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Beyond the scope of this talk ! And beyond standard
model !
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Other possible QGP hide-outs

Neutron stars are the collapsed cores
of a massive star.

They pack the mass of the sun into
the size of a city.
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VOLUME 88, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 2002
Second-Order Dissipative Fluid Dynamics for Ultrarelativistic Nuclear Collisions
Azwinndini Muronga
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455
(Received 20 April 2001: published 25 January 2002)
The Miiller-Israel-Stewart second-order theory of relativistic imperfect fluids based on Grad’s moment
! method is used to study the expansion of hot matter produced in ultrarelativistic heavy-ion collisions.
The temperature evolution is investigated in the framework of the Bjorken boost-invariant scaling limit.
I The results of these second-order theories are compared to those of first-order theories due to Eckart and
to Landau and Lifshitz and those of zeroth order (perfect fluid) due to Euler.
DOI: 10.1103/PhysRevLett.88.062302 PACS numbers: 25.75.Ld, 24.10Jv, 24.10.Nz. 47.75.+f
High energy heavy-ion collisions offer the opportunity  dissipative fluxes are obtained by imposing the second
to study the properties of hot and dense matter. To do  law of thermodynamics, that is, the principle of nonde-
so we must follow its spacetime evolution, which is af-  creasing entropy. The difference between the two stems
fected not only by the equation of state but also by dissipa-  from the entropy 4-current: the standard irreversible ther-
tive, nonequilibrium processes. Thus we need to know the ~ modynamics of Eckart-Landau assumes that the entropy
transport coefficients such as viscosity, thermal conductiv-  4-current should include terms linear in dissipative fluxes
ity, and diffusion. We also need to know the relaxation  and hence they are referred to as first-order theories of dis-
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And then the need to qualify the nature of
matter produced in relativistic HIC
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RHIC Scientists Serve Up “Perfect” Liquid

New state of matter more remarkable than predicted -- raising many new questions

A 18, 2005

\WMPA L The four detector groups conducting research at the Relativist Heavy lon ( lidetr (RHIC) a giant atom “smasher”

ted at the U.S. Department of Energy’s Brookhaven National Laboratory say they've cgeated a new state of hot, dense
natts it of the quarks and gluons that are the basic particles of atomic nucle but it is a state guite different and even more
remarkable than had been predicted. In peer reyiewed papers summarizing the first three years of RHIC findings, the scientists
say that instead of behaving like a gas of free guarks and gluons, as was expected, the matter created in RHIC's heavy )
C slons appears to be more like a liguid
" Jain, the physics research sponsore by the Department of Energy IS producing historic results,” said

Secretary of Energy Samuel Bodman, a trained chemical engineer The DOE is the principal federal fTunder of

) research in the physical sciences, including lear and high-energy physics. With today's s oement
we see that Investment paying off

' truly stunning finding at RHIC that the new state of matter created In the collisions of gold lons YOI e

K y liguid than a gas glives us & profound ot to the earllest moments of the universe,” sald Dr
Rayn ] Orbach eextor of the DOE Office of Sclence

oot Interest to many following progress ot RHIC is the emerging nnection between tw Hder's

results and calculations using the methods of string theory, an approach that attempts to explain fundamenta

perties the iverse using 10 dimensions Instead of the

isual three spatial dimensions plus tlms



The new African connection

SKA-MID : Karoo, South Africa S

Phase 1: 200 15m dishes spread over 150 km (2018 — 2023)
Phase 2: 2500 dishes spread over 3500 km (2025 — 2033)

The Karoo

« 800 km north of Cape Town

+ Radio quiet protected by
Astronomy Advantage Act

* Building on MeerKAT

Exploring the Urweerse with the work®s largest rado telescoos






Origins of Ultrarelativstic Heavy lon Collisions:
Workshop on BeV Collisions of Heavy lons: How and Why

Nov 29 - Dec 1 1974
Bear Mountain New York

Introduction and Summary:

The history of physics teaches us that profound revolutions
arise from a gradual perception that certain observations can
be accommodated only by radical departures from current
thinking. The workshop addressed itself to the intriguing
question of the possible existence of a nuclear world quite
different from the one we have learned to accept as familiar
and stable.

