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— What is this talk about? ——

e QCD is more than protons and neutrons

e Understanding the strong force means exploring new forms of matter.

e Heavy-ion collisions as a QCD laboratory

e We use energetic ion collisions to create and study extreme QCD environments.

e How do we study a plasma of quarks and gluons?

e From collective behavior to jets: different tools reveal different properties.
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See J. Varela, June 4th
B

Standard Model

e Particle Physics: Matter can be explained via:
/ P Standard Model of Elementary Particles

three generations of matter interactions / force carriers

e 6 Quarks + 6 Leptons (fermions) (bosons)
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=0.511 MeV/c2

=105.66 MeV/c2

=1.7768 GeV/c2

=91.19 GeV/c2
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https://indico.lip.pt/event/2021/contributions/6697/attachments/5252/8598/IntroFisicaParticulas%20short.pdf

Standard Model Sectors

e Quantum Electrodynamics

Increasing “force”

-

Decreasing “force”
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Standard Model Sectors

® Quantum Electrodynamics ¢ Quantum Chromodynamics

Increasing “force”

Decreasing “force” R
Ug ol

-

Decreasing “force” Increasing “force”
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See E. Biernat, June 11th

—— Confinement —

e What does it happen when | try to “pull” a quark from inside a proton?

excited proton

pl'OtOﬂ

Decreasing “force”

Increasing “force”

quark pair

creation

K* meson
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— QCD Phase Space —

e Our matter is just one of the possible phase-space states:

quark-gluon plasma

~150
MeV

-t
. hadrons — quarks o
3 ) P Yete @
[ o 1 ‘ ‘_ ', '.
' \‘,I . | )
hadron nuclear - ‘e S ah
resonance gas color superconductivity
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— Heavy-lon Collisions —

e Heavy-lon Collisions allow to probe, in a controlled way, the QCD Phase Space

quark-gluon plasma

~150
MeV

- : s
. hadrons — quarks
A , B ot o'B
= - ,
, e/ ® ) A |
hadron nuclear 2N S LK)
resonance gas color superconductivity
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Heavy-lon Collisions

e Heavy-lon Collisions allow to probe, in a controlled way, the QCD Phase Space

LHC PbPb (TeV)

~150
MeV
=3
L
ki
hadron
resonance gas
B
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Heavy-lon Collisions

e Heavy-lon Collisions allow to probe, in a controlled way, the QCD Phase Space

LHC PbPb (TeV)

~15()
MeV
hadron
resonance gas
B

L. Apolinario

RHIC AuAu (hundred GeV)
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Heavy-lon Collisions

e Heavy-lon Collisions allow to probe, in a controlled way, the QCD Phase Space

LHC PbPb (TeV)
T RHIC AuAu (hundred GeV)
quark-gluon plasma Fair (few GeV)
~150
MeV
. [ . ©
. hadrpny — qﬂarks
E " “’0 o @
hadron nuc e X p ) .

resonance gas
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Heavy-ion Collisions: Rapid Expansion

collision evolution particle
expansion and cooling detectors

kinetic distributions and
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Brookhaven National Lab (USA)
Relativistic Heavy-lon Collider (RHIC)

Northwestern
NL Passages

Current Colliders
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—— Current Colliders B —

Brookhaven National Lab (USA) CERN
Relativistic Heavy-lon Collider (RHIC) Large Hadron Collider (LHC)
Perimeter: 3.8 km Perimeter: 27 km

LHCG 27%m

[ ——
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How to probe the QGP @ lab?

e Look to the result of the collision (Soft probes)

Proton-proton collisions

CMS Experiment at the LHC, CERN
Data recorded: 2018-Apr-28 20:29:25.681984 GMT
Run / Event / LS: 315357 / 157197154, /1190

Low multiplicity event (few particles...)

