heavy ion collisions T < 1012°C = 200 MeV, n < 0.12 fm~3
B <10 G =0.3 GeV?/e

» neutron stars T <1 keV, n <2 fm™3
magnetars B < 101° G

Outer crust: nuclei

Inner crust: nuclei + neutron gas
Rod- and plate-like structures

Uniform nuclear matter
Condensates of

©nKZ..?
Quarks?

~0.3km ~0.6 km ~10 km

& Lattimer, Nature Astronomy 2019
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Quarks and gluons in extreme conditions
» heavy ion collisions T < 10'2°C =200 MeV, n < 0.12 fm~
B <10 G =0.3 GeV?/e

» neutron stars T <1 keV, n <2 fm™3
magnetars B < 101° G

» neutron star mergers T < 50 MeV

Phase

Inspiral Dynamical Accretion Remnant

/\‘ w\“\ m»

GW-chirp”

Short GRB

X-ray extended
emission/plateau

Coalescence

AVAAVAY ”v\ AVAAYVAVAN

GWs from remnant NS2

Signal

i ‘ msmagne(aﬂ &
g
§
&
NS
Seconds Miliseconds  10ms  100ms  Minutes-hours Hours-days  Days-weeks  Months-years

& astro.uni-frankfurt.de/rezzolla 4/29


https://astro.uni-frankfurt.de/rezzolla/research/neutron-star-physics/

Quarks and gluons in extreme conditions

| 2

heavy ion collisions T < 10'2°C = 200 MeV, n < 0.12 fm~3
B <10 G =0.3 GeV?/e

neutron stars T < 1 keV, n <2 fm™3
magnetars B < 101° G

» neutron star mergers T < 50 MeV
» eary universe, QCD epoch T < 200 MeV

standard scenario: n~ 0
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Major experimental and observational campaigns
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Major experimental and observational campaigns

J-PARC (Japan) NICA (Russia) FAIR (Germany)

it 0
RHIC-BES * +¢*%" ‘Quark-Gluon >,
) Sy
Gritical £+ Plasma, Ta o~ @
Boint? die > % ot

RHIC (USA)

Temperature T [MeV]

Color Super-
‘conductor

LHC (CERN)
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Major experimental and observational campaigns

J-PARC (Japan) NICA (Russia) FAIR (Germany)

Color Super-

PR SKA (AU, RSA)

NICER (ISS)
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QCD phase diagram(s)



Phase diagram

» control parameters: T, n<> u, B I{ud,sy | 1{B,Q,5} / I{B,1,S}
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Phase diagram

» control parameters: T, n <> u, B Wudst | 1{B,Q,5} /| H{B,1.S}
> wel-knewn famous phase diagram

_____
-
-
-

Cd Ii
hadronic »
® B
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Phase diagram

» control parameters: T, n<> pu, B I{ud,sy | 1{B,Q,5} / I{B,1,S}

> well-krewn famous phase diagram
» well-known, less famous phase diagram:
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Phase diagram
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Phase diagram

» control parameters: T, n<> pu, B I{ud,sy | 1{B,Q,5} / I{B,1,S}

> well-krewn famous phase diagram
» well-known, less famous phase diagram:

F
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Phase diagram

» control parameters: T, n <> u, B Wudst | 1{B,Q,5} /| H{B,1.S}

> wel-knewn famous phase diagram
» well-known, less famous phase diagram: T — p;

hadronic 0
e|*= &
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Phase diagram

» control parameters: T, n <> u, B Wudst | 1{B,Q,5} /| H{B,1.S}

> wel-knewn famous phase diagram
» well-known, less famous phase diagram: T — p;

hadronic.
e|*® &
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Phase diagram

» control parameters: T, n <> u, B Wudst | 1{B,Q,5} /| H{B,1.S}

> wel-knewn famous phase diagram
» well-known, less famous phase diagram: T — p;

4 P
hadronic.
® &
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Phase diagram

» control parameters: T, n <> u, B Wudst | 1{B,Q,5} /| H{B,1.S}

> wel-knewn famous phase diagram
» well-known, less famous phase diagram: T — p;

