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- A brief introduction to the neutron star equation of
state.

- The interplay of the symmetry energy and DUrca
cooling.

. Astrophysics measurements of compact stars: multi-
messenger astronomy & the GW170817 event.

- The compact star mass twins case.

- Astrophysical implications and perspectives.



Double Neutron Stars and Millisecond Pulsars
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Pulse shapes and el.-magn. spectrum
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Statistics of Pulsars

log,,(Period derivative)
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Magnetars:
B > 10" Gauss

Young pulsars:
P <1 sec
B ~ 10'> Gauss

Recycled (old) Pulsars:
P ~ few milliseconds
B ~ 10% Gauss



Superdense objects — what is inside?
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Superdense objects — what is inside?
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Nucleus, A nucleons: R,=1.2 10" cm A'3; p,=A1.67 102* g/(4n/3 R *)= 2.3 10'* g/cm’®

Neutron star: R= 10 km; p=2 Mo/(4n/3 R*) =4 10°? g/(4 10'® cm’)= 10"> g/cm?*=4 p,



Superdense objects — what is
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Nuclear Matter
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Flow Constraint

Klaehn et al. PhysRev C74 (2006)
P. Danielewicz, R. Lacey and W.G. Lynch, Science 298, 1592 (2002)
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FIG. 6: Pressure region consistent with experimental flow
data in SNM (dark shaded region). The light shaded region
extrapolates this region to higher densities within an upper
(UB) and lower border (LB).



Nuclear Symmetry Energy

a0k

E-m [MeV]

30 MeV
E
1o

is the difference between symmetric nuclear matter and pure neutron
matter:

E(n,x)=E(n,x=1/ 2)+Es(n)*a’2(x)+Eq(n)*a’4(x)+0(a’6(x))

where a=1-2x
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Neutron Star Equation of State

The energy per nucleon in neutron star core matter is given by:

Eiot(n,{zi}) = Ep(n,zp)+ Eep(n, ze,x,) ,
Ey(n,z,) = Eo(n)+ S(n,z,)
Eiep(n, e, z,) = Ee(n,ze)+ Eu(n,z,) ,

where n = n, + n,, is the total baryon density and z; = n;/n, i = p,e, u are
the fractions of protons, electrons and muons, respectively. The baryonic part
is very well described by the parabolic approximation w.r.t. the asymmetry

7171 - ,l 7 P
a = —’=1—2;1:p,
Np + Ny

resulting in S(n,z,) = (1 — 22,)2Es(n). The leptonic contribution is a sum of
the Fermi gas expressions for the contributing leptons [ = e, i

F p * 21 .
Ej(n,x) = %ﬁif [\/ 1+ le (1 -+ %’) —%Al‘smh (}—l)]

where 2 = m;/pr,. For massless leptons (z; — 0), this expression goes over to

p
LPry 3, 2 \1/3 ay3
Ei(n, ‘“)|m1=0 == 1 (377 n) z,"" .



Charge neutrality and B-equillibrium

Under neutron star conditions charge neutrality holds,
Tp =Te+ Ty .

The 3— equilibrium with respect to the weak interaction processes n — p +
e 4+ v, and p+ e~ — n+ v, (and similar for muons), for cold neutron stars
(temperature T' below the neutrino opacity criterion 7' < T,, ~ 1 MeV) implies
’1.71 - ,l]) - /Le - /1,1 .

The chemical potentials are defined as

651 () ..

i = —=—~FE;(n,{x;}), i,j=n,pe,u,

on;  Ox; {25}
where €; = n E;(n,{z,}) is the partial energy density of species i in the system.
From the above equations:

fe =4(1 —2z)E (n) .

Since electrons in neutron star interiors are ultrarelativistic,
e = \/P% .+ M2~ pre, and pre = (37%n.)Y/3 = (3n2n)Y3(x — 2,)1/3 |

» - ) 2
T— Ty 64E3(n) (= 2,)23 — 223 = my,
(1—2z)3 3m2n ® H (372n)2/3

The total pressure is then given as P(n) = n? (%)



Compact Star Seqguences

Log,o P (MeV/fm?)

