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Introduction



Quarks and gluons in extreme conditions

> heavy ion collisions T < 10'2°C = 200 MeV, n < 0.12 fm~3
B <10 G =0.3 GeV?/e
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Quarks and gluons in extreme conditions

> 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

Outer crust: nuclei

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

Uniform nuclear matter
Condensates of

nKZ .7
Quarks?

~0.3km ~0.6 km ~10km

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

Quarks and gluons in extreme conditions
> 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

RHIC-BES \"Quark-Gluon ¥,
.

e £+ Plasma_ " a~ @

b e

Temperature T [MeV]

Nuclotron-M
«im]. onic phase “#
SIs-100
. \Color Super-
stars conductor

aryon dehsity n/ no
no=0.16 fm—3




Major experimental and observational campaigns

J-PARC (Japan) NICA (Russia) FAIR (Germany)
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QCD phase diagram(s)



Phase diagram

» control parameters: T, n+> pu, B
Mudsy | #{B,Q.5} | H{B.1S}
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Phase diagram

» control parameters: T, n<> u, B
[{udst | 1{B,Q5S} / 1{B,1S}
» weH-knewn famous phase diagram
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Phase diagram

» control parameters: T, n<> pu, B
Mudsy /| 114B,Q.5} / H{B,1.S}

» weH-knewn famous phase diagram

» well-known, less famous phase diagrams
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Phase diagram

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

» wel-krewn famous phase diagram
» well-known, less famous phase diagrams
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Phase diagram

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

» weH-knewn famous phase diagram
» well-known, less famous phase diagrams
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Phase diagram

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

» weH-knewn famous phase diagram
» well-known, less famous phase diagrams
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Phase diagram

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

» weH-knewn famous phase diagram
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Phase diagram

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

» weH-knewn famous phase diagram
» well-known, less famous phase diagrams
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Methods to study QCD thermodynamics



Lattice simulations
» Euclidean QCD path integral over gauge field A
Z= /D.A eS¢l det[P[.A] + m]
» Monte-Carlo simulations need: det[) + m] € R™

need:  pri=p', rir=1

> dr v

B, w, ipg, iE

continuum limit to recover full theory

» AT x complex action (sign) problem
pe, E
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Functional renormalization group

» renormalization group flow from UV to IR
# Kadanoff '66 & Wilson '71

» for QCD: from quarks and gluons to hadrons and nuclei

Nucleus

_ Nucleon

via successive integration of high-momentum modes
Wetterich equation & Wetterich '92

> exact flow equation, access to complete phase diagram v/

> requires approximations (truncations, Ansatze) to solve x
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https://inspirehep.net/literature/50012
https://inspirehep.net/literature/67608
https://inspirehep.net/literature/33814

Thermodynamics at ug = 0



Chiral limit at zero density

P transition at physical quark masses is a crossover

& Aoki et al. '06 & Bhattacharya et al. '14

<

Ne=2

Crossover

N

Crossover

® Physical point

0 Mo

> chiral limit: expect 13 _3 and 13 _,/2}_, depending on

0

Muy,d

UA(].) restoration & Pisarski, Wilczek '84
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https://inspirehep.net/literature/731401
https://inspirehep.net/literature/1282138
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.29.338
https://inspirehep.net/literature/1893452
https://inspirehep.net/literature/1836199

Chiral limit at zero density

P transition at physical quark masses is a crossover

0

& Aoki et al. '06 & Bhattacharya et al. '14

Ne=2

Ni =2

Crossover

N

Crossover

® Physical point

Crossover

Mud

0

Muy,d

0

Mud

> chiral limit: expect 13 _3 and 13 _,/2}_, depending on
UA(].) restoration & Pisarski, Wilczek '84

> lattice exploiting tricritical scaling in N¢: 2j!_, 5

# Cuteri, Philipsen, Sciarra '21
FRG including 't Hooft coupling 2‘,{2:2 # Braun et al. '20


https://inspirehep.net/literature/731401
https://inspirehep.net/literature/1282138
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.29.338
https://inspirehep.net/literature/1893452
https://inspirehep.net/literature/1836199

