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What is an Equation of State (EoS) ?

EoS . any non-trivial relation between thermodynamic variables characterizing the matter, e.g.

B
——— P(p.T) or £ (p,T)
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Droplet Model : if A ->~ and N=Z, ——
neglecting Coulomb terms

By defining the asymmetry parameter , then in the vicinity of the saturation point p, for
symmetric matter, the binding energy is usually expanded as
E E S;/mmetry energy Nuclear Incompressibility
E 1 <« 1 1
— - = — + —Ke* + |S — —Le+ —Kgyme | I?
e =(p—po)/po A (po) 18 v(po) 3 S

Sy (po) = 30 £ 2MeV

L and K,,,, parameters characterizing the density dependence
of the symmetry energy around the saturation point




Nuclear Incompressibility for symmetric matter K

2 (E d2
K = 9p8d—p2 (A> = R?—
P=Po

In radial oscillations induced by a-particles scattering:

K
.y
mN<7“2 > A

A soft EoS at
density close to the
saturation value is
preferred.

Results are
confirmed also by
experiments on K*
multiplicity in HIC




Kaon production in heavy ion collisions

. K~ N interaction not well known

e K" produced by : NN - NA - NAK™

. Simulations must include nucleon excitations and must be

Sturm et al, PRL 2001

®—®soft EOS relativistic.
- @ hard EOS

&9—49Kaos

e  Production rate dependent on the maximal density ------ >

compressibility.

e  Experimental data by the and

»  Double ratio : multiplicity per mass number for C+C collisions
and Au+Au collisions at 0.8 AGeV and 1.0 AGeV .

* Largestdensity explored: p=2-3p,

e  Only calculations with a compression 180 < K, < 250 MeV can

describe the data (Fuchs, 2001)

The nuclear equation of state up to 2-3p, is




Determination of the Equation of State of Dense Matter

Pawel Danielewicz'?, Roy Lacey’ & William G. Lynch"*

Transverse flow measurements in Au +
Au collisions at E/A=0.5 to 10 GeV AL AT

o EOS
& EBYS

Pressure determined from simulations
based on the Boltzmann-Uehling
Uhlenbeck transport theory

E... /A (GeV)
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o e g Flow data exclude
—— Akl » very repulsive equations of state,
. e very soft EoS (e.g. Fermi gas)
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Importance of S and its slope L

?
RNS .

Lattimer & Prakash,

e Composition of neutron star matter.
* Neutrino DURCA processes responsible
of cooling.

Tsan g et a | PHYSICAL REVIEW C 86, 015803 (2012)
"l

“ IAS constraints
v X on

W isodif. E/A=35MeV
O transverse flow

p (fm™)

Danielewicz & Lee, arXiv:1307.4130




Evolution of a Star

massive star =>

if the star is heavy enough, this can go on
to form

sequence of fusion reactions definitely
ends with (the most bound nucleus)

after all possible fusion reactions are
ceased
® pressure goes down => star cannot
withstand any
longer
® supernova explosion
* remnant becomes a white dwarf or a
or a black hole.

Onion-like structure




NS observed as rotating pulsars (1967)

Jocelyn Bell



Four main layers

A NEUTRON STAR: SURFACE and INTERIOR

56Fe ions immersed in an electron gas, CDF: v '
as in normal metals. doonssa : L iren

Superfluid

Neutron gas in chemical equilibrium

. . . : s ATMOSPHERE
with electrons and ions. lons get very neutron rich, . ENVELOPE

until the neutrons drip from nuclei. Nuclear matter
from drip point (4x10 g/cc) up to about half the

saturation density.

w Polar cap

Asymmetric nuclear matter above ‘ Cone of open

magnetic
field

saturation. Mainly composed by neutrons, protons, -2
electrons and muons. Its exact composition depends
on the nuclear matter Equation of State (Eo0S).

AuD 0d1Xa|N INVNN ‘sbed Aueq Aq

Neutron Superfiuid .

| Neutron Superfiuid +
5 Neutron Vortex Proton Superconductor
Neutron Vortex -

Magnetic Flux Tube

The most unknown region. “Exotic

matter” . Hyperons. Kaons? Pions? Quarks ?