Leon Lederman and Joseph Weneser

It would be interesting to explore new phenomena by
distributing high energy or high nuclear density over a

relatively large volume.
T.D. Lee



Early Work on the Phase Diagram of QCD

N. Itoh, Prog. Theor. Phys. 44, 291

1970 Arguments using asymptotic
( ) freedom by J. Collins and M. Perry,
P. Carruthers, Coll. Phenom. 1, 147 Phys. Rev. Lett. , 34, 1353 (1975)
(1973)
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Higher order computations by Baym and Chin 1976;
McLerran and Freedman 1977;
Phase diagram of Baym
Finite T and name Quark Gluon Plasma by from 19839 NSAC LO%/g
Shuryak 1978; Range Plan

Kapusta 1979



Nuclear Matter Phase Diagram
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Intersection of nuclear physics, particle
physics, astrophysics, and cosmology

Particle Accelerators and Detectors

Equation of State - Phase Diagram




Discovery of Flow at the
Bevalac

Plastic Ball and Streamer Chamber

Au + Au :
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Lattice Gauge Theory and Deconfinement:

L is similar to a spin variable
=> Confinement-

Deconfinement transition
Polyakov 1978 Susskind

1979
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Wuppertal, Bielefeld,BNL, MILC, Mumbai ...

First lattice computations at finite T; Kuti, Polonyi and Szlachanyi; McLerran and Svetitsky
Beginning of Bielefeld lattice gauge theory effort: Engels, Gavai, Karsch, Montvay and Satz



Relativistic Dynamicin Heavy lon Collisions

Before
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Space-Time Picture:

Early work on
energy densities:
Shuryak 1974
Ansiehtty et. al.
1980

Landau Hydrodynamics
Expanding Fireball
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Space-time Descriptions:

1=+ ! 7=t
Perfect Fluid
Quark Gluon Plasma - Hadronization
w~1-10fm/

Topological Excitations
(Glasma — Density Fluctuations, Thermalization
w0.1-1fm/c

Event Horizon
Initial Singularity — Quantum Fluctuations
2 w0-0.1fm/c

_\ Initial Nuclei as CGC — Coherent, High-density Gluons



The Development of Ideas:

A Story about People Ideas and their Realization
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The Space-Time Picture of Heavy lon Collisions

Non-equilibrium Fluid Dynamics and Transport Theory
Description



Neutron stars and the properties of
matter at high density




Neutron star interior

Nuclei and electrons

i, electrons and free neutrons

Nucle

Mass ~ 1.4-2 Msun
Radius ~ 10-12 km

Temperature

Pasta nuclei

OUTER CORE

Free neutrons, protons and electrons
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Strongly interacting matter in neutron stars

qluark-hybrid traditional neutron star
star

Baryon number ~ 10°’
o

Made 1n gravitational collapse
of massive stars (supernovae)

"Strangeness" of dense matter ?
In-medium properties of hadrons ?
Compressibility of nuclear matter?

Deconfinement at high baryon densities ?

Central element in variety of compact energe... ., ooc.ii.
pulsars, binary x-ray sources, soft gamma repeaters
Merging neutron star-neutron star and neutron star-black hole

sources of gamma ray bursts =~
Matter in neutron stars 1S densest 1n universe:

pup to ™~ 5-10 po (po=3X1014g/cms = density of matter in atomic nuclei)
[cf. white dwarfs: p ~ 105-10° g/cm3]

Supported against gravitational collapse by nucleon degeneracy
pressure

Astrophysical laboratory for study of high density matter
complementary to accelerator experiments
What are states in interior? Onset of quark degrees of freedom!
Do quark stars, as well as strange stars exist?