B B I B
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How to probe the QGP @ lab?

e Look to the result of the collision (Soft probes)

Proton-proton collisions Lead-Lead collisions

< A

CMS Experiment at the LHC, CERN
Data recorded: 2018-Apr-28 20:29:25.681984 GMT

‘€MS Expériment at theT_HC _CERN |
Run / Event / LS: 315357 / 157197154, /1190 “ o=

N

. “Data recerded: 2070-Nov-08 10:2207:628203 GM (11:22.07 C
Run / Event: 150431 / 9 W ,,

«

_ _‘_—_—~tpj~::rt='::_—.:

(c) CERN 2009. Al rights reserved o F 7 4 ] ‘i B ER http:/figuana.cern.chiispy

High multiplicity event (many particles!)
Low multiplicity event (few particles...) Result of QGP formation
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Centrality of the collision

e Try to control overlap region between incoming nuclei (centrality)

Peripheral Collision (near) Central Collision .
: Lead ion
j Lead ion
N P
> \_—/
| | I
A /
&
Y 1 .
‘_,’)' yl<
L ead ion X Lead ion X
I L ~ I
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Centrality of the collision

Peripheral Collision

e Try to control overlap region between incoming nuclei (centrality) j
e |ocal or large scale collective behaviour? “Gas-like” behaviour? ﬂ y
- \\_—/
R
3 | J
;'. \\V/
| z
g y k
X
I I N —— ©TINN——
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Centrality of the collision -

Peripheral Collision

e Try to control overlap region between incoming nuclei (centrality)

e |ocal or large scale collective behaviour? “Gas-like” behaviour?

Superposition of multiple pp
collisions
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Centrality of the collision

Peripheral Collision

e Try to control overlap region between incoming nuclei (centrality)

e |ocal or large scale collective behaviour? “Gas-like” behaviour? % y
«Lw

| i

'
\ /

Superposition of multiple pp
collisions

e
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Centrality of the collision

Peripheral Collision

e Try to control overlap region between incoming nuclei (centrality)

e |ocal or large scale collective behaviour? “Gas-like” behaviour?

AN
J 4

Superposition of multiple pp
collisions

Uniform distribution of final particles
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Centrality of the collision

e Try to control overlap region between incoming nuclei (centrality)

e |ocal orlarge scale collective behaviour? “Gas-like” behaviour?

Superposition of multiple pp

collisions P
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Uniform distribution of final particles
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Centrality of the collision

e Try to control overlap region between incoming nuclei (centrality)

e |ocal or large scale collective behaviour? “Fluid-like” behaviour?

Collective bulk

v=10fm/c

B B |
L. Apolinario 17 LIP Internships 2025




Centrality of the collision

e Try to control overlap region between incoming nuclei (centrality)

e |ocal or large scale collective behaviour? “Fluid-like” behaviour?

| Initial anisotropies propagate
Collective bulk to the final state!
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What do we know so far?

ANTICANCER BLOCKBUSTER? » RISE AND FALL OF THE SLIDE RULE

SCIENTIFIC .=
AMERICAN -

WWLIRT WO T 824

MARCH 2019 VOL15 NO3 e LI N B S

www.nature.com/naturephysics

THEINTERNATIONAL WEEKLY JOURNAL DF SCIENCE

The geometry of a
quark-gluon plasma

THE EARLIEST
UNIVERSE

* Firstobservation
of fluid vortices
formed by heavy-
ion collisions

Stopping

Birth of
Analogue horizons the Am

A local marker Future

Energy of preformed pairs

AGREEMENT
firne for naciuns o mach
words withdeeds
PABE 25

(Almost) perfect fluid!  Temperatures higher than Fluid with strange Higher vorticity then
the Sun. particles... Jupiter?
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e From Collectivity to Fundamental —

e We know how to characterise QGP properties and how it behaves.

e How to describe collectivity using QCD building blocks?

mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 QG P

charge = %4 s % 0
spin | 1% u % C % t 1 Q q /
up charm top - gluon y 2
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 g

. @ 1@ I @
down I stranij bottom |
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—— Hard Probes of the QGP

e Use something we know to probe the unknown:

I L I —— C TINN——
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Hard Probes of the QGP

e Use something we know to probe the unknown:
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— Jets in Proton-Proton

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

Small distance (“High-energy”)

Can be described analytically
(From first principles)

e\ F tati
ragmentation
\ e partons @)@ E ...