Properties like

e maximum possible mass

atter

(Oppenheimer - Volkoff limit)
* detailed composition of
e maximum rotational frequencies
* (non)-radial oscillation frequencies

e temperature evolution

depend crucially on the Equation of State of

nuclear matter!




EoS from astrophysical observations of NS binaries

Compilation by Jim Lattimer

Several EoS are

LETTER

A two-solar-mass neutron star measured using
Shapiro delay

P.B. D‘emuresti. T. Pennucei’, S. M. Ransom’, M. S. E. Roberts® & J. W. T. Hessels*®
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Different NN potentials

At short distance the NN interaction is too strong
Divergency problems in many-body calculations.

Phenomenological Ab initio

Effective NN interaction Microscopic NN interaction

Density functional theory (DFT) Many-body technique

Relativistic mean field models (BHF, DBHF, Variational,
Green’s Functions Theory,

Quantum Monte Carlo)

Several free parameters. FAST
No free parameters. SAFE

M. Baldo, and F. Burgio, Reports on Progress in Physics 75 (2012)



Two different many-body techniques : BHF vs. Variational

Bethe-Goldstone equation for the G-matrix

kaky, > Q < koky|

Gpw) = V+va—e el C 1)
L2 E 3 k2 1
e(kip) = 5 +U(kip) Z(P):gﬁ 5 Y <EkK|G(p;w)|kk >,
k,k'<kp
U(k;p) = Re Y <kK|G(p:w)|kk >
k'<kp

 Variational method

Ansatz : the ground state wave function W can be written as

¥(r.n.)=11,_ frpee.r...)

where @ is the unperturbed ground state wave function and the correlation factor f(r;)

Is determined by the variational principle, i.e. by assuming that the mean value of the
Hamiltonian gets a minimum

o <"P‘ H“'P) Akmal, Pandharipande & Ravenhall,
EW = PRC 58, 1804 (1998) )




Dependence on the many-body scheme

For the Av18 interaction, good agreement between var. and BBG up to 0.6 fm-3
(symmetric and neutron matter).

The many-body treatment of nuclear matter EOS can be considered well understood.
up to density below 0.6 fm3

Neutron Matter ¢
s At two-body level, both methods
,’6 give quite similar results.
2 o Both methods give the wrong
jl” saturation point !
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When three hole-line diagrams are included and modern NN interactions
are used the Coester band reduces to a Coester “island”
The saturation “point” is still missed.




(No complete theory available yet !)

Urbana IX phenomenological model : Microscopic model :

P. Grange’ et al,
PR C40, (1989)

Carlson et al.,
NP A401,(1983) 59

1040
(a) : 2w exchange (attractive) . Exchange of m, p, o, w via A(1232), R(1440), NN
(b) : Roper R resonance (repulsive) Parameters compatibile with two-nucleon potential

Parameters fitted to saturation point !

—-- Paris
— Faris + F8F

TBF reduced to an effective two-body
force by averaging over the position of
the third particle :

EoS

>




The problem is common to all non-relativistic many-body methods.

New Coester band
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Microscopic EoS’s reproduce well the data from phenomenology

TABLE 1. Calculated properties of symmetric nuclear matter.

Eas po (fm™) £ (MeV) Ky (MeV) 5o (MeV) L (MeV)

D

BHF, Av,y + UVIX TBF 0.16 —1598 2124
BHF, Avis + micro TBF 0.2 —15.5 236
BHF, Bonn B + micro TBF 0.17 —16. 254
APR, Aviy + UVIX TBF 0.16 —18. 247.3
DBHF, Bonn A 0.18 —16.15 230
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G. Taranto et al., Phys. Rev. C87, 045803 (2013)