The liquid interior

Neutrons (likely superfluid) ~ 95% Non-relativistic

Protons (likely superconducting) ~ 5% Non-relativistic
Electrons (normal, T, ~ T;e'?7) ~ 5%  Fully relativistic

Eventually muons, hyperons, and possibly exotica:
pion condensation

kaon condensation

quark droplets
bulk quark matter

n, = baryon density
in large nucle1~=0.16 fm>
Ifm=10"cm

Phase transition from crust to liquid at n, =0.7n, =0.09 fm-?
or p =mass density ~ 2 X10'*g/cm?
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Logyo p (MeV/fm?)

Equation of state vs. neutron star structure

Tolman-Oppenheimer-Volkov equations

dp G (mc*+4xpr’)(c + p)
d~ c*  r(r—=2Gm/c?)
dm £ 5

I iy

maximum mass

R o LY/4 ;
M(R) ]
_b._:
20 30
Equation of State - Observations

from J. Lattimer



Numerical Relativity

Numerical Relativity: probing the extreme

Ry — 39uwR =8nT,, (fieldeqs: 6+6+3+1) T

equations we

VMTMV = O 8 (COHS. en./mom. : 3 —+ 1) nOrmally SOl\/e:
Einstein equations
Nealput) =0 (cons. of baryon no: 1) and Jl[h'osle of
relativistic
hydrodynamics
= =€ i EoS: 1+...
NG =0, (Maxwell egs. : induction, zero div.)

P T ST

We build codes which we consider “theoretical laboratories”. They
represent our approximation to “redlity” and they can be continuously
improved: microphysics, magnetic fields, viscosity, radiation transport ,...



Numerical Relativity

Numerical Relativity: probing the extreme

(0= Lg)¥y = 204y,

(0, = Lg)¢ = —gaK,
(6, — £ﬁ)A~ij = e—4¢[—D,~Dja ot O’(Rij = 87TS,'j)]TF
e a(K/i,j — 2A~ikA~§)’
(8, — Lg)K = —D'D;a
9.1 = 7%9,0,8' + 159,0,85 + pio,T" — Vo, B
+ 29,8/ — 2A70;a + 2a(I" A% + 6470,
= %’7”3‘,1{ = 87’7”5'1),

t =ty + ot

In practice we “slice”
spacetime into 3D spatial
slices of constant time
coordinate.

We compute the solution
over each of these slices
and then evolve it in time
to the next one

We continue to do this till
we reach the desired time
or (more likely) we
encounter a problem...



Numerical Relativity

Numerical Relativity: probing the extreme

* Einstein equations are highly nonlinear and so are the
equations of relativistic hydrodynamics and MHD in
conditions where shocks are expected to develop.

* Furthermore, the need to compute gravitational waves

requires that we consider highly non-symmetrical
configurations, eg binaries. This implies that we need to solve

the equations in 3 spatial dimensions plus time (3+1)

* Numerical relativity is focussed on solving Einstein
equations and those of relativistic hydrodynamics and MHD
In those regimes in which no approximation holds: eg in the

most nonlinear regimes of the theory.



Numerical Relativity

Numerical Relativity: probing the extreme

* Einstein equations are highly nonlinear and so are the
equations of relativistic hydrodynamics and MHD in
conditions where shocks are expected to develop.

* Furthermore, the need to compute gravitational waves

requires that we consider highly non-symmetrical
configurations, eg binaries. This implies that we need to solve

the equations in 3 spatial dimensions plus time (3+1)

* Numerical relativity is focussed on solving Einstein
equations and those of relativistic hydrodynamics and MHD
In those regimes in which no approximation holds: eg in the

most nonlinear regimes of the theory.



Numerical Relativity

14-field theory of relativistic dissipative fluid dynamics

See A. Muronga, nuc-th/0611020
for details
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Simulation with PT EoS

Hanauske et. al,. (2017)
o 0

A »  BNSmergerwithPT : (p/po, Tax) A

50 A o BNSmerger withPT : (pmax/po, T) .
: ‘/ : —1

—4



Animation from numerical simulation

-with Horst Stoecker et. al. Frankfurt (2017)

X [km] X [km]



Fundamental limitations of equation of state based on
nucleon-nucleon interactions alone:

Accurate for n~ n,.
n=>>n,:
-can forces be described with static few-body potentials?

