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Strong force

» quarks and gluons “confined” in the proton
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Collision experiments [CERN outreach]
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Cold versus hot

P> two distinct phases of matter
cold, confined  wvs. hot, deconfined

P phase transition in between

» theory of quarks and gluons: Quantum ChromoDynamics

what is the nature of these phases?
what is the reason behind confinement and deconfinement?
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Outline

» why? — quarks and gluons in the Universe around us
» how? — quarks and gluons on a supercomputer
> selected lattice QCD results
» QCD in magnetic fields — phase diagram
» QCD in electric fields — equilibrium and linear response
» axion-photon coupling

> summary
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Quarks and gluons in the Universe around us



Extreme environments

» hot and/or dense strongly interacting matter in
> QCD epoch of early Universe
» heavy-ion collisions
» neutron stars and their mergers

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

Uniform nuclear matter
Condensates of

TKE, .2
Quarks?

~03km ~0.6 km ~10km
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https://astro.uni-frankfurt.de/rezzolla/research/neutron-star-physics/

Major experimental and observational campaigns
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Major experimental and observational campaigns
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Magnetic fields

> off-central heavy-ion collisions # Kharzeev, McLerran, Warringa '07

impact: chiral magnetic effect, anisotropies, elliptic flow ...
& Fukushima '12 & Kharzeev, Landsteiner, Schmitt, Yee '14

Reaction
plane

(%) \

X (defines )
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Magnetic fields

> off-central heavy-ion collisions # Kharzeev, McLerran, Warringa '07

impact: chiral magnetic effect, anisotropies, elliptic flow ...
& Fukushima '12 & Kharzeev, Landsteiner, Schmitt, Yee '14

» magnetars & Duncan, Thompson '92

impact: equation of state, mass-radius relation & Ferrer et al '10
gravitational collapse/merger # Anderson et al '08

¥ [km]
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Magnetic fields

» off-central heavy—ion collisions # Kharzeev, McLerran, Warringa '07
impact: chiral magnetic effect, anisotropies, elliptic flow ...
& Fukushima '12 & Kharzeev, Landsteiner, Schmitt, Yee '14

» magnetars & Duncan, Thompson '92
impact: equation of state, mass-radius relation & Ferrer et al '10

gravitational collapse/merger & Anderson et al '08

» in the early universe, generated through phase transition in
electroweak epoch # Vachaspati '91 & Enquist, Olesen '93
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Magnetic fields

>

off-central heavy-ion collisions # Kharzeev, McLerran, Warringa '07

impact: chiral magnetic effect, anisotropies, elliptic flow ...
& Fukushima '12 & Kharzeev, Landsteiner, Schmitt, Yee '14

magnetars & Duncan, Thompson '92

impact: equation of state, mass-radius relation & Ferrer et al '10
gravitational collapse/merger & Anderson et al '08

in the early universe, generated through phase transition in
electroweak epoch # Vachaspati '91 & Enquist, Olesen '93

strength: B = 101 T ~ 10%°B,p4n ~ 5m72T

~» competition between strong force and electromagnetism
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Quarks and gluons on a supercomputer



Particles and fields

P particles are excitations of fields

rl
. string ~ field
} 3 amplitude of vibration ~ # of particles
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Particles and fields

P particles are excitations of fields

string ~ field
amplitude of vibration ~ # of particles
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Quarks o Leptons 0 Force particles
(hosons)
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Standard Model and QCD
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» the Standard Model involves three types of interactions

force mediator particle  strength
electromagnetic v a=1/137
weak Z, W ay,, ~ 1079

strong g as ~1



Standard Model and QCD

o

Higgs boson

&y |
~
|
|

Quarks 0 Leptons 0 Force particles
(bosons)

» the Standard Model involves three types of interactions

force mediator particle strength
electromagnetic v a=1/137
weak Z, W ay,, ~ 1079
strong g as~1

» strong sector: Quantum Chromodynamics (QCD)
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Path integral and lattice field theory

» path integral & Feynman 48

Z = / DA, DY D exp ( — / d*x LQCD(X)>

> discretize spacetime on a
lattice with spacing a
& Wilson '74

» Monte-Carlo algorithms to generate configurations

like in the 2D Ising model:
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https://inspirehep.net/literature/22425
https://inspirehep.net/literature/89145

Path integral and lattice field theory

» path integral & Feynman 48

Z = / DA, Dy D exp ( — / d*x LQCD(X)>

> discretize spacetime on a
lattice with spacing a
& Wilson '74

» Monte-Carlo algorithms to generate configurations

# animation courtesy D. Leinweber

with field configurations
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https://inspirehep.net/literature/22425
https://inspirehep.net/literature/89145
http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/

Path integral and lattice field theory

» path integral & Feynman 48

Z = /DAM D) D) exp ( — /d4x LQCD(X)>

> discretize spacetime on a
lattice with spacing a
& Wilson '74

» Monte-Carlo algorithms to generate configurations

with ~ 10° variables ~ high-performance computing

# nvidia.com & amd.com

o - \'-\‘»,, _ ]
- ; .
e z :

a
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Path integral and lattice field theory