In stellar matter, beta-stable & neutrally charged matter

Assuming a conventional description of stellar matter as composed by n, p, €, 1

Hp— aup = He

_ _ { = U
n—>p+e p+¢e—>n Hu = He

X, =X+ X,

X, +x,=1

Parabolic approximation
— BHF Micro 2BF — BHF Micro 3BF

Asymmetry parameter S=1-2X, - - BHF Urbana 3BF - - BHF Urbana 3BF
] 2BF ] 2BF
m Variational m Variational

B B
AP-P= (0. f=0)+ FEy(p)

E/A (MeV)

- 1 o B . B, . B. .
E(p)= 2 Z(p.x=0)~ 2(p. p=1)- " (p. p=0
sym(.p_) 4 axp A(I—’ P ) A(IO/ ) A(IO/ )

0 02 04 08 O 2 04 086
p (fm™) p (fm™)

1,0, )= 1y (.04 ﬁ%%Esym(p) (F £2P)E, (p)

(+ for p,—for n), where 1, (p,0) is the chemical potential of a nucleon in symmetric matter.
N P y

One obtains

1y 11, (0. B) = 4BE,,.(0)



Particles’ population =mms) [Equation of state

BHF Micro 3BF
BHF Urbana 2BF

pheno 3BF(K)

P (MeV fm™)

Relative fractions

Ul AR A IsaERA This is the main mechanism of NS cooling which
dominates all other processes when the proton fre aFN
Is larger than about 12%. -




"Recipe” for neutron star structure calculation :

* Brueckner calculation : e(p,xi);x;i = pi/p

Oe
e Chemical potentials: ;=
 Beta-equilibrium: L = by, — q;lbe
* Charge neutrality : Zﬂ?iqi =0
 Composition : gjz(p)

d(e/p)

_ 2

e Equation of state : p(p) = p dp (o, zi(p))
 dP Gm (e + P)(1 4 4nr3P/m)
* TOV equations: a2 | _ 2Cm
T d
d—T = 4mre(r)

e Structure of the star : p(r), M(R), etc.



Neutron star Mass M and Radius R

micro 3BF
pheno 3BF (K)
-~ pheno 3BF (G)
- 28BF
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from F. Ozel, “Surface emission from
Neutron Stars and Implications for the
Physics of their interiors”,

Different many-body technigues and matter compositions predict differe
results for the M-R relation.




N.= qqq: g (939 MeV)

INCLUDING HYPERONS

Extension of the BBG theory.

Several reaction channels involved, more time consuming calculations

Few experimental data of hypernuclei
on nucleon-hyperon interaction.
Nijmegen parametrization, Phys. Rev. C40, 2226 (1989) (NSC89)

Unknown HH interaction.
Use of an extrapolation of NSC89, called NSC97

Strong consequences for NS structure
Softening of the EoS



P=Py+ P+ Ps Py

Hyperon onset at density
close to 2-3 times the
saturation value.

In asymmetric beta-stable
matter, nucleons and hyperons
are equally present at high
densities.

Strong softening of the
EoS, no matter the nucleonic
TBF’ s.




- Small limiting masses.

08 12 16
p, (fm ")

= New experimental data
from hypernuclei are needed.

27
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Neutron Stor Srange Quark ftor

. Since we have no theory which describes both
confined and deconfined phases, we use two separate
EOS for baryon and quark matter and look at the

crossing in the P-p plane.

. Constraints from nuclear phenomenology on the
general quark EOS : In symmetric nuclear matter one
can expect a transition to quark matter at some
density, but it must be larger than at least normal

nuclear matter density.

. Maximum NS mass at least equal to 1.97 M,

. Quark matter in NS (hybrid stars)

e MIT bag model
e Nambu-Jona—Lasinio model
e (ColorDielectric model

e Dyson-Schwinger model

They all give different hybrid

star structure and mass limits.




® Different quark EOS: bag models, color dielectric model:
9 —

1.5

-3
P, (fm™)
NJL, Dyson-Schwinger models: hyperons prevent phase transition

€& Maximum masses: 1.5...1.9 Mg, Radii are different !




r

Maximum mass of neutron stars

* The inclusion of the deconfined phase seems to stabilize
the value of the maximum mass, which lies in a relatively
narrow range, between 1.5 and 1.9 solar mass.