B I N — [ ——
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— Jets in Proton-Proton

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

Small distance (“High-energy”) Sl

— AR AR

. . * g '
Can be described analytically et P
o o o - 7~ . -
(From first principles) g RS
R AR
Lzl

e \ Hadronization
) e Fragmentation ~ hadrons P .

partons @)@ E ...
Large distance (“Low-energy”)
Poorly understood
EEE—— @ L ~ - TIN———
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— Jets in Proton-Proton '

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

mam L
------------

Small distance (“High-energy”)

Can be described analytically
(From first principles)

Detection

e \ Hadronization
) e Fragmentation ~ hadrons PE .

partons @)@ E ...
Large distance (“Low-energy”)
Poorly understood
EEE—— @ L ~ - TIN———
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— Jets in Proton-Proton e

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

Small distance (“High-energy”)
Can be described analytically
(From first principles)

etection
Hadronization

) e Fragmentation ~ hadrons PE .

partons @)@ E ...
Large distance (“Low-energy”)
Poorly understood
EEE—— @ L ~ - TIN———
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— Jets in Proton-Proton e

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

Small distance (“High-energy”)

Can be described analytically
(From first principles)

QCD jets defined based on
a set of rules: a jet
clustering algorithm

etection
Hadronization

) e Fragmentation ~ hadrons PE .

partons @)@ E ...
Large distance (“Low-energy”)
Poorly understood
EEE—— @ L ~ - TIN———

L. Apolinario 22 LIP Internships 2025



— Jets in Proton-Proton e

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

A P
mmmm
-----
-----
Jets » /

Small distance (“High-energy”)

Can be described analytically
(From first principles)

QCD jets defined based on
a set of rules: a jet

clustering algorithm
e \ Hadronization
N Fragmentation ~ hadrons P -
e partons @)@ E ...
Large distance (“Low-energy”)
Poorly understood
I I N —— ©TINN——
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— Jets in Proton-Proton e

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

Jets ---------------- //

Small distance (“High-energy”)

Can be described analytically
(From first principles)

QCD jets defined based on
a set of rules: a jet

clustering algorithm
e\ F tati
ragmentation
\ e partons @)@ E ...
I L ~ I
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— Jets in Proton-Proton e

Jet in proton-proton
e How quarks and gluons behave in “vacuum”?

Jets ---------------- //

Small distance (“High-energy”)

Can be described analytically
(From first principles)

QCD jets defined based on
a set of rules: a jet

clustering algorithm
e\ |
) Fragmentation They are the closest
e partons @@ - proxy to the original
quark/gluon
I I N —— C TINN——
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— Jets in Heavy-lons

Jet in heavy-
e How quarks and gluons behave in the presence of a QCD medium? ions

Quenched  \ = .7
Jets L

QCD jets defined based on
a set of rules: a jet

Small distance (“High-energy”)
will be modified w.r.t to “vacuum”
Jet Quenching

clustering algorithm
"6%070" Hadronization h
Fragmentation ~ hadrons @ . , <y ccarry
partons Q@@ ... information about
of the QGP
QGP effects on hadronization? characteristics.
N I B 00000 I
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— On-going QGP studies —

Relativistic Heavy-lon collision evolution

Initial energy
density

Colliding Pre- Expansion & Final-state
nuclei equillibrium Cooling-down particles
—_—s &
t~0fm/c t~1fm/c t~10 fm/c t©~10'° fm/c

What are the conditions to form a QGP? How does it evolve?
[E.g: Pheno projects, LHC (CMS) projects]

B I N — [ ——
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— On-going QGP studies —

Relativistic Heavy-lon collision evolution

Quark and Gluon Propagation

Initial energy

“Vacuum”
density -- - ->

o - gy .>
Colliding Pre- Expansion & Final-state
nuclei equillibrium Cooling-down particles
_—
t~0fm/c t~1fm/c t~10 fm/c T~10" fm/c

What are the conditions to form a QGP? How does it evolve?