Lattimer,

Annu. Rev. Nucl. Part. Sci. 62,9 f/ |
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PSR J1614-2230

A precise AND large mass measurement

Shapiro delay:
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Es(n) [MeV]

Es(n) [MeV]

Symmetry energy effects

35
30¢ k models
250
I Z
20}
=
OF =
= 15}
~
of o3
10¢ - AE—K00
- AE-k04
sof st - AE—k08
- AE—k12
oL, , . . ) . . , 0 . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.00 0.05 0.10 0.15
-3
n[fm~3] n[fm™]
200 100 F
L models 50|
150}
200}
100 50l
00} b
50t
o High density models
0 , , , , : , of . . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-3
n[fm™3] n[fm™]

S. Kubis and D. E. Alvarez-Castillo - arXiv:1205.6368



Symmetry energy effects
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Neutron Star Cooling Processes

Process Name

Process

Emissivity @,
(erg em—2 s71)

Reference

Bremsstrahlung

Modified Urca
Direct Urca
Quark Urca
Kaon Condensate

Pion Condensate

n+n—mn+mn-+rve+ e
n+p—n-+p+vet e
PTPp—PT+PTVetT Ve
n+n—n+pt+e +1,
n+pt+te —n+n+tr,
n—pte +

pt+e —n+r,
d—u+e +1,

u+e —d+ v,
n+K —n+e +0,
n+e —n+ K +v,
n+mT —n+e +1,

n+e —n+mT +1e

~ 1020T§
~ 10°7T¢
~ 10%a,T§
~ 10278

~ 10%°T¢

Page, Geppert
and Weber [92]

Friman

and Maxwell [93]
Lattimer et al. [94]
Iwamoto [95]

Brown et al. [96]

Maxwell et al. [97]

Direct Urca is the fastest cooling process.
Threshold for onset: pgn< pgp+ Pre. FOr electrons only then xpy=1/9.



DUrca Process Constraint

E plays an important role in determination of the activation of the direct Urca
(DU) cooling process
n—p+e-+ ve.

If the central density in a neutron star exceeds the critical value which allows
the DU process to operate then this process triggers a dramatic drop of the
core temperature due to rapid energy loss by neutrino emission. This process
can therefore not be operative in typical neutron stars as we do observe cooling
neutron stars much older than the typical transport timescale (~ 1000 years)
with surface temperatures that are not compatible with DU cooling.

The DU threshold condition is derived from the triangle inequality for the
Fermi momenta of neutron, proton and electron (neutrinos are neglected):

S1/3 . 1/3 , . 1/3
ny = <n, +n. ",
which can be formulated in terms of proton and muon fractions as
N3 /3 o \1/3
(1—2)'3 <23 4 (x—x,)Y3 .

Below the muon threshold 2PV =1/9 = 11.1.

D. E. Alvarez-Castillo, D. Blaschke and T. Klahn. (2016)
arXiv: 1604.08575



DUrca Process Constraint

E, npu[fm=?] ne|fm =7
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Symmetry energy Conjecture

Klaehn et al. PhysRev C74 (2006)
PHYSICAL REVIEW C 74, 035802 (2006)
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FIG. 7. (Color online) Density dependence of the asymmetry
contribution to the energy per particle (left panel) and of the proton
fraction (right panel) in NSM. Encircled curves correspond to EoSs
that violate the DU-constraint.



Nuclear Symmetry Energy
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Universal symmetry energy contribution

D. E. Alvarez-Castillo, D. Blaschke and T. Klahn. (2016)
arXiv: 1604.08575
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The symmetry energy contribution to the neutron star EoS behaves universal
only then E,, and therefore the proton fraction x is bounded (right panel)!