-Force range ~ 1/2m, => relative importance of
3 (and higher) body forces ~ n/(2m,)’ ~ 0.4n fm™

-No well defined expansion 1n terms of 2,3,4,...body forces.



Well beyond nuclear matter density

Onset of new degrees of freedom: mesonic, A’ s, quarks and gluons, ...

Properties of matter in this extreme regime determine maximum
neutron star mass.

Large uncertainties!

Hyperons: 2, A, ...
Meson condensates: 7, ©°, K
Quark matter

in droplets

in bulk
Color superconductivity

Strange quark matter
absolute ground state of matter??



Equation of State
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Lattice gauge theory
calculations of equation

of state of QGP

Not useful yet for

realistic chemical
potentials

e(T)/T4

p(T)/T
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Learning about dense matter from neutron

star observations




Learning about dense matter from neutron
star observations

Masses of neutron stars

Binary systems: stiff eos %' |
Thermonuclear bursts in X-ray -

binaries => Mass vs. Radius,
strongly constrains €os

Glitches: probe n,p
superfluidity and crust

Cooling of n-stars: search for exotic
particles




Neutron Star Masses ca. 2007
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Measuring masses and radii of neutron stars in
thermonuclear bursts in X-ray binaries

Ozel et al., 2006-2012
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Measurements of apparent surface area, & flux at Eddington limit
(radiation pressure = gravity), combined with distance to star
constrains M and R.



Canonical picture: compare calculations
of egs. of state of hadronic matter and
quark matter.

Crossing of thermodynamic potentials
=> first order phase transition.

900.0

800.0 -
700.0 -

— 600.0 -

£

2 5000

=

= 4000 -

o

£ 3000

200.0

100.0

0.0 = L L L L L
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
p [im™]

Quark matter cores in neutron stars
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ex. nuclear matter using 2 & 3 body
interactions, vs. pert. expansion or bag
models. Akmal, Pandharipande, Ravenhall 1998

Typically conclude transition at p~10pnm -- would not be reached
in neutron stars given observation of high mass PSR

J1614-2230 with M = 1.97

=>no quark matter cores
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Low-density behavior of EoS well known from nuclear

theory side. Challenges begin close to saturation density:

* At 1.1ng, current errors in Chiral Effective Theory EoS +24% -
mostly due to uncertainties in effective theory parameters

e State-of-the-art EoS NNNLO in chiral perturbation theory power

counting [Tews et al., PRL 110 (2013), Hebeler et al., ApJ 772 (2013)] .
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Asymptotic freedom of QCD = High-density limit from a

non-interacting theory. However,...
 Atinteresting densities (1 — 10)n, system strongly interacting
but no nonperturbative methods available

* Naive expectation: Weak coupling methods only useful at very
high densities
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Three-loop result with nonzero quark masses (kurkela,
Romatschke, Vuorinen, PRD 81 (2009)]

* Uncertainty of result at +24% level around 40n,
* Main uncertainty from renormalization scale dependence
 Pairing contributions to EoS subdominant at relevant densities
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Conclusion: Sizable no man’s land extending from outer
core to densities not realized inside physical neutron stars

Options: Use models, deform theory, or interpolate EoS
between known limits and use astrophysical constraints

50



Pressure (MeV fm™)

o

| |

|

lAAl

A

2 9
Density (fm™>)

4




from of LOGO collaboration
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Two*black-holes codlesce into a single black hole
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108 years ago/i’Oz‘*m away from us, two stars of
R~10%*m and M~103%kg crossed paths.
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On August 17th 2017, LIGO measured a 10 17 _
oscillation in the Iength of its 103m armes. ; et



Gravitational wave breakthrough:
LIGO and Virgo observation of NS
merger 130 million ly away!
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LIGO and Virgo collaborations, PRL 119 (2017)
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Tidal deformability: How large a quadrupolar moment a
star’s gravitational field develops due to an external

quadrupolar field

Qij = —AE;;

Substantial effect on observed GW waveform during
inspiral phase
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Tidal deformability: How large a quadrupolar moment a
star’s gravitational field develops due to an external
quadrupolar field

Qij = —A&;;
However, no detection by LIGO — Upper limit
A(1.4My) < 800 at 90% credence (low spin prior)
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Gravitational wave breakthrough:
LIGO and VIRGO observation of NS
merger 130 million ly away!