[E.g: Pheno projects, LHC (CMS) projects] . . . ,
What underlying mechanisms govern the interaction

of the QGP with the propagating particles?
[E.g: Pheno projects]

I I N —— C TINN——
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— Summary —

e Ordinary matter (hadrons) is just one among the many complex states of QCD

e Quark-Gluon Plasma is a hot and almost perfect fluid made of quarks and gluons

e Heavy-lon Collisions help us study QCD’s most challenging frontier: strongly interacting many-body
systems

B B | B
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—— Heavy-lon Collisions —

Relativistic Heavy-lon collision evolution

Quark-Gluon Plasma (QGP) has an extremely short lifetime

Initial energy
density

Colliding Pre- Expansion & Final-state
nuclei equillibrium Cooling-down particles
t~0fm/c t~1fm/c t~10 fm/c t~10' fm/c
EEE—— @ I ~ S

L. Apolinario 31 LIP Internships 2025



—— Heavy-lon Collisions —

Relativistic Heavy-lon collision evolution

Quark-Gluon Plasma (QGP) has an extremely short lifetime

Initial energy Solution: use jets as probing tool

density

-»

Hard scattering y ”
Vacuum

Jets

“In-medium”

ets
Colliding Pre- Expansion & Final-state ?Jet
nuclei equillibrium Cooling-down particles .
Quenching)
t~0fm/c t~1fm/c t~10 fm/c t~10'° fm/c
N L . I
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— Probes of the QGP —

e We can create it in the lab. But how to study it? probing small distance scales (x) —
&
% | aQCD(QZ)
R . s final detected o
Relativistic Heavy-Ion Collisions particle astributions [
Kinetic
freeze-out _—"
= =
— 3 Initial energy
‘ densi?_y‘_
} T asymptotic
» confinement freedom —
- /NN - U - g large momentum transfer (Q°) —

| pre-
equilibrium . .
gynamics viscous hydrodynamics

el -___free__s_'rreammg_

collision evelution | L
t~0fm/c T~1fm/c t ~10 fm/c t ~ 10%° fm/c
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Probes of the QGP

e We can create it in the lab. But how to study it?

probing small distance scales (x) —

) 2
= | Oqep(Q)
R o final detected >
Relativistic Heavy-Ion Collisions particle astributions [
Kinetic
freeze-out _—"
- =
i 3 Initial energy

‘ densi?y‘_
} .T asymptotic
» confinement freedom —
<

| large momentum transfer (Q%) —

| pre-

eguulnbr.lum viscous hydrodynamics

namics ‘ > '
Lt 4 — . __—.|  freestreaming Caveat: need to rely on self-
collision evelution . § 3 enerated probes
c~0fm/c T ~1fm/c {c~10fm/c ]  t~10 frvc ° P
I B

32
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— Probes of the QGP —

e We can create it in the lab. But how to study it? probing small distance scales (x) —
o) :
\E: 1 aQC[‘)(Q)
A - final detected >
Relativistic Heavy-Ion Collisions particle distributions [
freeze-out _— ;
— s Initial energy Hodr'onizifigﬁ Tl
) densify_ = AR i |
: -3 | Hadron BFaly
} | £ Y confﬁement asymptotic
b 3 e e ',»' " [ |
< Q6P phase phase Resiad = 3 freedom —
| ANV S /¥ large momentum transfer (Q°) —

. non-pQCD
eguilibrium . -
ynamics | viscous hydrodynamics | free streaming

collision evolution  remevemsmmsnnecn,
EC FRE I TEEE THlC Lt~ 10 fm/c ) T ~ 10" fm/c

Caveat: need to rely on self-
generated probes
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— Probes of the QGP —

e We can create it in the lab. But how to study it? probing small distance scales (x) —

& 2
g;: Oaep(Q)

