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Introduction



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

pre-
equilibrium|
dynamics viscous hydrodynamics | frge streaming

collision evolution 1
~0fm/c T~1fm/c T~ 10 fm/c T ~10% 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 2/19


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 also allowed: ng =0, ny/s < 0.01
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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)
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Boint? die > % ot

RHIC (USA)
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Color Super-
‘conductor
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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
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-
-
-

Cd Ii
hadronic »
® B

4/19



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

» 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 <> p, B Wudst | 1{B,Q,5} /| H{B,1.S}

> wel-knewn famous phase diagram
» well-known, less famous phase diagram: T — y (1) = pu = —l1d)

hadronic.
e|l*® &
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Phase diagram
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Phase diagram

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

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

> wel-knewn famous phase diagram
» well-known, less famous phase diagram: T — y (1) = pu = —l1d)
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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

continuum limit a — 0 in a fixed physical volume: N — oo
109—10

» dimensionality of lattice path integral:

S

& SuperMUC-NG

vy, 3

& nvidia.com

a

& 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 el det[D + 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 al exists: B, uy, ipg v

» no [ exists: complex action problem pug ¢
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Isospin-asymmetry



Phase diagram

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

Temperature (MeV)

(deconfined), pion condensation (confined)

& Brandt, Endrédi, Schmalzbauer '17

LS S S s S B
I chi
.Cros“—sacfv
160 Sr
pseudq—(riple
1a0 L point /
pion /:
r condensation
i 7 ////

100 200 300
Isospin chemical potential (MeV)

& Brandt, Endrédi '19
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https://inspirehep.net/literature/1644793
https://inspirehep.net/literature/1700569
https://inspirehep.net/literature/1674331
https://inspirehep.net/literature/1774503
https://inspirehep.net/literature/1826206
https://inspirehep.net/literature/1773121
https://inspirehep.net/literature/1806917
https://inspirehep.net/literature/2739169
https://inspirehep.net/literature/1758525

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

LS S S s S B
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160 er
pseudq—(riple
1a0 L point /
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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
N Chfrq : %m0
,; LC OSSC{V 0 a
% 160 i
> F N
o - pseudo-triple .
Sl point / I I
° L 4 o @ y
] L pion / B -
g r condensation el i
o 120 | p|.= _8B.
100 200 300 ”
Isospin chemical potential (MeV) IB

» 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 & von Smekal et al. '19 T/19


https://inspirehep.net/literature/1644793
https://inspirehep.net/literature/1700569
https://inspirehep.net/literature/1674331
https://inspirehep.net/literature/1774503
https://inspirehep.net/literature/1826206
https://inspirehep.net/literature/1773121
https://inspirehep.net/literature/1806917
https://inspirehep.net/literature/2739169
https://inspirehep.net/literature/1758525

Equation of state

P interaction measure | = ¢ — 3p negative for low T and high w,
& Brandt, Cuteri, Endrédi '22

0.6 1

pion condensed

vacuum
phase
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I/mi

—0.2+ )2

—0.4+ '

03 04 05 06 07 08 09
fr/ma
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https://inspirehep.net/literature/2618620
https://inspirehep.net/literature/2618620
https://inspirehep.net/literature/2682305

Equation of state

P interaction measure | = ¢ — 3p negative for low T and high w,

& Brandt, Cuteri, Endrédi '22
_ op

> speed of sound c?

— Oe
& Brandt, Cuteri, Endrédi '22 & Abbott et al. '23
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https://inspirehep.net/literature/2618620
https://inspirehep.net/literature/2618620
https://inspirehep.net/literature/2682305

Equation of state

» EoS gets very stiff inside pion condensation phase

» ‘supersonic’ region of pion condensate

chiral crossover

T [MeV]
=}
[=}

% 02 04 06 08
o/ mag
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https://inspirehep.net/literature/1726102
https://inspirehep.net/literature/1826206
https://inspirehep.net/literature/1745903
https://inspirehep.net/literature/2061368
https://inspirehep.net/literature/1743767

Equation of state

EoS gets very stiff inside pion condensation phase
‘supersonic’ region of pion condensate

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

180

1.0
150 chiral crossover g 0.8
8
120} 5
% 3 06
= 90t 5
— o]
= L o4
60 %
30+ =02
0 . . NI IIIS 0.0 .
0 0.2 0.4 0.6 0.8 o 1 2 8 4

[

Radius (km) of quark core

9/19


https://inspirehep.net/literature/1726102
https://inspirehep.net/literature/1826206
https://inspirehep.net/literature/1745903
https://inspirehep.net/literature/2061368
https://inspirehep.net/literature/1743767