» path integral & Feynman 48

Z = /DAM D) D) exp ( — /d4x LQCD(X)>

> discretize spacetime on a
lattice with spacing a =
& Wilson '74

» Monte-Carlo algorithms to generate configurations

» works only if path integral weight is positive
otherwise: sign (complex action) problem

T>0 V
N>0 x
B>0 Vv
E>0 x
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Phase diagram



The phases of QCD

> most important symmetry: chiral symmetry

> order parameter: quark condensate ¥ = 8'5’,%72
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The phases of QCD

> most important symmetry: chiral symmetry

> order parameter: quark condensate ¥ = 8'5’572

# Borsanyi et al. '10
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The phases of QCD

> most important symmetry: chiral symmetry

> order parameter: quark condensate ¥ = 8'5’512

# Borsanyi et al. '10
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The phases of QCD

> most important symmetry: chiral symmetry

> order parameter: quark condensate ¥ = 8'5’512

# Borsanyi et al. '10
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P crossover & Aoki et al. '06 & Bhattacharya et al. '14
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The phases of QCD

> most important symmetry: chiral symmetry

> order parameter: quark condensate ¥ = 8'5’,%72

# Borsanyi et al. '10
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P crossover & Aoki et al. '06 & Bhattacharya et al. '14
» T, < inflection point & Borsanyiet al. '10 & Bazavov et al. '18

11/ 24


https://inspirehep.net/literature/855185
https://inspirehep.net/literature/731401
https://inspirehep.net/literature/1282138
https://inspirehep.net/literature/855185
https://inspirehep.net/literature/1710348

The phases of QCD

> most important symmetry: chiral symmetry

> order parameter: quark condensate ¥ = 8'5’572
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P crossover & Aoki et al. '06 & Bhattacharya et al. '14

» T, < inflection point & Borsanyiet al. '10 & Bazavov et al. '18

» impact of B on quark condensate?
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Magnetic catalysis

» magnetic field treated as classical background field
(no back-reaction)

» magnetic field aligns quark magnetic moments ¢S || B

» spin-zero composite states preferred

“magnetic catalysis” & Gusynin, Miransky, Shovkovy '95
» can be related to positivity of QED S-function « Endrédi '13

P> magnetic catalysis in various settings & Shovkovy '12

> effective theories, QCD models predicted magnetic catalysis
for all temperatures & Andersen, Naylor, Tranberg '16

12/ 24


https://inspirehep.net/literature/399559
https://inspirehep.net/literature/1209577
https://inspirehep.net/literature/1123512
https://inspirehep.net/literature/1330313

Inverse catalysis and phase diagram

» physical m,, staggered quarks, continuum limit
# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11 £ '12
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P> magnetic catalysis at low T
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Inverse catalysis and phase diagram

» physical m,, staggered quarks, continuum limit
# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11 £ '12
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> magnetic catalysis at low T

> inverse magnetic catalysis (IMC) in transition region
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Inverse catalysis and phase diagram

» physical m,, staggered quarks, continuum limit
# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11 £ '12
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P> magnetic catalysis at low T
> inverse magnetic catalysis (IMC) in transition region

> T, is reduced by B
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Inverse catalysis and phase diagram

» physical m,, staggered quarks, continuum limit
# Bali, Bruckmann, Endrédi, Fodor, Katz et al. '11 £ '12
# Endrédi '15
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P> magnetic catalysis at low T
> inverse magnetic catalysis (IMC) in transition region

> T, is reduced by B
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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 estimated from numerical simulations
eB. ~ 10(2) GeV? & Endrédi ‘15
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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 estimated from numerical simulations
eB. ~ 10(2) GeV? & Endrédi ‘15

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



Susceptibility and permeability

» leading-order dependence of free energy density on B
0°f
X= " 3752
9(eB)?|5_,
» permeability # Landau-Lifschitz Vol 8. 1 = (1 — e?x) ™!

» 1 >1(x>0) : paramagnetism
uw<1(x<0) : diamagnetism
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Susceptibility and permeability
» leading-order dependence of free energy density on B
X =

» permeability # Landau-Lifschitz Vol 8. 1 = (1 — e?x) ™!

Pf

9(eB)?|5_,

» 1 >1(x>0) : paramagnetism
uw<1(x<0) : diamagnetism
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Susceptibility and permeability
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QCD in electric fields



Electric fields
P static homogeneous electric field E: charges accelerated to oo

» equilibrium requires infrared regularization
~~ finite wavelength 1/k;

g @@ g
o0 y

> charge distribution where electric and diffusion forces cancel

3

> finally take homogeneous limit k1 — 0
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Electric fields

P static homogeneous electric field E: charges accelerated to oo

» equilibrium requires infrared regularization
~~ finite wavelength 1/k;

g S/ g
O] QO ®®

» charge distribution where electric and diffusion forces cancel

3

X

> finally take homogeneous limit k1 — 0
» we only consider thermal effects (no Schwinger pair creation)
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Analogy: barometric distribution