Nt s s final detected o
Relativistic Heavy-Ion Collisions particle astributions [

Kinetic
freeze-ou‘t e T

. Hadronization /

Initial energy

p
‘1 denfit_y‘ =
)

T asymptotic
confinement freedom —

»
<

’

large momentum transfer (Q°) —

I'//

///
/
collision
overiap zone

. non-pQCD pQCD (e.g: jets)
eguilibr_ium . tagaion & .
ynamics | viscous hydrodynamics | free streaming

collision evolution  remememimmsmnscn,
==0fale =1k \c-10fm/c j  t~10°fm/c

Caveat: need to rely on self-
generated probes

-

B
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— Hard probes —

e What is the QGP?

probing small distance scales (x) —

L2
Q24 p. initial Parton QGP aO:CD(Q )

pQCD C A
Scattering from : QCD
Point-Like Bare q 4

Color Charges Q2

aeﬂ(Qz)

What scale sets this transition? g

Scattering

from Thermal T :

, : asymptotic
Mass Gluons? conflnemet;l

freedom —

2
What scale sets this transition? large momentum transfer (Q°) —

pQCD Scattering Strong Coupling
From Quasiparticles No Quasiparticles
with size ~ UDebye [ UDebye 20

/, a \\ e? L #—2—1ig t=—2
%% ¢

@D C® @D 7

LPe%%
S22 up

AdB/CFT

T

C

I I N —— C TINN——
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— Hard probes —

e What is the QGP?

probing small distance scales (x) —

8[| ano
2 | 0~nn(QF)
g S— QCD
Q P Initial Parton » QGP 5;.;
p A
Scattering from : QCD
Point-Like Bare q .
Color Charges g Q2
) :
What scale sets this transition? 8
Scattering .
from Thermal ,T : asymptotic
Mass Gluons? confinement freedom —
2
What scale sets this transition? large momentum transfer (Q°) —
pQCD Scattering Strong Coupling
From Quasiparticles No Quasiparticles
with size ~ UDebye [ UDebye 20
/”a~\\ & ? L/ o ig PR
\ ! A\ [/
\
éeQQ% . AS/CFT One possible solution:
—_— D .
T use something that we do know!
EEE—— I I T
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— Soft probes —

e QGP is not a hot gas of quarks and gluons... is a fluid! Measuring the imperfection factor (viscosity)....

o 4 )

E 100 o~ A

= l '

T

> \ W -

)

<

= 10 ¢

- B

O

O
ke ¢

S *

E (e L R 1
N | | | | |

H,0 N, He RHIC Cold
Fluid Atoms
high viscosity ; low viscosity
B L I B e
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QGP: an almost perfect liquid

® \iscosity

Ideal hydrodynamics Viscous hydrodynamics

B B
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QGP: an almost perfect liquid

® \iscosity

Ideal hydrodynamics Viscous hydrodynamics
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See B. Tomé, June 11th

Jet Quenching Monte Carlo

e Simulation of a heavy-ion event implies medium-induced modifications to a vacuum reference without
considering the QGP itself

. QGP

Hard emissions (“vacuum-like”)

Hard scat

B I N ——— [ ——
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See B. Tomé, June 11th

Jet Quenching Monte Carlo

e Simulation of a heavy-ion event implies medium-induced modifications to a vacuum reference without
considering the QGP itself

B QGP
| Hard emissions (“vacuum-like”)
Hard scat .
Medium-induced emissions
N I B 0 00000 I
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See B. Tomé, June 11th

Jet Quenching Monte Carlo

e Simulation of a heavy-ion event implies medium-induced modifications to a vacuum reference without
considering the QGP itself

B QGP

Hard emissions (“vacuum-like”)

Hard scat
Medium-induced emissions
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See B. Tomé, June 11th

Jet Quenching Monte Carlo

e Simulation of a heavy-ion event implies medium-induced modifications to a vacuum reference without
considering the QGP itself

i QGP
| Hard emissions (“vacuum-like”) Decreasing energy
(Less calculable via perturbative

methods)