-------
- -

4 -
hadronic.
*2_ 6. -~

11
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Lattice QCD simulations



Lattice simulations

P path integral £ Feynman '48

Z= /DA“ Dy D1 exp ( - /d4x L:QCD(X))

» discretize QCD action on space-time lattice & Wilson '74

a

continuum limit a — 0 in a fixed physical volume: N — oo

» dimensionality of lattice path integral:

S

& SuperMUC-NG

vy, 3

Z nvidia.com

109—10

- -\F\’\

#Z amd.com

~ computationally very de
i

manding

[T 'l “

# Bielefeld GPU cluster
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https://inspirehep.net/literature/22425
https://inspirehep.net/literature/89145
https://doku.lrz.de/supermuc-ng-10745965.html
nvidia.com
amd.com
https://www2.physik.uni-bielefeld.de/gpu-cluster.html

Monte Carlo simulations

» Euclidean QCD path integral over gauge field A
Z = /DA e~ det[P[A] + m]

» Monte-Carlo simulations need: det[[) + m] € R*
for that one needs I so that

rpri=p', rir=1

det[[p + m] = det[[ T (D + m)] = det[[ (D + m)['T] = det[lﬁT + m] = det[P + m]*
» usually positivity can also be shown
» such a [ exists: B, uy, ipg, iE v

» no [ exists: complex action problem pug, E 7
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Phase diagram: nonzero isospin



Pion condensation

P isospin chemical potential: u, = py, g = —piy, s =0

» QCD at low energies = pions Y
chiral perturbation theory @ el
» charged pion chemical potential: pr = 2

at zero temperature pur < my; vacuum state

Wy > my; Bose-Einstein condensation
# Son, Stephanov '00

T

<uy;d>=0

< >20 <Ey5d>¢0

g [yl
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https://inspirehep.net/literature/527756
https://science.sciencemag.org/content/269/5221/198

Pion condensation

P isospin chemical potential: u, = py, g = —piy, s =0

» QCD at low energies = pions o
chiral perturbation theory @

» charged pion chemical potential: p, = 2y

at zero temperature pr < my vacuum state

Wy > my; Bose-Einstein condensation
# Son, Stephanov '00

T

<uy;d>=0

<m >#0 <Ey5d>¢0

my 193]

P trapped Rb atoms at low temperature & Anderson et al '95 JILA-NIST /University of Colorado
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https://inspirehep.net/literature/527756
https://science.sciencemag.org/content/269/5221/198

Condensation of states

» singular values of the Dirac operator & Kanazawa, Wettig, Yamamoto '11
2
(B + m)' (B + m)x = x

» pion condensate via Banks-Casher-type relation & Brandt, Endrédi, Schmalzbauer '17

N S B S S S S s S
0.03  #/m,=0.55 T=113 MeV _| ”\
L 0.48 i [ i
r 0.38 |
w L
~ L
. 0.02 - | M
& E e il i
\Z/ L 5 H
" B = i U
© 0.01 < l'pnl"'“ i
C 4 i
C -l"!-' I
0.5 1
&/ my
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https://inspirehep.net/literature/943168
https://inspirehep.net/literature/1644793

Order of the transition

0.6

3 16%x6
T 2436
3 3236

T=113 MeV
A-0 improvement

0.5

A/m =017 %
0.10

t/

0 2
h1/(66)

» volume scaling of order parameter shows typical sharpening

» collapse according to O(2) critical exponents & Ejri et al '09
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https://inspirehep.net/literature/832414

Order of the transition

C 15 ]
0.6 § - i |
- } 163x6 i [ 1
[ T 24x6 o ] L i
0.4 - & 325x6 4 2 - .
. - : L T T P * M _
12 N ] ~ L ! J
02 T=t3mev] W[ E ]
- A-0 improvement L A/m,=0.17 & ! i
0 :____‘_1___\. ] 0.5 0.10 & E -
I R R I R il

0.45 0.5 0.55 -2 0 2

W/ m, t/ hiveo

» volume scaling of order parameter shows typical sharpening
» collapse according to O(2) critical exponents & Ejri et al '09

» indications for a second order phase transition at iy = m;/2, in the O(2)
universality class
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https://inspirehep.net/literature/832414

Phase diagram

» phases in the T — u; phase diagram: hadronic (confined), quark-gluon plasma

Temperature (MeV)

(deconfined), pion condensation (confined)
# Brandt, Endrédi, Schmalzbauer '17
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L . R B S B B
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point

pion

.

