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Introduction



White Dwarfs and Neutron Stars
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Parte I:
Physics of White Dwarfs and Neutron Stars
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Some properties

M= smaller than 1.4*Msun
(Stoner 1929, Chandrasekhar
1931, Landau 1932)

R ~ 0.01*Rsun ~ 1079 cm
Densityies < 10710 g/cc
Grav. Pot.=G*M/R=10"-4*M c™ 2

Supported by electron degeneracy
pressure

M= smaller than 3.2*Msun
(Rhoades & Ruffini, 1972)

R~ 10"-5*Rsun ~ 1076 cm

Densities>nuclear
density=2.7*10"14 g/cc

Grav. Pot.=G*M/R=10"-1*Mc”™ 2

Supported by neutron degeneracy
pressure



From a WD to a NS:
from atomic to nuclear physics

The Nucteus [l The Atom (iree)

Rn = r0*AN(1/3) = fermi = 10/-13 cm R, , =hbar"2/(me*e/2)=10"-8 cm=10"5*Rn
A=N+7Z<200 Ne=Z7
Density = mn*A/Rn/\3 Density=Nuclear density*(Rn/R,,, )\3=1 g/cc

= mn/r0’\3 = 10°15 g/cc



Physics at work

Microphysics:

Atomic Physics, Solid State
Physics, Quantum Statistics,
Coulomb interactions, Nuclear
Physics at experimental level

Macrophysics:

General Relativity equations of
equilibrium

Microphysics:

Atomic Physics, Solid State Physics,
Quantum Statistics, Coulomb
interactions, Weak interactions
equilibrium, Nuclear Physics at both
experimental and theoretical level,

Macrophysics:
General Relativity equations of
equilibrium



White dwarf physics



Equation of state (EOS) of a fermion gas

N g > 3
= — = f(p)d
E g8 o 3
E=— = f d
o) = 1 g > i
P=\|— — f(p)—d’p
(8\/)5 3@y / ®) iy
N: number of particles V/: volume of the system
E: total energy of the system P: total pressure
e(p): particle energy p: particle momentum

g: degeneracy of energy levels = 2 for fermions (spin | and |)
f(p): distribution function (or average occupation number)



EOS of a fermion gas
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o5t — wr-100| 1 €(p) = particle energy

06:- —  w/T=10 o = chemical

f(p) o T potential
| f I = temperature
i i/ T = degeneracy
e e S parameter

mam) P = nkpT

Degenerate limit: pu/T >> 1
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EOS of a fermion gas

The Onset of Degeneracy: Pdeg >>
Pideal
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EOS of a fermion gas

Degenerate Case: T=0

mha[ /1 +a2(2202/3 — 1) + arcsinh(x.)]

Non- o
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Limit Limit
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Self-gravitating system of degenerate fermions:
non-relativistic case

Stoner’s approach (1929)

Pz 3GM?

E=FE;,,+FE,=N—£L -
deg + 2m 5 R (a_E) — 0
3 /9n\?? K2 N3/3 3 Gm2N? OR ) y \
_E(Z) m R2 5 R

For a given N, it is always possible to obtain
an equilibrium configuration of radius:

or\*?* n2 1
= (Z) Gm3 N1/3




Self-gravitating system of degenerate fermions:
ultra-relativistic case

Stoner’s approach (1929)

3 GM?

E = Byey + Ey = NcPp — =

oOF
5 R i _
3 79\ /3 N4/3 2 AT2 (8R> =0
_ 9 _7T B o B %Gm N N
4\ 4 R 5 R

The solution does not depend on the radius !!

15 m;
Merit = mNepiy = — VO Flanck

16 m?




Relaxing the assumption of uniform
density

EF \/(CPF)2 +m2e* —me® — m® = constant = —m®(R) dzx(g) _ _X(f)S/Q 14 NP x(§) v
dg? ¢ NeJ g
EqUi“br.ium N — \/ﬁ MPlanck 3
) Condition (PF)? 2 ( m )
V0 = —4rGmn , (L Boundary
Conditions
New convenient ax
0) = 0) =0, e 0
variable > M) (dg)@ ’

xX(7)
O(r) — ®(R) = GmN>2 <o i
r 3/2¢1/2¢ ( X,) —1

Jovreae= e ()



The Chandrasekhar-Landau Mass

[PF >>me > Ep = cP" — m® = constant = —m(I)(R)]
0) = —0,
dQX(f) _ ( N )2 X(E)S Xg(n ) X(&-O)
5 . 2 3/261/2 36 ==
g NeJog e ag 50( » The Critical Mass
3