Medium-induced emissions &

Several approaches with

Medium recoiling particles continuous improvements
Based on Monte Carlo

e simulation
A

B I N —— [ ——
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e Global event from a heavy-ion collision hints at a fluid-like behaviour: ridge presence

Relativistic Heavy-lon collision evolution

Initial energy
density

Colliding Pre- Expansion & Final-state
nuclei equillibrium Cooling-down particles
|_,—>_>
t~0fm/c Tt~1fm/c t~10 fm/c T~101° fm/c
N I ~ L T——
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The Ridge

e Global event from a heavy-ion collision hints at a fluid-like behaviour: ridge presence

Relativistic Heavy-lon collision evolutio

Initial energy
density

Colliding Pre- Expansion & nal-state
nuclei equillibrium Cooling-down particles
t~0fm/c t~1fm/c t~10 fm/c T©~10%° fm/c

L. Apolinario

37

Look to the 2-particle correlation of a heavy-ion event

Pb  Away-side “jet”

’ “Rl‘dge ”»
: Understood as a sign
izo of QGP presence
— “Jet”

LIP Internships 2025



e Also visible in small systems, where QGP formation not expected

High-multiplicity proton-proton event also display QGP-like
features??

Pb

Pb  Away-side “jet”

1 PN

LIP Internships 2025
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— Pre-QGP —

Relativistic Heavy-lon collision evolution

Initial energy
density

£ The dynamics of the pre-equilibrium
phase of Heavy lon Collisions can
have a significant effect in jet
observables.

This extremely brief phase of the

Colliding Pre- Expansion & Final-state collision, called “GLASMA”, is
nuclei equillibrium Cooling-down particles amenable to a description in terms of
— classical fields.
t~0fm/c t~1fm/c t~10 fm/c t~10'° fm/c
N I . I
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QGP: Universe to the Laboratory

® QGP Phase was also the primordial state of our Universe

L. Apolinario

The Universe: Slow Expansion

Afterglow Light
Pattern
400,000 yrs.

Inflation

Quantur
Fluctuations

Credit: NASA

Dark Energy
Accelerated Expansion

Development of
Galaxies, Planels, elc.

Dark Ages

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Heavy-ion Collisions: Rapid Expansion

collision evolution
expansion and cooling

particle
detectors
distributions and
correlations of
produced

particles

kinetic
freeze-out
I I . | » r

cluster formation

lumpy initial
energy density

5
3
:
»

3

4
+ I\ QGP phase

- w quark and gluon
& d

'

-

2.0 a0

egrees of freedom

-

=

/ %
%
-

collision
overlap
zone

quantum
fluctuations

t ~ 0 fm/c

to~1 fmlc
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QGP: Universe to the Laboratory

® QGP Phase was also the primordial state of our Universe

L. Apolinario

The Universe: Slow Expansion

Afterglow Light
Pattern
400,000 yrs.

Quantur

Fluctuations ¥R

Credit: NASA

Dark Energy
Accelerated Expansion

Development of
Galaxies, Planels, elc.

Dark Ages

0

. . > e
"J o :..' i | 5
'b '..( \ P
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B — :
2 L 3

" 1st Stars

about 400 million yrs.

Big Bang Expansion

13.7 billion years

Heavy-ion Collisions: Rapid Expansion

collision evolution
expansion and cooling

particle
detectors
distributions and
correlations of
produced

particles

kinetic
freeze-out
I I . | » r

cluster formation

lumpy initial
energy density

4\ QGP phase
=% & quark and gluon
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egrees of freedom

-

=

/ %
%
-

collision
overlap
zone

quantum
fluctuations

t ~ 0 fm/c

to~1 fmlc

40

LIP Internships 2025



Cosmo Evolution

FIRST STARS FIRST GALAXIES
HOT BIG BANG  NUCLEOSYNTHESIS RECOMBINATION  grory To SHINE By TODAY

THE INHERENT ENERGY MATTER AND S =

INFLATION
OF SPACE CONVERTS ANTI-MATTER HYDROGEN AND HELIUM

@, S
THE EXPONENTIAL INTO MATTER AND ANNIMILATE LEAVING NUCLETI CAPTURE /Q;e’ )