Equation of state

» EoS gets very stiff inside pion condensation phase
» ‘supersonic’ region of pion condensate

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

180 T T T T 10
1501 chiral crossover g 0.8 max‘(cg) s
o 120} H | B
3 06
% 90 B T 0.8
. o)
Iy Lo04 0.6
60 E .
30l ‘E" 0.2 . 0.4
0 ‘ ‘ NS 0.0 : . 3
0 0.2 0.4 0.6 0.8 o v 2 3 4 5 8 7

}u/m Radius (km) of quark core
™

» comparison: YPT & Adhikari et al. '21 models & Avancini et al. '19

FRG £ Braun, Schallmo '22 XFT & Leonhardt et al. '20
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https://inspirehep.net/literature/1726102
https://inspirehep.net/literature/1826206
https://inspirehep.net/literature/1745903
https://inspirehep.net/literature/2061368
https://inspirehep.net/literature/1743767

Combining different conserved charges

> explore three-dimensional phase diagram

b & o
@ o
hadronic.
= _ B~

[}
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https://inspirehep.net/literature/1846542
https://indico.in2p3.fr/event/29792/contributions/137106/
https://inspirehep.net/literature/2757994
https://indico.in2p3.fr/event/29792/contributions/137327/
https://indico.in2p3.fr/event/29792/contributions/137435/

Combining different conserved charges

P explore three-dimensional phase diagram

» novel Taylor-expansion in pug starting from p; > 0

T =132 MeV

2
e

preliminary results for leading coefficient

X5 /m’
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https://inspirehep.net/literature/2757994
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Combining different conserved charges

P explore three-dimensional phase diagram

» novel Taylor-expansion in pug starting from p; > 0

6

5 T =132 MeV

! ¢

preliminary results for leading coefficient R %
3 2 ; }

1

P AL N
1o 02 04 06 038 1

o/ ma

P> resummation scheme combining T-and ppg-expansions & Borsanyi et al. '21
generalized to T- and pp @ s-expansions QU Jahan Tue 8:50 Bulk&Phase
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Combining different conserved charges

P explore three-dimensional phase diagram

» novel Taylor-expansion in pug starting from p; > 0

6
5 T =132 MeV
! ¢
preliminary results for leading coefficient R %
3 2 ; }
(l) S e
1o 02 04 06 038 1

pr/mx

P> resummation scheme combining T-and ppg-expansions & Borsanyi et al. '21
generalized to T- and pp @ s-expansions QU Jahan Tue 8:50 Bulk&Phase

» same approach used to build EoS including critical behavior around CEP
# Kahangirwe et al. '24  QQ Johannes Jahan poster
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Combining different conserved charges

P explore three-dimensional phase diagram

» novel Taylor-expansion in pug starting from p; > 0

6
5 T =132 MeV
! ¢
preliminary results for leading coefficient R %
3 2 ; }
(l) S e
1o 02 04 06 038 1

pr/mx

P> resummation scheme combining T-and ppg-expansions & Borsanyi et al. '21
generalized to T- and pp @ s-expansions QU Jahan Tue 8:50 Bulk&Phase

» same approach used to build EoS including critical behavior around CEP
# Kahangirwe et al. '24  QQ Johannes Jahan poster

P impact of isospin-asymmetry on dense quarkyonic matter Q Max Moss poster
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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
2 \ 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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https://inspirehep.net/literature/946829
https://inspirehep.net/literature/1118738
https://inspirehep.net/literature/1365560
https://inspirehep.net/literature/1330313

Phase diagram and critical point

> effective theory of QCD at B — oo: first-order transition = critical point!

& Miransky, Shovkovy '02

> estimate based on intermediate fields = eB, ~ 10(2) GeV?  Endrédi '15

N ]

A -

160 deconfinement transition line _]

Ly |

FY prediction ]

P L3 | ]

T 140 [\ S

= oy 4
= \

. oS ]

- ’ \ '

120 - \\ﬁrossover critical 7

__________ point i

100 - first order _]

L. . | | ]

5 10
eB (Gev?)

12 /19


https://inspirehep.net/literature/587763
https://inspirehep.net/literature/1365560
https://inspirehep.net/literature/1973501

Phase diagram and critical point

> effective theory of QCD at B — oo: first-order transition = critical point!