However the structure of neutron star is quite different
in the different models.

« The observation of
implies that additional repulsion is required in the
currently adopted quark models.

We learn about strong force just by looking at the sky !



Final considerations

The EoS of nucleonic matter is much under control up
to 4-5 times normal density.

Excellent agreement with experimental data on nuclei
from HIC.

Large uncertainty in the TBF's.

Hyperons appearance : open question
Phase transition to quark matter : open question



CompStar
(MPNS COST Action MP1304 - Exploring
fundamental physics with compact stars)

Neutror

March 10, 2014 - April 17, 2014

The main topics of the Neutron stars (NSs) represent an active area of research, from their birth following the collapse of massive stars [ ] .
workshop include: in supernova explosions; to their lives as hot thermal sources, radm pulsars andfor magnetars; to their catastrophic ®
demise (when they reside in compact binaries) foll iven coalescence. Progress in
pa
Eeuatiseizal state of dente understanding the structure and signals of neutron stars clemancs expertise across a wide range of disciplines, from
3 3 theoretical and observational asb‘ophyslcs; to nuclear and par!lc|e phyﬂcs, to computatlona| re|at|v1h/ and
matter, including hyperon, kaon .
Lauslid f freod gravitational wave (GW) physim Several recent developments suggest that time is ripe for a workshop which -
M AeCeHeR O IR ses on all facets of Ns science. These include the recent d|scnvery of a 2 solar mass neutron star; evidence
Neutri s d I ‘ for cooilng of the in Cas A suggesting a possﬁ:la transition to neutron supelﬂuldlty, * advanced' generation .
eulnG: Smbsion o Loy IR GW detectors LIGO and Virgo coming online in 2015; new observations challenging traditional models for [

compact stars
Superconductivity-superfluidity

Constraints from EM
observations; transients

Gravitational wave emission

Models for Supernovae and for
Gamma Ray Bursts

Magnetars

GGI: http://www.ggi.fi.infn.it/

gamma-ray bmst;;m’éw lab experiments which aim to probe the conditions of matter at u|hah|§|‘| densities and
temperatures (:“?, NICA - Dubna coming online in 2015); and new or planned electromagnetic observatories
at radio (LOFAR/ ASKAP/ MeerKAT/ SKA), optical (e.g. LSST), X-ray (NICER/ LOFT/ AXTAR/
Athena+), and gamma-ray (e.g. CTA) wavelengths.

This workshop will bring together theoretical and observational astrophysicists from across the electromagnetic
and GW spectrum, as well as nuclear physlcrsts interested in the behavior of matter under extreme conditions.
The goal is to explore what has been learned from current observations; review what is expected from new
facilities; and assess what exploratory work is required to lay the groundwork for these new capabilities.
Throughout the kshop, senior hers will deliver pedagogical lectures to PhD students, young
postdoctoral researchers, and to other senior researchers wishing to expand their own knowledge. Lectures will
cover topics in computational relativistic astrophysics, gamma-ray bursts, r-process nucleosynthesis, nucleonic and
hadronic EoSs, constraints from EM observations, and GW physics. A general conference will also be organized
during the workshop.

Local organizer: Daniele Dominici

Organizing Committee:

Fiorella Burgio (INFN Sezione di Catania) - Alessandro Drago (University of Ferrara)
lan Jones (Southampton University) - Brian Metzger (Columbia University)

Pierre Pizzochero (University of Milano) - Anna Watts (APl Amsterdam)

Deadline for the applications - 30 September 2013

sta



http://www.compstar-esf.org/�
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http://www.cost.eu/domains_actions/mpns/Actions/MP1304�
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Hadron-Quark Phase Transitions:

® Phase coexistence under mech. and chem. equilibrium:

50

— — BHF [V18+UIX+NSCBY) .
PH = Pq@ . : N

MIT [B(p)]
ti = Bijip + Qilig
(z=n,p, A, 5, u,d,s, e, u)

p (MeV fm™

® Maxwell construction:

Local charge neutrality in Q
and H phases

&» Discontinuous H-Q transition
inside the star: pg > py

40 60 80 100 120 140
u-m, (MeV)




LOFT the Large Observatory For x-ray Trmrng

3.What are the fundamental physical laws of the Universe?

