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QCD Phase Diagram in Equilibrium
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Critical Point:
Peak 1n x,/k, only clear signature

3D Ising (leading order terms only) Stephanov. PRL 107 (2011)
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QCD phase diagram
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Neutron star mergers combine the
fundamental forces

Electromagnetism Gravity
Large B field, visual signals Gravitational Waves

Strong Force Weak Force
Nuclei, nucleons, quarks Neutrinos, Strange decays



Caveats: Strangeness and Electric

Charge

* Strangeness neutrality » Long lifetime, weak
e, decay: s - u+ W~

e Short ifetime, » Strangeness most likely
strangeness conserved *not* in equilibrium

» Charge: p vs. n 1n 10ns  Electrically neutral for

0.4(pp) ~ (Pp) stability (py) =0



Heavy-1ons: phase transition at larger ug

(© 2017 Veronica Dexheimer)
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Degrees ot freedom by density

n~5-10""n_,

Layers of a neutron star

n,~15-10"n_,

n, ~ 0.2ng,

\ Outer crust
(nuclei)



Constraints at low 1" and large py
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Mass 1wins: 1st-order Pl in Neutron
Stars

(a) High Disconnected Twin (b) Low Disconnected Twin Current constrain
not yet precise
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Can we directly compare heavy-ions to neutron
stars?




Previous attempts: Heavy-lon “Data”
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collisions Used extensively in nuclear

\/SNN = 1.5 =47 GeV astrophysics to exclude EOS



https://inspirehep.net/authors/1012469

20 year old heavy-ion “data’

exclude M > 2.5M

> used to

| l [

| | |

e Stiff EOS are excluded

because of this heavy-
1on “data”

* Does a hadronic
transport model/fermi-
liquid actually work
well compared to
modern low-energy
heavy-1on collisions?
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HADES can shed-light on the heavy-

10ns to neutron stars?

_ ¢ Modern flow measurements

-
» Studies ot kurtosis (looking for

Ist order phase transition)

» Multi-particle flow cumulants

* More centralities, py, 77
dependence



0.3

HADLES *almost® a min1 NS-NS

merger

QGP+Hadrons Hadrons only
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Not clear it HADES can be best described by transport or

hydrodynamics + transport. Neither fits all data.


https://arxiv.org/abs/2012.11454

QCD Phase Diagram in Out-of-Equilibrium



QCD Phase Diagram
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Phase transitions in hadronic
transport

| "QCD-like" phase transitions:

. |

baryon number density ng [n;]

baryon chemical potential pg [MeV]

Such an approach allows for better systematic checks



Far from equilibrium

Dore, McLaughlin, JNH 2007.15083

Emma McLaughlin
Former REU student

PhD student at Columbia Lo ( a)

Travis Dore
PhD student

Far-from-equilibrium mnitial conditions 1n heavy-1on collisions can
dramatically attect the extraction of the EOS


https://arxiv.org/abs/2007.15083

3+1 BSOQ hydro needed for low-

beam energies

Dexheimer, Noronha, JNH, Ratti, Yunes arXiv:2010.08834

Relativistic viscous Cooper Flow
hydrodynamics+BSQ conserved Frye+charge Observables of
Dynamics .| charges +critical ™| conservation+ | T identified
T fluctuations+Cartesian df corrections particles
Coordinates

................ | : I
10° T . - ' = Te -
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Coefficient |7 Transport coefficients are affected
C S g by the dynamic universality class
+full Tmunu | at the critical point.
it Second order transport
coefficients?
Equation™-..

of State “a | = 1t f

Memory effects of the critical
point?

Fluctuations of conserved
charges+ acceptance cuts

T,~300 GeV
7,~1 fm >
Expanding, cooling Quark Gluon Plasma Hadron Resonance Gas Comparisons to Data



https://arxiv.org/abs/2010.08834

Initial hydro results

3+1 B hydro
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1+1 BS hydro
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BSQ) equations of motion

| 2+1 BSQ relativistic viscous Dekra Almazlol
Lydla Spychalla

REU UIUC hydro dynamics + IC C IN G TIUC po

Soon UIUC postdoc
Coming Soon!

Almaalol, Carzon, Cruz Camacho,
Dore, Mroczek, Plumberg, Spychalla,
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Nikolas Cruz Camacho
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Bulk viscosity in neutron star
mergers, comparable to heavy-ions!

Bulk Viscosity

max I/ (e + P)

|| === heavy — ion collision i

B neutron star merger

10~3 l 1 i | l
-2 =1 0 1 2 3 4 H 6 7

New approach to by
understand the
microscopic degrees of
freedom 1n neutron stars

Alford, Harris, Most, Noronha, JNH, Pretorius, Plumberg,
Witek, Yunes

'To appear soon



https://arxiv.org/abs/2009.05181

Summary

STAR Fixed Target: NEED for low-energy heavy-ion

collisions to constrain EOS at finite 1

* What 1s important to mesure? Spectra, fluctuations,

flow, HB'L, ...

Equation of State: lots of progress but hydrodynamics
needs a wider range of ug, ug, fig

BSO hydrodynamics needed, critical fluctuations.

Neutron star mergers now 1incorporating viscosity