100 200 300
Isospin chemical potential (MeV)

# Brandt, Endrédi '19
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Phase diagram

» phases in the T — u; phase diagram: hadronic (confined), quark-gluon plasma
(deconfined), pion condensation (confined), BCS (deconfined)

Temperature (MeV)

# Brandt, Endrédi, Schmalzbauer '17
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# Brandt, Endrédi '19
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Phase diagram

» phases in the T — u; phase diagram: hadronic (confined), quark-gluon plasma
(deconfined), pion condensation (confined), BCS (deconfined)

# Brandt, Endrédi, Schmalzbauer '17  # Brandt, Endrédi '19

.
T
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; LC Osrsaolv oo i
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» comparison to effective models, xPT, Q2CD, ...
# Adhikari et al. '18 & Zhokhov et al. '19 & Adhikari et al. 20 ¢ Boz et al. '20
# Astrakhantsev et al. '20 & Andersen et al. '23 12/29
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Equation of state: nonzero isospin



Equation of state

» equilibrium description of matter
e(p)

relevant for:
> neutron star physics (TOV equations)
> cosmology, evolution of early Universe (Friedmann equation)

» heavy-ion collision phenomenology (charge fluctuations)

» thermodynamic relations

T
P:V|0gZ, 5—35-7 n/—glfl, e=—p+ Ts+ pn
ap
| =¢— 2 - &
€ — 3p, fo e oo
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Equation of state on the lattice: T = 0

» integral method to calculate differences

T Olog Z i
=73 5 T7 - T, 0) = / d ! n !
V. o p(T, ) — p( ) 0 oy ny(fey)

n
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Equation of state on the lattice: T = 0

» integral method to calculate differences

T OlogZ I
=V (T = p(T0) = [ du ()

nl_V 8,U/I )

P pressure and energy density
# Brandt, Endrédi, Fraga, Hippert, Schaffner-Bielich, Schmalzbauer '18

1 1
vacuum ' pion condensed L2r
0.8 i phase
| 09}
ok 0.6 1 M <k
£ :
~ ' = F
Z o4 ' o 0.6
0.2 i 0.3}
@
0 oo . . . . 0 . : . . .
06 08 1 12 14 16 18 2 0 0.1 0.2 0.3 0.4 0.5
Br /M p/mi
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Equation of state on the lattice: T = 0

» integral method to calculate differences

T OlogZ I
=V (T = p(T0) = [ du ()

nl_V 8,U/I )

P pressure and energy density
# Brandt, Endrédi, Fraga, Hippert, Schaffner-Bielich, Schmalzbauer '18

P interaction measure and speed of sound
# Brandt, Cuteri, Endrédi '22

T H 0.8 T T
067 | pion condensed 1 1
vacuum 1 hase 1
04t P 1 0.6} :
<= 02} ] l
£ i e 04t :
= 0 ) i
| :
—0.2F 1 0.2
/2 vacuum M/ 2/ pion condensed
—0.4+ H g ¢ v/ phase
0.3 0.4 0.5 0.6 0.7 0.8 0.9 %,3 0.4 0.5 0.6 0.7 0.8 0.9

s/ me pr/ma
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Equation of state on the lattice: T = 0

» integral method to calculate differences

T Olog Z i
, T, _ T, 0 / d /! n /
= V o ou p(T, ) = p(T,0) = 0 iy ()

nj
P pressure and energy density
# Brandt, Endrédi, Fraga, Hippert, Schaffner-Bielich, Schmalzbauer '18

P interaction measure and speed of sound
# Brandt, Cuteri, Endrédi '22 & Abbott et al. '23

1.0 = 0.8 T
LQCD A j
LQCD B '
08 pQCD | .
/ S g 0.6 ;
B ,
0.6 ’,' — :
\ W04t i
0.4 / '
/ 02t 'y
0.2 ; mx/2 pion condensed
/ vacuum '/ phase
/ 0 : ‘ : ‘
00— o 03 04 05 06 07 08 09

pa/ms 1) ma 14 /29
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Equation of state on the lattice: T > 0