Predictions for neutron stars properties
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If composed exclusively of nucleons and leptons, our prediction is that neutron stars have a
radius of 12.7 = 0.4 km for masses between 1 and 2M,

J. Margueron, R. Hoffmann Casali, F. Gulminelli - Phys. Rev. C 97, 025806 (2018)



Predictions for neutron stars properties
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GW170817
and
Tidal deformability



Hulse-Taylor pulsar — binary system

PSR B1913+16 (now J1915+1606)

Nobel Prize for
Hulse and Taylor
(1993)

1980 1985 1990

Excellent confirmation of Einstein theory of GW emission by observation of period decay



Anatomy of the GW signal
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Anatomy of the GW signal
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Direct measurement of gravitational

waves — merging of two massive black
holes (2015)

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T ] T T

First detection of gravitational waves Lo ) | 1
September 14, 2015 at 5:51 a.m. EDT oo "‘W"vk\ /u\w\vu\ J ij \/IW(,W WW“‘»W\\[\‘/ \J\MA NNN
(LIGO Collaboration) P :%__1 | ]
g . = —
Source at 410(18) Mpc [z=0.09(4)] = o« A / i |
5 00k AW A2 11| A I\ 111
- % 00| AN\ \ s e AAY \. |l
Initial black hole masses: -L.0 |~ Wmeriaireatiy I - 1 Wiy ! ~
36(5) Mo and 29(4) Mo 05 : e : -
Final black hole mass: 00 wwmmww\”\,«w\«'/ Wi\ MM«’WW’%M\AVW ‘\/J"\N"%
62(4) Mo = —— | i ——
512 '
. o Z 256 -
Energy release in gravitational waves 7, /
3.0(5) Mo ¢? =
= 32
Phys. Rev. Lett. 116, 061102 (2016) TP e TP e W

Nobel Prize Physics 2017 !! Rainer Weiss, Barry C. Barish, Kip Thorne

o N OB OO @
Normalized amplitude



Ultimate goal: neutron star merger !

Simulated NS-NS merger events *) et | R J1o0g:076. |
--> Sensitivity to the NS equation of state! _ o 1% om0 g=em
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*) A. Feo, R. DePietri & F. Maione, Class. Quant. Grav. 34 (2017) 034001



Discovery: neutron star merger !

LIGO
30° X Swope +10.9 h
LIGO/ .
Virgo - L y
——— 7~
Fermi/ | .
30"
9 GBM ‘,i' i~
16h 12h 8h
' DLT40-20.5 d
IPN Fermi / GW
INTEGRAL LGO, Virga
y-ray
Formi, INTEGR, rosat, Insigh! Swett, AL HA oy,
\ »
-30° \ ; -30° ,

*) B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)



NS-NS merger !

GW170817A , announced 16.10.2017 — Multi-Messenger Astrophysics !!

Low-spin prior (y < 0.05)

High-spin prior (¥ < 0.89)

Binary inclination 6,y 1461?? deg
Binfiry inclinationlé'_,N using EM 1511”1111‘ deg
distance constraint [108]

Detector-frame chirp mass Méet l.1975f£5’j{,’((,’((5’11 Mg
~+0.001
1-18_6:).()01 Mg
(1.36,1.60) Mg,
(1.16, 1.36) M,

+0.04
2'73—()1)1 MO

Chirp mass M
Primary mass m,
Secondary mass m,
Total mass m

Mass ratio g (0.73, 1.00)

Effective spin y. 0.00199?

Primary dimensionless spin y, (0.00, 0.04)

Secondary dimensionless spin y, (0.00, 0.04)

Tidal deformability A with flat prior 300‘_L?88(symmetric) /3003%8 (HPD)

15221 deg
1537); deg

1.1976 200002 Mo
L1860 M,
(1.36,1.89) M,
(1.00,1.36) M,
277:?:55 Mg
(0.53, 1.00)
0.02255;
(0.00, 0.50)
(0.00, 0.61)
0. 630)

M<2.17 M_sun (arxiv:1710.05938)

B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); Phys.

