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« Dense matter »: as dense as nuclei
<« Equation of State »: p(p,T)

Here: p(p,. p,.T) or also e(p,, p,.T)
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[. Dense matter in the universe

Supernova explosion occurg
via core-collapse in very
massive stars (M>8M,)
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[. Dense matter in the universe

e Supernova explosion occurs Baryon densiy, g, (p [fom’)
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[. Dense matter in the universe

updoted 4 April 2016

Supernova explosion occurs
via core-collapse in very
massive stars (M>8M
10° <p<10*> g/cm?3
0.01<7<50 MeV in the core
The density in the residual
pulsar (neutron star) is of the
same order <p> ~p,~10%4
g/cm?3

sun)

=> Matter with nucleonic
or sub-nucleonic dof !
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BlG challenges

for theory

1. Present best 3D hydro
simulations do not yet
produce satisfactory
explosions

Incertainty in the initial conditions
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BIG challenges — zimi—--iug

w

3Dn.
for theory 1
1. Present best 3D hydro El
simulations do not yet g 0
produce satisfactory §

explosions
e Incertainty in the initial conditions
* Incertainty in the v dynamics

—10 0 10
x1 [107 cm)]

*==> Nuclear physics essential !  melson et al. 2015°



P. Demorest et al., Nature 467 1081 (2010).

B I a Cha { { emg 65 J. Antoniadis et al., Science, 340, 6131 (2013).

for theory

2. Present beSt EOS mOde”ing %stw' mm P A X o & - bs
cannot yet explain the most  °| M |
massive NS
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Bla Cha({emges A.Drago et al 2014
for theory S

2. Present best EoS modelling
cannot yet explain the most

massive NS

e Strangeness couplings at high +conversion into QM
density ? : loR[km] > -

« Transition to quark matter ? M.Oertel et al 2015

MM,

*== Nuclear physics essential ! y



BlG challenges
for theory

3. The recent detection of GW by
aLIGO opens an exciting avenue

of GW observation from NS
e Continuous GW from deformed NS
« R-modes in young sources
 Binary NS merging

A.Radice et al ArXiV 1601.02426
ey 10%®

a ll(l“

103

y [km]

1012

a1l ot

1010

10!)



BlG challenges
for theory

3. The recent detection of GW by

aLIGO opens an exciting avenue

of GW observation from NS
e Continuous GW from deformed NS
* R-modes in young sources

« Binary NS merging

Detectable (40 events/year)
oscillations (f-mode) of the post-
merger remnant are correlated to
the EoS (here expressed as R, g)

A.Bauswein, arXiV:1508.05493

y 24M_

o 27TM_,

30M
sSu

n E

n

x

n

12 13 14 15
R, . [kml

*== Nuclear physics essential ! y



Lecture [ the Equation of State of

Compact stars

Dense matter in the universe and theoretical
challenges

Modelling the EoS in the mean-field approximation

a. density functional approaches
b. effective lagrangians
C. pairing correlations

. Constraining the parameters

Phase transitions in dense matter

a. from core to crust
b. from nucleons to quarks



2. Modelling the EoS in the mean field approximation

« Thermodynamic limit vVr (~1038 particles/cm?3)
—Homogeneous p,(r) =p, (V q constituent)

p g em

y [km]




2. Modelling the EoS in the mean field approximation

e Thermodynamic limit vVr (~1038 particles/cm?3)
—Homogeneous p.(r) =p, (V q constituent)
=& = &g + &, (baryons and leptons decoupled)

— Translational invariance: V(r)=cst

1

ik;r
e plane waves

= (+Vp|i) = eli) (rli) =

=e, (k) = \/m§+k2 + Vq(pq,pq,) single particle energy

=&, = & + [, dpV, energy density

* Nucleons only: e = € + €rgn + €(Pn Pp) ENEIYY
functional: the quantity to be calculated.



a- Non relativistic mean-field

The Skyrme approach (zero range effective interaction)

oP° +Cyp”) +(Dyp” +Dyp”)5°

gSkyrme
g=n, P 0

N pd =h(37%p,)
The finite range approach (Gogny, M3Y..)