& Miransky, Shovkovy '02

estimate based on intermediate fields = eB. ~ 10(2) GeV? 2 Endrédi '15

recent update 4 GeV? < eB. <9 GeV? 2 D'Elia, Maio, Sanfilippo, Stanzione '21

B e e e o L s e s T T T T T
K ] 1D PASm O a=0.1144 fm- N, =36] 4
B : e I 1 L O a=0.1144fm-N, =48
160 & deconfinement transition line _] A a=0.0858 fm - N, =48
L B
. L '.‘ prediction - = eB =9 GeV’
> [ T =
2 140 o ] Hoost
< \ =
o Lo ] =
= CoN ] a A
N | =3
120 C \ﬁrossover e ] o
N point i A
_____________ a
L = = 0 8% A 4
100 first order _| 8
[ . P R \ \ LA 8
60 80 100 120 140
5 10 T [MeV]
eB (Gev?)
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https://inspirehep.net/literature/587763
https://inspirehep.net/literature/1365560
https://inspirehep.net/literature/1973501

Phase diagram and critical point
> effective theory of QCD at B — oo: first-order transition = critical point!
& Miransky, Shovkovy '02
> estimate based on intermediate fields = eB, ~ 10(2) GeV?  Endrédi '15

recent update 4 GeV? < eB. <9 GeV?2 2 D’Elia, Maio, Sanfilippo, Stanzione '21

T ° T T T T T
. QGP . e 1D PALum O a=0.114 fm-N, =36|
e 4 M . ™ L © a=0.1144fm-N, =48
U R A a=00858 fm-N, =48
o ~ 2
. ! - 2 eB =9 GeV
o W osk |
¢ i L0s
&
i y e § %_ a
5 hadronic A
+ or s 2 7
- 2 eB 8
~ 7GeV | | . ® | 8
60 80 100 120 140
T [MeV]

KB
> first ever lattice evidence for first-order phase transition in QCD at physical
masses and physical parameters!
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https://inspirehep.net/literature/587763
https://inspirehep.net/literature/1365560
https://inspirehep.net/literature/1973501

Magnetic fields and nonzero density

> relationship between the critical points?

P recent lattice simulations with B > 0 and ug > 0

[

via ipg simulations & Braguta et al. '19 & Astrakhantsev et al. '24 & Valois et al. '23

via Taylor-expansion & Dingetal. 21 & Ding et al. '23

» ensuring the conditions ns = 0, ng/ng = 0.4 more challenging # valois et al. 23

1.75 ]
150 eB =0.0 GeV? eB=0.5GeV? | eB=0.8GeV?
’ sty
1.25 .-

B s an®
100 H xoo I."" ..‘.
0751 W xss = =" -t s bl - -

= I & 8 8 X !
0.50 .‘i'.' I Ea
- sanEs
aEg® - |l' =
025y :.I..."'. j
g ==®

0.00 = : A . .

140 160 180 140 160 180 140 160 180 13/ 19
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https://inspirehep.net/literature/1755204
https://inspirehep.net/literature/2767675
https://inspirehep.net/literature/2740613
https://inspirehep.net/literature/1858191
https://inspirehep.net/literature/2737007
https://inspirehep.net/literature/2740613

Magnetic fields in heavy-ion collisions

» how to measure B in heavy-ion collisions?

P suggestions for observables to use as magnetometers  Ding et al. '23

225 0 1 2 3 4 5 6 7 8eB/M2 0 1 2 3 4 5 6 7 8eB/M2
80/9 cont. est. ——HRG 6 Jio)io(eB, T(eB!

200] WIS TdeB) e T (IJ(Q u/an)a & Tpc:m'n
XENE0.To0)  mmni=12 g 5 (HolHe)Lo{0, Tpe y

LQCD HRG

08

002 0.06 0.10 0.14
0.00 0.02 0.04 0.06 008 010 0.12 0.14 0.00 0.02 0.04 0.06 0.08 010 012 0.14
eB [GeV?] eB [GeV?]

Hadron Resonance Gas model at nonzero magnetic fields & Endrédi '13

issues with HRG to match to experimental yields
& Marczenko et al. '24 & Vovchenko et al. '24 QU Vovchenko Wed 11:40 Bulk&Phase

> estimating the magnetic field in HIC
via virtual photon polarization and dilepton anisotropy Q Minghua Wei poster
via heavy quark spin polarization Q Sharma Wed 9:50 Q Chen Wed 11:20 Bulk&Phase
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https://inspirehep.net/literature/2737007
https://inspirehep.net/literature/1209577
https://inspirehep.net/literature/2789946
https://inspirehep.net/literature/2790376
https://indico.in2p3.fr/event/29792/contributions/137187/
https://indico.in2p3.fr/event/29792/contributions/137444/
https://indico.in2p3.fr/event/29792/contributions/137127/
https://indico.in2p3.fr/event/29792/contributions/137212/