» recall barometric formula above ‘flat earth’ & tec-science.com

T=E-SCIENCE.COM R
F=@-dpyA
air density p - =

- atmospheric pressure p - dp

a3

-—= atmospheric pressure p

base area A

> gravitational force <+ electric force

P atmospheric pressure <> fermionic degeneracy pressure
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https://www.tec-science.com/mechanics/gases-and-liquids/barometric-formula-for-an-adiabatic-atmosphere/

Electric susceptibility

» leading impact of E on free energy f (permittivity)
» here: perturbative QED at nonzero T
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Electric susceptibility

» leading impact of E on free energy f (permittivity)
» here: perturbative QED at nonzero T
» Schwinger's approach # Schwinger '51

# Loewe, Rojas '92 & Elmfors, Skagerstam '95 & Gies '98

E2
f(E) = f= _£SChwingcr : ) +...
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Electric susceptibility

» leading impact of E on free energy f (permittivity)
» here: perturbative QED at nonzero T
» Schwinger's approach # Schwinger '51

# Loewe, Rojas '92 & Elmfors, Skagerstam '95 & Gies '98

E2

f= _£SChwingcr : 7 +...

27id( p —m )

/_’) p+m+15 +(p+ m) elPol/T 41
v=20

P generalize calculation to m > 0 £ Endrédi, Marké 2208.14306
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Equilibrium and mismatch
> evaluated in absence of charge distribution (1 = 0)

T2
a2 + O(kl)

non—equi _
gVVeldon 3 k
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Equilibrium and mismatch
> evaluated in absence of charge distribution (1 = 0)

T2
212 + O(kl)

non—equi _
gVVeldon 3 k

P evaluated “along local equilibria”
(N(X) such that alu/(‘)x = —E) e\ e e

) [EE) [CER

i 1 2
€\eigélldmu = 102 lIOg ) +1

O(m?/T?)
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Equilibrium and mismatch
> evaluated in absence of charge distribution (1 = 0)

T2
a2 + O(kl)

non—equi _
gVVeldon 3 k

P evaluated “along local equilibria”

(N(x) such that Ou/0x = —E) 9O\ O 09,
equi _ 1 [ T2 O 2 T2
gWeldon - 127[.2 og W +1 (m / )
1 T2
éSchWinger = _m ['Og W -1 O(m2/-’-2)
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Equilibrium and mismatch
> evaluated in absence of charge distribution (1 = 0)

T2
a2 + O(kl)

non—equi _
gVVeldon 3 k

P evaluated “along local equilibria”
(N(X) such that alu/(‘)x = —E) e\ e e

) [EE) [CER

i 1 T 2,72
EWeldon = 1022 [IOgmz +1| +0(m"/T7)

1 T
éSchWinger = 127_[_2 ['Og O(m2/-’-2)

» note different ordering of limits: V — covs. E — 0
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Equilibrium and mismatch

> evaluated in absence of charge distribution (1 = 0)

non—equi T2
§Weldor? = 3/(2 + O(kl)

P evaluated “along local equilibria”
(N(X) such that alu/(‘)x = —E) e\ e e

) [EE) [CER

i 1 s 2 /12
EWeldon = 1022 ['C’gmg +1| +0(m"/T7)

1 T2
éSchWinger = _m ['Og W - O(m2/-’-2)

» note different ordering of limits: V — covs. E — 0

» no mismatch for magnetic susceptibility (no displaced charges)
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Full QCD

» |attice QCD simulations for 5%3;1(1011

» continuum limits for magnetic and electric susceptibilities,
compared to perturbation theory at high T

6 _| T T T I T T T T I T T T |_

o [ d
2 4 i
w : cont. :
I, 2 limit O(zx')_ ]
% f 5
o ]

i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 i

200 300
T (MeV)

# Endrddi, Marké '22
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Axion-photon coupling



Axions as dark matter

» extend Standard Model with new field: axion a

1
L=Lsy+ Eauaaua +aTr€uvop Gy Gop +a 8ayy €pvopFuvFop
Q EB
top :

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

P is a possible dark matter candidate
P extensive experimental campaign:
haloscopes and helioscopes # ADMX & CAST & XENONI1T
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Axion-photon coupling

P> most relevant parameter for experimental detection

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

oyl oo

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

» QCD contribution, for slowly varying a fields

QCD __ 82 |OgZ a<C)top>

827 T 929(E-B)  O(E-B)
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https://inspirehep.net/literature/1403792

Axion-photon coupling on the lattice

» QCD contribution

QCD _ <Qt0p>
S T( )

» shift in mean topology by parallel magnetic and imaginary
electric fields
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» first results for g,-,,W & Hernandez et al. '22

P to be extrapolated to the continuum limit
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https://inspirehep.net/literature/2611464

Summary



Summary

» QCD + B
phase diagram

and the critical point

» QCD + E

local charge distributions
mismatch Schwinger vs. Weldon

» QCD + E-B

axion-photon coupling
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Electromagnetic fields: heavy ion collisions
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P electromagnetic fields in the early stage

reaching m2 and well beyond

# Deng et al. '12

of heavy-ion collisions
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P> most probably short-lived fields & Huang '15

» impact of electric field enhanced for asymmetric systems
(for example Cu+Au at RHIC) £ Voronyuk et al. '14
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https://inspirehep.net/literature/1327242
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