» nonzero temperature results & Brandt, Cuteri, Endrddi '22
& Vovchenko, Brandt, Cuteri, Endrédi, Hajkarim, Schaffner-Bielich '20

P interaction measure negative at high yy, low T

» speed of sound above 1/v/3 at high j; and intermediate T

0.8 ;
'
'
0.6 i
04t i
! o
'
0.2} '
M /2 pion condensed
vacuum N
H phase
9 - 140
.3 0.4 0.5 0.6 0.7 0.8 0.9
pr /M
g/ M T [MeV]

» EoS can get very stiff inside pion condensation phase
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Equation of state on the lattice: T > 0

» nonzero temperature results & Brandt, Cuteri, Endrddi '22
& Vovchenko, Brandt, Cuteri, Endrédi, Hajkarim, Schaffner-Bielich '20

interaction measure negative at high yy, low T

» speed of sound above 1/v/3 at high j; and intermediate T

0.8 ;
'
'
0.6 i
04t i
! o
'
0.2} '
M /2 pion condensed
vacuum
H phase
9 - 140
.3 0.4 0.5 0.6 0.7 0.8 0.9
pr /M
g/ M T [MeV]

» EoS can get very stiff inside pion condensation phase
P comparison: xPT, models & Adhikari et al. '21 & Avancini et al. '19
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Speed of sound

P ‘supersonic’ region of pion condensate

> first time that ¢; > 1/1/3 found in a first-principles lattice QCD calculation

180

150 ¢

chiral crossover
120

90

T [MeV]

60 -

30r

0 0.2 0.4 0.6 0.8

H1 /M
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Speed of sound

P ‘supersonic’ region of pion condensate
> first time that ¢; > 1/1/3 found in a first-principles lattice QCD calculation

> relevance of ¢s for neutron star modeling # Annala et al. '19

180 10
150 - chiral crossover 2 08 max(c2) <
< 10
_ 120+ B 1
= 5 06
§ 90 s T 0.8
& ° 0.4
& 6O 2 . 0.6
4% 1 2 %
w0l Cs LY 802 Pt . 0.4
ol W A 0.0 N . 3

0 0.2 0.4 0.6 0.8 o 1 2 3 4 5 6 7

1 /m Radius (km) of quark core
w
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Speed of sound

P ‘supersonic’ region of pion condensate
> first time that ¢; > 1/1/3 found in a first-principles lattice QCD calculation

> relevance of ¢s for neutron star modeling # Annala et al. '19

180

1.0
1507 chiral crossover %’ 08 max‘(cg) <
_ 120+ B | 1.0
= 5 06
§ 90 s T 0.8
o o}
0.4
& 6O 2 . 0.6
4% 1 2 %
w0l Cs LY 802 Pt l 0.4
ol W A 0.0 N . 3

0 0.2 0.4 0.6 0.8 e 1t 2 3 45 67
Radius (km) of quark core

» ¢ at ug > 0 from FRG and xXEFT ¢ Braun, Schallmo '22 & Leonhardt et al. '20
16 / 29


https://inspirehep.net/literature/1726102
https://inspirehep.net/literature/2061368
https://inspirehep.net/literature/1743767

Cosmological implications



Cosmic trajectories

> early Universe

» conservation equations for isentropic expansion

ng nQ ne,
b "=p Moy, "
< . 0, . (€ {e,u,1})

> parameters: T, g, Q. [iL,
> experimental constraints & Planck collaboration '15 ¢ Oldengott, Schwarz '17

b = (8.60 +0.06) - 10711, le + 1, + 1| < 0.012

(the individual /, may have opposite signs)

+

» ng = 0 with /e > 0 allows equilibrium of €™, ve, ™" & Abuki, Brauner, Warringa '09
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https://inspirehep.net/literature/1343079
https://inspirehep.net/literature/1602926
https://inspirehep.net/literature/811186