Three types of potential inputs:

1) Tidal deformabilities of the NSs
during inspiral — good measure
of stellar compactness

2) EM signatures — present if no
immediate collapse to a BH

3) Ringdown pattern — sensitive to
EoS (also at T # 0), but freq.

too high for LIGO
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Gamma rays, 50 to 300 keV GRB 170817A

1,600
c

"
2 1,000

Q

3
500

Gravitational-wave strain GW170817

EM counterpart: short gamma ray burst detected 1.7s

after GW measurement, followed by an optical signal

e Kilonova: Decay of heavy r-process elements

 GRB — Proposed upper limit for the maximal mass of
NSs: M. < 2.16i8:%gM@ [Rezzolla, Most, Weih, Ap) 852 (2018)]
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Gravitational wave breakthrough:
LIGO and VIRGO observation of NS
merger 130 million ly away!

Three types of potential inputs:

1) Tidal deformabilities of the NSs
during inspiral — good measure
of stellar compactness

2) EM signatures — present if no
immediate collapse to a BH

3) Ringdown pattern — sensitive to
EoS (also at T # 0), but freq.

too high for LIGO
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h. x 10% [50 Mpc]

Post-merger dynamics can be studied with relativistic
hydrodynamics, showing marked sensitivity to EoS, but
frequency range (currently) too high for LIGO and Virgo

HA4-q10-M1300

’ H4-q10-M1325

il

H4-q10-M1350

SLy-q10-M1350 1

Takami, Rezzolla, Baiotti, PRD 91 (2015)
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Relativistic Dynamics
in Heavy lon Physics and Astrophysics
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Neutron Star Radii and the Asymmetry

POte nt|a| (Sagert, Tolos, Chatterjee, JSB, Sturm 2012)
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Maximum central density of a compact

Sta I (Lattimer and Prakash 2011)
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Neutron star merger vs. heavy ion collisions
Differences in dynamical description.

System Size: Kilometers vs. Femtometers
Evolution time: Milliseconds vs. fm/c

Equilibrium: Chemical + Phase-Equilibrium vs.
Non-Equilibrium

Gravity is relevant - or not ?

Yet : hydrodynamics seems to work for both!

> Importance of the equation of state as
input for hydrodynamics



Neutron star merger vs. heavy ion collisions:
Which densities and Temperatures can we
expect?

* Compare central heavy ion collisions with head-
on neutron star collisions

* Coarse grained UrQMD simulation input for
hydrodynamical evolution; Jan Steinheimer et al

e Estimate using the relativistic Rankine Hugoniot

Taub Adiabate: conserved baryon number and
energy momentum current densities across shock

front yields 1-Dim, stationary hydrodynamical
equation



Big open questions:

* (Can QCD theorists predict neutron star measurements?
» Not there yet — need fundamentally new machinery

e (Can we infer the QCD matter EoS from observations?
» Looks very promising, fast progress with GWs

 Can deconfined matter be found inside the stars?
» Tough question, but we’re on the right path!



Conclusions and future work

Analysis of heavy ion collisions provides constraints on the nuclear
matter EOS

This has implications on the physics of compact stars, supernovae,
and neutron star mergers

Strong interplay between heavy ion physics and astrophysics

Connecting Relativistic Heavy lon Collisions and Neutron Star
Mergers by the Equation of State of Dense Hadron- and Quark
Matter as signaled by Gravitational Waves

It has happened over and over in the history of astronomy: as a
new “window” has been opened, a “new”, universe has been
revealed.

GWs will reveal Einstein’s universe of black holes and neutron stars
Transport coefficients next — the shear viscosity to entropy ratio!
MHD in the simulations next