3.1 Explore the limits of contemporary physics
Use stable and weightless environment of space to search for tiny deviations
from the standard model of fundamental interactions
3.2 The gravitational wave Universe

Make a key step toward detecting the gravitational radiation background

other compact objects, and the state of matter at supra-nuclear energies in
neutron stars

LOFT Consortium: national representatives:

Jan-Willem den Herder SRON, the Netherlands

Marco Feroci INAF/IAPS-Rome,
Italy
Luigi Stella INAF/OAR-Rome, Italy
Michiel van der Klis Univ. Amsterdam, the Netherlands
Thierry Courvousier ISDC, Switzerland
Silvia Zane MSSL, United Kingdom
) R Margarita Hernanz IEEC-CSIC, Spain
LOFT Science Team composed of scientists from: Sgren Brandt DTU, Copenhagen, Denmark
) ) . Andrea Santangelo Univ. Tuebingen, Germany
Australia, Brazil, Canada, CzechRepublic, Didier Barret IRAP. Toulouse. France
Denmark, René Hudec CTU, Czech Republic
Finland, France, Germany, Greece, Ireland, Israel, Andrzej Zdziarski N. Copernicus Astron. Center,
Italy, _ Poland
Japan, theNetherlands, Poland, Spain, Sweden, Juhani Huovelin Univ. of Helsinki, Finland
Switzerland, Turkey, United Kingdom, USA Paul Ray Naval Research Lab. USA
Joao Braga INPE, Brazil

Tad Takahashi ISAS. Japan



EoS from astrophysical observations from isolated NS

TOV inversion to
get model-
independent EoS

Tolman-Oppenheim

.........

maximum mass

Neutron star
(DBHF)

Mass (M.)

Hybrid, mixed

(CFL+APR) \ _«

(Steiner, Lattimer, 2010)

Hybrid
(2SC+DBHF)

Radius (km) N f { 3 —
Quark star . UE Inrerrec p( - ) Y
(QCD O(a ). ~* : L 1

ybri
(2SC+HHI)

11 12

. 10
F. Ozel, arXiv:1210.0916. Radius R [km]
Reports on Progress in Physics Alford, Drago et al., Nature 2007

allowed region
for the EoS

FiMev/Tm )

e All current measurements are consistent with radii
in the range 8-12 km.

e Quark matterin the inner core cannot be excluded ' .
£ (MeV/ifm )




Lombardo & Schulze, Lect.Notes.Phys. 2001

Effects of superfluidity on cooling

P. Shternin, MNRAS 2011

T T T FETTE

——— Page et al. 2010

Cas-A |

.............

Observations of CasA put constraints
e Superfluidity of neutrons in the 3P, channel
e Lower limit on the gap A=1 MeV

Baldoetal.,, PRC1998 ¢



The method of energy density functional :
mean field with effective interaction

E [ﬁ] = / dr 7’[(77) The parameters are adjusted to
reproduce the empirical
, W%, 3ty 5, 13 5,  saturation point of symmetric
H(T) = %T(T)“L?p (T)+Ep (") nuclear matter.
3 (672\%?
= 3 (T) e
S\ ¢

In general one can introduce a more complex structure for the
effective forces (gradient terms, etc.) and correspondingly more
parameters. In this case it is possible to reproduce also the binding
energy and radii of spherical nuclei with a high degree of accuracy and
many spectroscopic data (giant resonances, and soon)




Binding energy of SNM and PNM

J.R. Stone,
“Skyrme Interaction and

. Nuclear Matter Constraints”,
— SNMSLys

— M arXiv:1202.3902
4—4 SNM APR 1
PNM 4

The density dependence of E for SNM is rather
similar for all the selected Skyrme forces and
compares well with APR model. This doesn’t
hold true for PNM, which agrees with the APR
result only for SLy6.
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