Rev. X 9, 011001 (2019)



Implications from GW170817

B .| <005
B .| < 0.89
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GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral
B.KP. Abbott et al. arXiv:1712.00451



What can we learn from the inspiral I

Waveforms incl. finite-size effects are described by tidal
deformability (how a star reacts on an external tidal field)

Offer possibility to constrain EoS because tidal deformability
depends on EoS

B )

M

.
3

A .1\3

Corresponding to ~10 % error in radius R for nearby events
(<100Mpc) (e.g. Read et al. 2013)

Note: faithful templates to be constructed

R/M compactness (EoS dependent)

K, tidal love number (EoS dependent)



Computing the love number/tidal deformability

Extension of a standard TOV solver (i.e. numerically an integration of coupled ODESs):

Ansatz for the metric including al=2 perturbation

ds® = ®M) 1+ H(r)} @ ]dt2
+e*A0 [1 — H(r)Y; ( )] dr o
42 [1 — K (r)Ya0(0, 0) ( 62 + sin? 0dy?) Following Hinderer et al. 2010
Integrate standard TOV system: And additional eqgs. for perturbations:
g y
on _ (1_ 2m,. T dH
€ e r ? T — j (11)
d® 1 dp dj | my\ 1 |
= —(_H)E. - = 2(1_27‘) H{—er[56_+9p—|—f(e+p)]
dp m, + 4wrip 9 ) 9
il 3 ey 3 ra(1—2™n) (M L g
2 r(r — 2m,.) -+-r2 + 2 (1 e— ) ( 2 + 47’7p)
dm, 9 243 ‘ =1 ,
= 4r-e. 2P (1 _ o _ Mr | omr2(e — -
2 (12 14 B o)
EoS to be provided g(p) (K(r) given by H(r))

Note: Although multidimensional problem — computation in 1D since absorbed in Y20
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where C' = M/R is the compactness of the star.
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Critical Endpoint in QCD
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Implications from GW170817
Nonlocal NJL
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Perspectives for new Instruments?
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Implications from GW170817
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Gravitational Wave Signals
First Order Phase Transitions
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STRONG GRAVITY BOOK
Chapter 1

Astrophysical aspects of general
relativistic mass twin compact stars

1.1 Introduction

Compact stars, the stellar remnants following the death of main sequence
stars, have been the subject of investigation since the beginning of the
last century. In particular, the determination of the internal composition
of neutron stars is an open problem. Researching it involves many ar-
eas of physics, like nuclear, plasma, particle physics and relativistic astro-
physics. Moreover, due to the enormous compactness (as expressed in the
mass-radius ratio) of compact stars, these objects are extremely relativis-
tic. Therefore, one can neither exclusively apply non-relativistic quantum
mechanics nor classical Newtonian gravity to describe the observational
properties of compact stars.
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Main Goal

To contribute in the study of the QGP phase
diagram (CEP)

 To study, from the theoretical point of view, the mechanism responsible
for the restoration of chiral symmetry and to study the QCD phase
diagram at finite values of temperatura and density.

 To study, from the experimental point of view, signatures that allow to
locate the CEP and contribute to the MPD collaboration with a detector
(BEBE) for increasing the pseudorapidity acceptance, optimization of
event plane resolution and trigger system.
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Conclusions

. USEC conjecture has been corroborated and Eg related
guantities found to be correlated with the NS radius.

. GW170817 favours softer EoS and together with the Durca
constraint DD2F-like EoS are favoured. Hybrid stars with
strong first order transition are also favoured.

. Future GW observations, NICER and SKA will soon result
into stronger NS EoS constraints.

. Many possible astrophysical scenarios for mass twins

could be confirmed implying a CEP in QCD. ‘
Gracias