ANTI-MATTER MORE MATTER THAN ELECTRONS TO FORM

[BARYON ASYMMETRY)

LY
@°
AN
. A4S HYDROGEN
T |
2a9)
. . | . L 2
ﬂ o - G
. / 0 _. ';: r—/ -7
13 Y @ Y Sy
LEPTONSI 9
> 6 ©

END OF ; HELIUM » R \\
INFLATION L — avomse wwcier | , g @

AFTER 1t . HEAVIER THAN ._
* HYDROGEN ARE | S
PRODUCED 6 ,

%

R
& \9"

o | <@
7 o

HYDROGEN
NUCLEUS

L) @ PHOTONS
FLY FREE
PROTON ﬁ #
. NEUTRINOS
EREE AETER HELIUM NUCLEUS %
B 1 SECOND PROTONS é .
\ 4B v
[ \e ¢ |4
) 2

NEUTRONS THESE PHOTONS MAKE <
THE COSMIC MICROWAVE | Gy S
BACKGROUND Nz

3 TO 20 MINUTES 374,000 YEARS =
LATER LATER
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INFLATION

THE EXPONENTIAL
EXPANSION OF SPACE

END OF
INFLATION

ONLY THE LAST
~10* SECONDS
OF INFLATION 1S
VISIBLE IN OUR
UNIVERSE

Cosmo Evolution

HOT BIG BANG NUCLEOSYNTHESIS RECOMBINATION

THE INHERENT ENERGY
OF SPACE CONVERTS
INTO MATTER AND

ANTI-MATTER

LEPTONS

'/c

PROTON

NEUTRINOS

FREE AFTER
1 SECOND

MATTER AND
ANTI-MATTER
ANNIHILATE LEAVING
MORE MATTER THAN
ANTI-MATTER
[BARYON ASYMMETRY)

A
\'/

o

ATOMIC NUCLET

HEAVIER THAN

HYDROGEN ARE
PRODUCED

HYDROGEN
NUCLEUS

®

PROTON

HELIUM NUCLEUS
PROTONS

NEUTRONS

3 TO 20 MINUTES
LATER

HYDROGEN AND HELIUM
NUCLEI CAPTURE
ELECTRONS TO FORM
STABLE ATOMS

HYDROGEN

@

HELIOM

S

PHOTONS
FLY FREE

THESE PHOTONS MAKE
THE COSMIC MICROWAVE
BACKGROUND

FIRST STARS
BEGIN TO SHINE

FIRST GALAXIES
FORM

. Gravity

|
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Cosmo Evolution

FIRST STARS FIRST GALAXIES
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INFLATION

THE EXPONENTIAL
EXPANSION OF SPACE

END OF
INFLATION

ONLY THE LAST
~10* SECONDS
OF INFLATION 1S
VISIBLE IN OUR
UNIVERSE

Cosmo Evolution
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e Exploring the different QCD phase diagram corner

Early Universe

<

QCD high density

Critical point searches <

> LHC

» BES (RHIC)

Neutron stars <«

L. Apolinario

> FAIR/NICA

Temperature T [MeV]

42

RHIC-BES

Critical

Compact Stars

| _

\ Quark-GIuon >,

Z.» Plasma_“# o a»
'.' " » .