Cosmic trajectories

» cosmic trajectory T(uq) is solved for
» standard scenario (I, =0): ug =0forall T

3
8
=0

41,

0 100

g [MeV]
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Cosmic trajectories

» cosmic trajectory T (u@) is solved for
» standard scenario (I, =0): ug =0 forall T

180

p; S T
160 2 Ny
s
140 + _ AN ]
’_120 - :"l 1
=] -7 S
oo} T i R
+ 1 -7 -7
= el = ‘ i e
F el > / -
ol N4 pion-condensed phase
($%
2r TAj
0 . i . . .
0 100 200 300 400

1, [MeV]

» cosmic trajectory enters BEC phase for lepton asymmetries allowed by
observations # Vovchenko, Brandt, Cuteri, Endrédi, Hajkarim, Schaffner-Bielich '20

» condition for pion condensation to occur:

e+, + 1] <0.012| ||l +1,]>0.1
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Signatures of the condensed phase

» relic density of primordial gravitational waves is enhanced with respect to
amplitude at /e + /, =0

-
_

prer
<10 5.x107% 1.x10° 5.x10° 1.x10°
viHz]

# Vovchenko, Brandt, Cuteri, Endrédi, Hajkarim, Schaffner-Bielich '20

> to be detected experimentally (SKA)
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Phase diagram: magnetic fields



Magnetic phase diagram

» QCD crossover temperature in the phase diagram
# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11 £ '12 & Endrédi '15

strange quark number
N suscegptilglity

160 B\ average light quork
22 \ ZB Sondensats

3 Polyakov loop

T (MeV)
I
IS}

> T, is reduced by B
contrary to almost all effective theories and low-energy models of QCD

# Andersen, Naylor, Tranberg '14
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Magnetic phase diagram and critical point

> effective theory of QCD at B — oo: first-order deconfinement transition
= critical point! & Miransky, Shovkovy '02

» location of critical point based on extrapolation from 0 < eB < 3 GeV?
= eB. ~ 10(2) GeV? 2 Endrédi '15

L B S

i ) ]

160 | deconfinement transition line |

LY B

LY prediction ]

= L3 | E——— i
S '

R ]

s r “‘ ]

120 “.crossover . —

L ~ critical 4

Seeel point 4

[ T memes—eeees o—

100 first order _|

C v v v ]

5 10
eB (GeV?)
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Magnetic phase diagram and critical point

> effective theory of QCD at B — oo: first-order deconfinement transition
= critical point! & Miransky, Shovkovy '02

» location of critical point based on extrapolation from 0 < eB < 3 GeV?
= eB. ~ 10(2) GeV? 2 Endrédi '15

> simulating up to eB ~ 9 GeV?
=4 GeV2 <eB. <9 GeV2 # D’Elia, Maio, Sanfilippo, Stanzione '21
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Magnetic phase diagram and critical point

> effective theory of QCD at B — oo: first-order deconfinement transition

= critical point!

& Miransky, Shovkovy '02

» location of critical point based on extrapolation from 0 < eB < 3 GeV?
= eB. ~ 10(2) GeV? 2 Endrédi '15

> simulating up to eB ~ 9 GeV?

=4 GeV2 <eB. <9 GeV2 # D’Elia, Maio, Sanfilippo, Stanzione '21
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Beyond constant magnetic fields:
inhomogeneities



Inhomogeneous magnetic fields

» off-central heavy-ion collisions: inhomogeneous magnetic fields & Deng et al. '12
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Inhomogeneous magnetic fields

» off-central heavy-ion collisions: inhomogeneous magnetic fields & Deng et al. '12
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> consider profile B(x) = Bcosh™2(x/¢) & Dunne '04

22 /29


https://inspirehep.net/literature/1327242
https://inspirehep.net/literature/653094

Inhomogeneous magnetic fields

» off-central heavy-ion collisions: inhomogeneous magnetic fields & Deng et al. '12
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> consider profile B(x) = Bcosh™2(x/¢) & Dunne '04

> impact: condensate, Polyakov |OOp # Brandt, Cuteri, Endrédi, Marké, Sandbote, Valois '23

020 Lo MIXT.E) T=155 MeV
2837 B) VeB =0.82 GeV
LR e— )
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Inhomogeneous magnetic fields