P =Pyt P,
1« _Pu—pP
Emay = Z j dpp Jyoo +JV0152)(p2 - pBp’) _5 = .
g=np 7 0 P
Same functional dependence as Skyrme!
The interaction range plays no role for nuclear matter
Proof: g:iz<lj‘\7‘|j—1|>:<v>p2 <T_|>i >ociei%'77
AY ij VV
1 A A .
\ (V=5 22 [d’ V(s)(1-e™F) =ty 1 u() = 10(s)

i=1 j=1



a- Non relativistic mean-field

* In principle, functional form well established and
parameters constrained by nuclear experiments

 BUT ad-hoc density dependent terms «< p¥ which
simulate many body effects

— Arbitrariness in the functional form
= Arbitrariness in the extrapolations!



b- Relativistic mean-field
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b- Relativistic mean-field

i} , 1 -
L, =1, [yﬂ (16“ — gyt — Egpr - b”) —m — gsa] Yq

« However, the mapping is broken by ad-hoc density
dependent couplings g(p) (or non-linear couplings)
which simulate many body effects

— Arbitrariness in the functional form
= Arbitrariness in the extrapolations

Relativistic or not ???
It Is Just a question of taste......

The biggest issue is the

determination of the parameters of €
In a model independent way




The effective mass issue

 Nucleons interact with the surrounding medium: their
energy=>mass is modified with respect to the vacuum
value.

e However, the effective mass m* entering the kinetic
energy is not the same in rel and non-rel approaches.

qu *2
ge m;

Dirac m* M =m+RI(p,p)=m-g,0,=m-=5 —Idpp
My g=np 77 p*+m.’

de)”  _ p? .
Landau m* m =p|—| e=-—+RU(p,p) 58=Tr((t+U)5,0)
dp 2m

 This leads to a systematic difference in the functional
dependence (both isoscalar and isovector)
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c - Beyond mean field: pairing correlations

The attractive part of the residual interaction leads to pairing
correlations
Channels relevant for neutron star matter: 1S (nn, p<p,),

3P,(NN&ppP, p>p,)

BCS theory: 1 Ap.)
t(0:0)=&(p,8)+= D V. (0)Pehy Pq=2—1
“ 4q=zn,p ! . ! Viz(loq)
v 1 °%
1=—-+~% dpp?
2 h’r? ! PP

1
2
P"=Pe | |
2m |

Effective interaction optimized to reproduce ab-initio calculations
of A including polarization and screening effects

Superfluidity and superconductivity negligible for static properties,
but essential for cooling and glitches Cy xexp —A/T
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3. Constraining the model parameters [ p
L P — Po
« Definition of empirical parameters i
e=-2
p

o Any EoS can be Taylor expanded

e(p,8) = e;s(p) + ey (p)6? + 0(6%)
1 1 1
E (EO +—Kox* + O(x?’)) + (]0 + 2 Lx + — Kgymx® + 0(x3)) 52

o The actual model parameters can be expressed as a function
of the empirical parameters (Eq, po, Ko, Jo, L, Ksym )
o If the empirical parameters are known, the EoS is known

o If these coefficients are constrained through model
comparison with data, any model compatible with the
constraints can be used to compute compact star properties

o Data from lab.experiment, observation or ab-initio modelling.



Constraining the empirical parameters:

jumping across the scales!

_ constraint>
Observation @redicﬂon EoS model
(empirical parameters)




Constraining the model parameters

a. laboratory experiments
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Constraining the model parameters de
o ) — _d _1 = pﬂ B 8
p
) L. . 1
b: ab-initio modelling P(po) = 5 P3L — Eo ~Jo
10" —
— TM1
- GM1 PNM
-= NL3 .
s N L3wp o’ e
.. DDME2 e
— = = DDH§ .““- ....... a8 oA
& -= DD2 et i 2
IE — BSR2 :: KN i /
= 0 «« BSR6 A R z
> 10 e —
eb) ¢
=
A,

[ Hebeler et al. (2013)
[ Gandolfi et al. (2012)

012  0.14



Constraining the model parameters

c: observation

P. Demorest et al., Nature 467 1081 (2010).
J. Antoniadis et al., Science, 340, 6‘73]. (2013).

5[ L s._.'____\.
1.5F
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= [ .. BSk19
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o A.Fantina et al, A&A 2013 °



Empirical parameters from various effective approaches

Model Po Ey Ko Qo 20 Egym Leym Keym Qsym Zaym
fm™3 MeV MeV MeV MeV MeV MeV MeV MeV  MeV
Skyrme Average 0.1586 -15.91 251.68 -300.20 1178.35 31.22 53.52 -130.15 316.68 -1890.99
o 0.0040 0.21 4542 157.81 848.47 2.03 31.06 132.03 218.23 1191.23
RMF Average 0.1494 -16.24 267.99 -1.94 5058.30 35.11 90.20 -4.58 271.07 -3671.83
o 0.0025 0.06 33.52 392.51 2294.07 2.63 29.56 87.66 357.13 1582.34
RHF Average 0.1540 -15.97 248.06 389.17 5269.07 33.97 90.03 128.16 523.29 -9955.49
o 0.0035 0.08 11.63 350.44 838.41 1.37 11.06 51.11 236.80 4155.74
Average 0.1540 -16.04 255.91 29.01 3835.24 33.43 77.92 -2.19 370.34 -5172.77
o 0.0051 0.20 34.39 424.59 2401.14 2.64 30.84 142.71 298.54 4362.35
ers(p) = Eo + %w(pf + %w(p)?’ Fiens {P =Pnt Pp
e1v(9) = Evym + Loyma(p) + =2 2(0)? + L a(p)? + .., e