NICA

Yansi tion

NucIotron-M

5 Quarkyonlc phase
£2) .
3 SIS-100
%

\Color Super-
stars conductor

‘
paryon density n/ no
No=0.16 fm—3

|
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— Compact stars —

e Astrophysics distinguish between 3 types of compact stars

White Dwarf Neutron Stars Black Holes

(Collapse of low mass stars) (Collapse of massive stars) (Catastrophic collapse of massive stars)
e.g: our Sun

B B | B
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— Compact stars —

e Astrophysics distinguish between 3 types of compact stars

White Dwarf
(Collapse of low mass stars)
e.g: our Sun

Black Holes
(Catastrophic collapse of massive stars)

Neutron Stars
(Collapse of massive stars)

Particularly interesting for QCD
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— Neutron Stars

Crab Nebula = M1 HST =« WFPC2

e When fusion of the stars ends (production of iron),
gravitational collapse pushes electrons to fuse with
protons

e Result: super nova explosion

® Remnant: Neutron star

NASA ESA, and J Hester (Arizona

M ~1-2 Msun, R ~ 10 Km

Strongest gravitational field
(next to black holes)

B B I B
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Neutron Stars e

e [nternal structure and composition

matc etosphere

SIREpOSIOnpGasma outer core (3-4 km)
superfluid neutrons and inner crust (1 km)
deep core ( 5-6 kM) vortices superconducting superfluid neutrons and vortices
hyperons and/or deconfined quarks? vortex pinning and nuclear
6’ S"Pm"d"m" \4 outer crust (100 m)
\j _ P& lattice of neutron-rich nuclei

B

- A @
AD\\'

5x10g/cm’

2x10"g/cm’
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Neutron Stars s

e [nternal structure and composition

magnetosphere

electron-positron plasma outer core (3-4 km)

superfluid neutrons and inner crust (1 km)

deep core (5-6 km) vortices superconducting superfluid neutrons and vortices
hyperons and/or deconfined quarks? vortex pinning and nuclear
outer crust (100 m)

dlor superconductor? ‘Q
P4 attice of neutron:rich nuclei

% Electrons driven inside nuclei
(electron capture)

Densities to produce
neutron-rich (heavy)
elements

5x10g/cm’

T 2x10"g/cm’ B
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Neutron Stars e

e [nternal structure and composition

Neutron “leaking” (neutrons
magnetosphere / are free)

el Sromposionplasma outer core (3-4 km)
superfluid neutrons and inner crust (1 km)

deep core (5-6 km) vortices superconducting superfluid neutrons and vortices

’ hyperons and/or deconfined quarks? vortex P"‘"'“Q and nuclear
«—"~color superconductor? outer crust (100 m)
\ J | attice of neutron:rich nuclei

N @ \

Electrons driven inside nuclei
(electron capture)

Densities to produce
neutron-rich (heavy)
elements
5x10g/cm’

T 2x10"g/cm’ B
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Neutron

e [nternal structure and composition

Protons outhnumbered by

neutrons: nuclear pasta
Neutron “leaking” (neutrons

magnetosphere / / are free)

s e outer core (3-4 km)
superfluid neutrons and inner crust (1 km)
deep core (5-6 km) vortices superconducting superfluid neutrons and vortices

’ hyperons and/or deconfined quarks? vortex pinning and nuclear
«—"~color superconductor? \4 outer crust (100 m)
\ N )\

lattice of neutron:rich nuclei

i Electrons driven inside nuclei
(electron capture)

Densities to produce
neutron-rich (heavy)
elements

5x10g/cm’

2x10"g/cm’ B
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Neutron

e [nternal structure and composition

Protons outhnumbered by

neutrons: nuclear pasta
Neutron “leaking” (neutrons

_ 222
magnetosphere "t / / are free)

N L /! outer core (3-4 km)
superfluid neutrons and inner crust (1 km)
deep core (5-6 km) vortices superconducting superfluid neutrons and vortices

’ hyperons and/or deconfined quarks? vortex pinning and nuclear
«—"~color superconductor? \4 outer crust (100 m)
\ N )\

lattice of neutron:rich nuclei

i Electrons driven inside nuclei
(electron capture)

Densities to produce
neutron-rich (heavy)
elements

5x10g/cm’

2x10"g/cm’ B
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e [nternal structure and composition

Neutron Stars

® Inner core is unknown (hadronic, exotic or deconfined matter?)

L. Apolinario

(Kurkela, Fraga, et all, Astrophys.J. 789 (2014) 127)

1 | I I I I llllll
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