» off-central heavy-ion collisions: inhomogeneous magnetic fields & Deng et al. '12
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> consider profile B(x) = Bcosh™2(x/¢) & Dunne '04

P> impact: electric current £ Valois et al. upcoming ~ Q D. Valois Tue 16:00 HK21.2
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Magnetic fields and chiral imbalance:
anomalous transport



Anomalous transport

» usual transport:
vector current due to electric field

(=0 E
» chiral magnetic effect (CME): 2 Fukushima, Kharzeev, Warringa '08
vector current due to chirality and magnetic field
(J) =0ocme - B

» chiral separation effect (CSE):
axial current due to baryon number and magnetic field

(Js) =ocsE - B
» probe CP-odd domains in heavy-ion collisions & Kharzeev, Liao, Voloshin, Wang '16

» experimental searches for CME and related observables £ STAR collaboration '21
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General (handwaving) argument

» spin, momentum CME
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» spin, momentum
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CME and CSE from lattice QCD

> first determination of in-equilibrium CME/CSE coefficients with continuum

extrapolated lattice simulations
CSE: » Brandt, Endrédi, Garnacho, Marké, '23

CME: »# Brandt, Endrédi, Garnacho, Marké, upcoming
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» clarifying contradictory results in the literature Q E. Garnacho Tue 15:45 HK21.1
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CME and CSE from lattice QCD

> first determination of in-equilibrium CME/CSE coefficients with continuum
extrapolated lattice simulations

CSE: » Brandt, Endrédi, Garnacho, Marké, '23
CME: »# Brandt, Endrédi, Garnacho, Marké, upcoming
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» clarifying contradictory results in the literature Q E. Garnacho Tue 15:45 HK21.1
» non-trivial response in inhomogeneous field B(x) Q D. Valois Tue 16:00 HK21.2
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CME and CSE from lattice QCD

> first determination of in-equilibrium CME/CSE coefficients with continuum

extrapolated lattice simulations

CSE: » Brandt, Endrédi, Garnacho, Marké, '23
CME:
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» clarifying contradictory results in the literature Q E. Garnacho Tue 15:45 HK21.1
» non-trivial response in inhomogeneous field B(x) Q D. Valois Tue 16:00 HK21.2

» this is not the out-of-equilibrium effect

& Brandt, Endrédi, Garnacho, Marké, upcoming
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Magnetic and electric fields:
axion-photon coupling



Axions as dark matter

» extend Standard Model with new field: axion a

1 ~ .
L=Lsy+ 58#3 Oupa+ aTrG,, G +agayy FuFuw
——— ——

Qtop

» provides solution to ‘strong CP problem’
& Peccei, Quinn '77 & Weinberg '78 & Wilczek '78

P is a possible dark matter candidate
extensive experimental campaign:

& ADMX

& XENON1T

E-B

26 / 29


https://inspirehep.net/literature/119084
https://inspirehep.net/literature/122138
https://inspirehep.net/literature/5997
https://www.nature.com/articles/nphys4109
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.041301
https://inspirehep.net/literature/1801701

Axion-photon coupling

P> most relevant parameter for experimental detection

» direct coupling (model-dependent)
plus
indirect coupling through quark/gluon loops

)+ i el

» chiral perturbation theory predicts two terms of similar magnitude
and opposite sign & di Cortona et al. '16

» QCD contribution, for slowly varying a fields

gQCD: 82 |OgZ _ a<Qtop>
77 = 920(E-B) _ 9(iE - B)
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Axion-photon coupling on the lattice

» QCD contribution
Jao _ 0{Qup)
ay J(iE - B)

» shift in mean topology by parallel magnetic and imaginary electric fields
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» first results for ga%?yD & Brandt, Cuteri, Endrédi, Hernandez, Marké '22

» challenging to approach continuum limit Q J.Hernindez Wed 17:45 HK48.2
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Summary



Summary

T — py phase diagram
and pion condensation

cosmic trajectory may enter pion
condensed phase

T — B phase diagram
and the critical point

in-equilibrium anomalous transport
phenomena from lattice QCD
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