Chiral limit at zero density

» scaling of pseudocritical temperature gives:
h
Te(mug = 0, mE™®) = 13213 MeV 2 Ding et al. 19
compare & Kotov et al. '21 & Borsanyi et al. '20 & Aarts et al. '20

Nf =3: Te(myg =ms =0) = 98J_rg MeV & Dini et al. 21
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https://inspirehep.net/literature/1724780
https://inspirehep.net/literature/1864369
https://inspirehep.net/literature/1779106
https://inspirehep.net/literature/1805765
https://inspirehep.net/literature/1975453
https://inspirehep.net/literature/1788610
https://inspirehep.net/literature/1724780

Chiral limit at zero density

» scaling of pseudocritical temperature gives:

Te(myug = 0, mE"™*) = 132%3 MeV 2 Ding et al. '19

compare & Kotov et al. '21
Ne=3: Te(myg =ms =0) = 98J_rg MeV & Dini et al. 21

» direct comparison between FRG and lattice

# Braun et al. '20

(1,8)
M

X

X, my)/

# Ding et al. '19

HotacD:
- m. =140 MeV
8% x 12
N —F- ma =110 MeV
\ 60° x 12
—§- m. =80 MeV.

\ 60° x 12
W & m.=55MeV
\

569 x 8

& Borsanyi et al. '20

& Aarts et al. '20
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https://inspirehep.net/literature/1724780
https://inspirehep.net/literature/1864369
https://inspirehep.net/literature/1779106
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Thermodynamics at ug > 0



Phase diagram in the T — upg plane

» analytical continuation of lattice results at ipug > 0
consistency with Taylor expansion # Borsanyi et al. '20

» functional methods prefer critical endpoint

» FRG: 2 Fu, Pawlowski, Rennecke '20 & Gao, Pawlowski '20
& Otto, Busch, Schaefer '22
DSE: including meson backcoupling effects & Gunkel, Fischer '21
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https://inspirehep.net/literature/1752951
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Phase diagram in the T — upg plane

» analytical continuation of lattice results at ipug > 0
consistency with Taylor expansion # Borsanyi et al. '20

» functional methods prefer critical endpoint

» FRG: 2 Fu, Pawlowski, Rennecke '20 & Gao, Pawlowski '20
& Otto, Busch, Schaefer '22
DSE: including meson backcoupling effects & Gunkel, Fischer '21
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inhomogeneous instability at large pug?
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https://inspirehep.net/literature/1779106
https://inspirehep.net/literature/1752951
https://inspirehep.net/literature/1826265
https://inspirehep.net/literature/2101858
https://inspirehep.net/literature/1868826

Equation of state

» combining Taylor expansion in pg and shift in T
O(T,pg) = O(T — ku%,0)

P primary observable: baryon density

T ] 45 —tugT=0
s =k |
HgT=15 i BT =1
w2 35 "‘“‘ﬁ:ﬁés PLLE
heT3s 1 3 werias !!l‘ .
R _
I!!!!”. 1 £ 251 5 l.:!:,s*
III t . s=i gzl
{II wemreeet] 5 2T gE gzl zgift 1
I L | 15| it TN
’ 1iia=? RPN 1 b sipit —
02 Ly B o 1 Lagrit
i .t 05 bt
0 T T T T T T ! ! ! ! ! ! !
120 140 160 180 200 220 240 120 140 160 180 200 220 240
T [MeV] T [MeV]

& Borsanyi et al. '21

> at zero strangeness density, relevant for HIC & Borsanyi et al. '22
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https://inspirehep.net/literature/1846542
https://inspirehep.net/literature/2031417

Further results

> alternative resummation schemes £ Mondal et al. '21

» imaginary chemical potentials and Roberge-Weiss phase
transitions & Brandt et al. '22

» QCD transition in the heavy quark/quenched limit

# Borsanyi et al. '22

» thermal effects on hadrons, chiral-spin symmetry
# Aarts et al. '20 & Glozman, Philipsen, Pisarski '22