2 6

J.Margueron et al., 2016
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Phase transitions in dense
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Phase transitions: necessarily beyond mean-field

« A mean-field model in _
the thermodynamic )
imit implies CE _
homogeneous matter dP? -
[hi,k] = () (D)

* Necessarlly fails Iif matter
IS non-homogeneous

 In MF phase transitions . .
are signhalled by .

instability of ,
homogeneous matter ' >
towards phase D, o, ©
separation - density or volume

« => Convexity of the (order parameter) -

energy functional



Phase transitions: necessarily beyond mean-field

e A mean-field modelin _
the thermodynamic
limit implies
homogeneous matter
|hi, k| =0

 Necessarlly falls if matter
IS non-homogeneous

* In MF phase transitions
are signhalled by .
instability of
homogeneous matter >
towards phase D, O, O

separation - density or volume

« => Convexity of the (order parameter) -
energy functional

E(D)

Q’(‘

h Here: single order parameter (1D space)



1) Transitions in the crust: 3D density space

* (n,p,e) matter: energy density

i CDZ: {6n,(k)} g=n,p.e %<0
. d<E E(D)
Y <0=
62
C(k) = det <0

- B
f\ \/‘ ’
\/ b, o,

. - density or volume
A= 2n/ k (order parameter) -

S /




Crust-core phase transition

2
O = et om, = ] /\\/‘\/
r
Db Gt O Response to ‘ = ok
iy — o
Cowe= |Gt Gty O thermal (k=0)
0 0 o u)4mmm fluct.
f f
Cr;n Cr;p 0 . Surface T=5MeV  =0.05fm"; Z/A=0.3  Sly230a
+cf cl 0|k 4,
0 0 0 PR
0 0 O ":E: " homogeneous e
0 1 Coulomb S |
H A ] term g
0 o « <
0 peHe -0
Stellar matter at p<p, is unstable complete screening

against finite size fluctuations =>

cluster formation
o




2) Transitions in the core : different dof, but still 3D

a. Hadronic matter: the baryon octet

8.1 % 7 1 .
Z—Z j dpp*,/p*+m;* +§(m§a§+m2w§+mf)p§)+non-lln.terms
0

j=l

gRMF

(0]

8

1
= gvjnj Dy = ZT3Jng i Z 0,5 s M =M —g,0,
ma) J ,o j=1

j=1

o Equilibrium of strong % X\
939MeV n p S=0

interactions: three densities

nQ, Ng, Ng
d?E 0°%E M, =1115MeV S=-1
° o2 <(0=C = det oms, M;=1193MeV
1318MeV — =0 S=-2




2) Transitions in the core : different dof, but still 3D

0 Skyrme
i interaction
e Results are extremely model e S
03[
dependent ook
I“E 0.2—

0.05F

Relativistic

Mean Field DDHs A1 —

Conin [MeV fm?]
(@)]
o
(e ]

-
--------
e e e me .. .- = mm—T—-— -

N
)
o

F.G.,A.Raduta and M.Oertel, PRC 2012, PRC 2013,

04 05 06 07 08
TPhys6 2015, EPTA 2016
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2) Transitions in the core : different dof, but still 3D

energy density

b. Deconfined matter: free quarks
u,d,s => E(Nng,Ng,Ng)
 No unified model for confined and
deconfined matter

« Effective model (no confinement,
no gluons) in the quark phase: MIT,
NJL, (P)NJL, QMDD... w/wo color
superconductivity (2SC, CFL .

E(D)
Q<

phases)
Y esdu(p) < ehad(p) == hybrid star :

° esdu(peq) < 930 MeV CDI CD2
=> Absolutely stable SQM =>quark star _ density or volume

e Results are extremely model (order parameter) -
dependent

ST /

. A nice collection of recent results: special issue EPJA 52 (2016)



Conclusion: three possible families of

neutron stars

Hadronic
stars

Quark stars
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