Beyond constant magnetic fields:
inhomogeneities



Inhomogeneous magnetic fields

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

y(im

y(im

©

E

Qv

e<lEd>

pEL=T
x(im)

5 107I85- 1075 075 10 1t

x(im)

15165
x(fm)

5710°1s
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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

bt

y(im

y(im

SI510-570"5 10185105 0" 5 10 181510 5 0 5 107Ts

oars
- ;iﬂ// \\1\'
; B T

> consider profile B(x) = Bcosh™2(x/€) & Dunne '04

x(fm) x(im) x(fm)
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Inhomogeneous magnetic fields

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

0200

s

o150

y(fm)

o1z

& o100

oo7s

1 K
- ] NN
E 5 0050 .
1 — ~
B o L o S L= U S LR — % =

x(fm) x(im) x(fm)

consider profile B(x) = Bcosh™2(x/€) & Dunne '04

im act: condensate, POI akOV |OO 0.20 3(x,7,8) T=155 MeV
p y p = ShxT.8) VeB =0.82 GeV

LP4(x.T, B)

2nPy(x,7.8)

& Brandt, Cuteri, Endrédi, Marké, Sandbote, Valois '23

0.10
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0.00
-0.05
-2 -1 0 1 2
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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
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Magnetic fields and chiral imbalance:
anomalous transport



Anomalous transport

» chiral magnetic effect (CME) & Fukushima, Kharzeev, Warringa '08
vector current due to magnetic field and (low) chirality

(J) = Comg - pis - B

» chiral separation effect (CSE): & Son, Zhitnitsky '04
axial current due magnetic field and (low) density

— —

(Js) = Cesp - - B

» experimental searches for CME and related observables & STAR collaboration '21

» difficult to remove noise and v»-related effects Q Han-Sheng Li poster
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https://inspirehep.net/literature/793742
https://inspirehep.net/literature/650878
https://inspirehep.net/literature/1914564
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Anomalous transport

» chiral magnetic effect (CME) # Fukushima, Kharzeev, Warringa '08
vector current due to magnetic field and (low) chirality

—

(J) = Comg - pis - B

» chiral separation effect (CSE): & Son, Zhitnitsky '04
axial current due magnetic field and (low) density

— —

(Js) =Ccsg-pu- B

» experimental searches for CME and related observables & STAR collaboration '21
» difficult to remove noise and v»-related effects Q Han-Sheng Li poster

» must distinguish in-equilibrium and out-of-equilibrium effects
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CSE from lattice QCD

> first determination of in-equilibrium CSE coefficient with continuum
extrapolated lattice simulations & Brandt, Endrédi, Garnacho, Marks, '23

0.05F

CEsE(m/T = 0)

0.04

Cose 0.03
Cdot

0.02

0.01

el el ot i< |

P, EF gas

0 100 200 300 100
T [MeV]

» Ccsg = 1/(27?) for high T
» CSE is suppressed in hadronic phase (see also # Buividovich, Smith, von Smekal 21 )

» Ccse(T) is a good measure for chiral symmetry restoration
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https://inspirehep.net/literature/2730506
https://inspirehep.net/literature/1835283

CME from lattice QCD

> first determination of in-equilibrium CME coefficient with continuum
extrapolated lattice simulations & Brandt, Endrédi, Garnacho, Marké, '24
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CME from lattice QCD

> first determination of in-equilibrium CME coefficient with continuum
extrapolated lattice simulations & Brandt, Endrédi, Garnacho, Marké, '24
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P resolves long-standing contradiction in the literature £ Yamamoto '11
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CME from lattice QCD

> first determination of in-equilibrium CME coefficient with continuum
extrapolated lattice simulations & Brandt, Endrédi, Garnacho, Marké, '24
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P resolves long-standing contradiction in the literature £ Yamamoto '11

» non-trivial response in inhomogeneous field B(x)
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CME from lattice QCD

> first determination of in-equilibrium CME coefficient with continuum
extrapolated lattice simulations & Brandt, Endrédi, Garnacho, Marké, '24

T=113 MeV
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P resolves long-standing contradiction in the literature £ Yamamoto '11
» non-trivial response in inhomogeneous field B(x)

» this is not the out-of-equilibrium effect
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Summary



Summary

» T — uy phase diagram
and pion condensation

» faster-than-conformal sounds

» T — B phase diagram
and the critical point

» in-equilibrium anomalous transport
phenomena from lattice QCD
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