P transport properties - photon emissivity ¢ Cé et al. '22

» heavy quark diffusion & Brambilla et al. 22 & Altenkort et al. '22
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https://inspirehep.net/literature/1867261
https://inspirehep.net/literature/2120532
https://inspirehep.net/literature/2030630
https://inspirehep.net/literature/1805765
https://inspirehep.net/literature/2065218
https://inspirehep.net/literature/2077542
https://inspirehep.net/literature/2092561
https://inspirehep.net/literature/1984725

Thermodynamics at p; > 0



Phase diagram in the T — u, plane

> =y —
» phases:

hadronic, quark-gluon plasma, BEC of charged pions @ 9
# Brandt, Endrédi, Schmalzbauer '17 & Brandt, Endrédi '19

)
)

100 200 300
Isospin chemical potential (MeV)

r Chirg,
LCr OSSOVe

—_
[o)}
o

pseudo—triple
point

AN

120

Temperature (MeV)
=
o

» compares well to xPT at low T
& Son, Stephanov '01 & Adhikari et al. '20
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https://inspirehep.net/literature/1644793
https://inspirehep.net/literature/1700569
https://inspirehep.net/literature/527756
https://inspirehep.net/literature/1826206

Equation of state on the lattice

P primary observable: isospin density

T OlogZ

np= vV 8,LLI )

i
/ /
p(T ) = p(T.0) = [ d m)
> resultsat T ~0
# Brandt, Endrédi, Fraga, Hippert, Schaffner-Bielich, Schmalzbauer '18
# Brandt, Cuteri, Endrédi '22

2 , : ; , , ,
! . 0.6F ' . ) ) |
vacuum | pion c;)lndensed vacuum © pion cﬁzssmed

157 ' phase 1 04t ' p |
' 1

mg m,, /2 wEF 0.2} E |
El : 1 = o= }
< ' y
! 1
' 1

0.5 ! /% 1 —0.2} mof2 ]

7 70 4 1 ]
0 & & :

03 04 05 06 07 08 09 1 03 04 05 06 07 08 09
ul/mvr PJ/T’LW

12 /19


https://inspirehep.net/literature/1655858
https://inspirehep.net/literature/2610489

Equation of state on the lattice

» results at T # 0 & Brandt, Cuteri, Endrédi '22
& Vovchenko, Brandt, Cuteri, Endrédi, Hajkarim, Schaffner-Bielich '20

P interaction measure peak shifts to lower T as u; grows

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

0.8 ;
:
\
0.6F i
04 : \
! A
h
H
0.2+
max/2 / pion condensed
vacuum 1 // phase
i )
%.3 0.4 0.5 0.6 0.7 0.8 0.9 160 0
fr [
pr/max T [MeV]

> EoS gets very stiff inside pion condensation phase
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https://inspirehep.net/literature/2610489
https://inspirehep.net/literature/1815329

Speed of sound

P ‘supersonic’ region of pion condensate

> first time that ¢; > 1/4/3 found in a first-principles lattice
QCD calculation

180

150 ¢

chiral crossover
120 +

90

T [MeV]

60 r

0 02 04 06 08
wr/mae
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https://inspirehep.net/literature/1726102
https://inspirehep.net/literature/2061368
https://inspirehep.net/literature/1743767

Speed of sound

P ‘supersonic’ region of pion condensate

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

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

180 T T T T 10
1501 hiral crossover % 0.8 max(c) <
< 1.0
> 120 3 06 .
§ 90 k] 0.8
= i)
IS N = 04 0.6
60 E l
30l g 0.2 l 0.4
0 . . ' /77, 0.0 N l b
0 0.2 0.4 0.6 0.8 o1t 2 3 4 5 8 7

ﬂ]/m Radius (km) of quark core
T
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https://inspirehep.net/literature/1743767

Speed of sound

P ‘supersonic’ region of pion condensate

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

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

» ¢ at ug > 0 from FRG and xEFT

& Braun, Schallmo '22 & Leonhardt et al. '20

180 T T T T 10
1501 hiral crossover % 0.8 max(c) <
< 1.0
> 120 3 06 .
§ 90 k] 0.8
o © 04
S ot = H-
I
30l g 0.2 l 0.4
0 . . ' /77, 0.0 N l b
0 0.2 0.4 0.6 0.8 o1t 2 3 4 5 8 7

ﬂ]/m Radius (km) of quark core
T
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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

np nQ nLa
—_— b _—= 0 _—= Ia s s
Z-b 2-0 = (a € fe.n,7})

> parameters: T, pupg, HQ, ML,

P> experimental constraints & Planck coll. '15 & Oldengott, Schwarz '17

b=(8.60+0.06)- 10", ||l +l, + /| < 0.012]

(the individual /, may have opposite signs)
» ng = 0 with /o > 0 allows equilibrium of e™, ve, m"
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https://inspirehep.net/literature/1343079
https://inspirehep.net/literature/1602926

Cosmic trajectories

» cosmic trajectory T(ug) is solved for

» standard scenario (I, =0): ug =0 forall T

& Vovchenko, Brandt,

-0

I+,

pion-condensed phase

Cuteri, Endrédi, Hajkarim, Schaffner-Bielich '20

100

200 300 400

1, [MeV]
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https://inspirehep.net/literature/1815329

Cosmic trajectories

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

T [MeV]
L+l =

0

pion-condensed phase

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

i n I L
100 200 300 400

1, [MeV]

» condition for pion condensation to occur:

e+ 1, + 1] < 0.012

e+ 1, 201
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https://inspirehep.net/literature/1815329

Cosmic trajectories

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

3
8
=0

T [MeV]
1+

pion-condensed phase

L i n I L
0 100 200 300 400

uy [MeV]
# Vovchenko, Brandt, Cuteri, Endrédi, Hajkarim, Schaffner-Bielich '20

» condition for pion condensation to occur:

e+, + ] <0.012| ||le+1,] >0.1

» enhanced primordial grav. waves (SKA)
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https://inspirehep.net/literature/1815329

Thermodynamics at B > 0



Phase diagram and critical point

» physical m;, staggered quarks, continuum limit
# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11 £ '12 & Endrédi '15

strange, quark number
s% suscegptilglnlity

average light quark
ZE ngensats
§ Polyakov loop

140

T (MeV)
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https://inspirehep.net/literature/946829
https://inspirehep.net/literature/1118738
https://inspirehep.net/literature/1365560
https://inspirehep.net/literature/1365560
https://inspirehep.net/literature/1973501

Phase diagram and critical point

» physical m;, staggered quarks, continuum limit

# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11 £ '12 & Endrédi '15

> transition strengthens = critical point at eB. ~ 10(2) GeV?
& Endrédi '15

e e B e A
i ]
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Phase diagram and critical point

» physical m;, staggered quarks, continuum limit

# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11

212

& Endrédi '15

> transition strengthens = critical point at eB. ~ 10(2) GeV?
& Endrédi '15

> simulating up to eB ~ 9 GeV? = 4 GeV? < eB. < 9 GeV?
# D’Elia, Maio, Sanfilippo, Stanzione '21
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https://inspirehep.net/literature/946829
https://inspirehep.net/literature/1118738
https://inspirehep.net/literature/1365560
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https://inspirehep.net/literature/1973501

Further results on magnetic fields

» fluctuations of conserved charges at B >0, T >0
# Ding et al. '21

» anomalous transport phenomena at B > 0
& Astrakhantsev et al. '20 & Brandt, Cuteri, Endrédi, Garnacho, Marké '22

> magnetic susceptibility
& Buividovich, Smith, von Smekal '21

beyond homogeneous magnetic fields

» inhomogeneous magnetic fields
# Valois et al. '21

> electric background fields
& Endrédi, Marké '22
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Summary



Summary

» closing down on the pg > 0
critical endpoint:
lattice, FRG, DSE

» T — uy phase diagram
(supersonic) pion condensation
possible impact on cosmology

» T — B phase diagram
and the critical point
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