; ; My = mN = 2.015 N* = 2.015‘/?"nf?’;;“*fk
2 S I N R
W — —? {X(O) - Oa X(x()) - Oa * 7 _

Approx. 20% smaller than

n=3 (gamma=4/3) Lane-Emden Polytrope !!
Stoner’s value



Application to WDs and NSs

Z ‘
Te = A—T?IN
/3 .
Mo = my N = 2,015 N* = YT MRk oy gqpy
2 Pmy

Mepie =m N = 2.015 N* = Planck ~ 5.76 M,
m

Non—relativistic WDs -

""" RelativisticWDs ' e
-+= Non-—relativistic NSs ! !’
- = Relativistic NSs '
! /
r !
.ol
.
!
I
N
LI )

1 —

10?

10° 10° 10° 107 10" 10° 10 109
p (g/em”)




Electrostatic corrections

Chandrasekhar approximation...

Uniform Electrons

NO Electromagnetic
Interactions

Uniform Nucleons

AlZ fixed parameter

Relativistic degenerate
gas of electrons

A

p=" myn,




Lattice model...
2 2
“E - QO Z e
10 R,,

/

Lattice Energy (Coulomb energy)

1 E,

P, =P +——L
\ WS e 3 VWS

Wignher-Seitz cell

Ne = Z uniform electrons E
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A

\'4

Point-like nucleus +eZ



Effect on the critical mass

Homework:

Show that the critical mass becomes:

3/2
]\/Icrit — ]\/jch (1 ba 22/3) < ﬂ/ICh

crait 5 crit

Hint. Use Stoner's approximation



Electron distribution: Thomas-Fermi model

Basic Assumptions Thomas-Fermi solutions

PF 2
El = % — eV = constant Lol SO - 15875
0.8 ,
Equilibrium T Om e
Condition —— #'(0) = —1.5850
F\3
V2V =dren.. ne= %, eV(r) _
- 2 4 . 6 s 10
’T‘an, b = 173 'Boh

¢(0) =1, ¢'(0)<0




Number of electrons

Ro
N, = f 4rr’nedr = Z[1+ o(x0) — x0¢ (x0)]
0

where xop = Ry/b being Rp the radius of the configuration.

Free and Compressed configurations

free (x0) = %00 (x0). oO(x)=0=Ef =0
Atom ={ @_)(XO) XD@ (x0). Q(XD) -
compressed  od(xp) = x00' (x0), O(x0) #0= EL >0

o




Feynman, Metropolis, Teller (1949)
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Compressed atoms...
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compressed atoms



Relativistic Feynman-Metropolis-Teller Atom
(Rotondo, Rueda, Ruffini, Xue, Phys. Rev. C 84, 045805, 2011)

Ne = Z relativistic electrons in
Beta equilibrium with nucleons

N A Electrons in a Wigner-
Seitz Cell
— Relativistic FMT treatment
1.08}+ — — Uniform approximation i
\/ 1061 '
v .

v 1.04}

Ne = Z non-relativistic electrons

Wigner-Seitz cells

Point-like nucleus +eZ Extended nucleus +eZ n_c
and A-Z neutrons g 1.02

1.00
Ef = \/CQ(PeF)Q +m2ct —m.c® — eV (r) = constant > 0 0.98}

0.96 | Wigner—Seitz cell boundary

3 2 1 L 1 1 L

1 dQX(.’B) o 4o XQ (CE) me X(!L’) / 50 100 152(:) 200 250 300
3r dx A Or | = My X



Effect on the EOS
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WDs in GR

(Rotondo, Rueda, Ruffini, Xue, Phys. Rev. D 84, 084007, 2011)

D 6] B,relFMT 3, unif
ecay 6Z crit crit
General Relativistic Thomas-Fermi “He —* H 4+ n—4n 20506  1.30 x 1011 1.37 x 1011

120 123 L 12Re 13.370  3.97 x 1010 3.88 x 1010
160 16N 16C 10.419  1.94 x 100 1.89 x 1010
56Fe —56Mn —%Cr  3.695 1.18 x 10? 1.14 x 109

Equilibrium Condition for WDs

4 Einstein ) \
Equations \/— NV
— ool He (Z, A) — (Z — 1, A)
. ) \ ¢ Hys = constant ] e
Relativistic FMT / \ E‘ \
\ E0S / v v "i 101+ 12\\ 16
0
Macrophysics GR ~ Microphysics WS cells g c - 2
1 by 20 - Mg
, E 109_ Ne “\‘\ 328 56
T . 2 28 -
Relativistically consistent approach . i F"\




WDs in GR

(Rotondo, Rueda, Ruffini, Xue, Phys. Rev. D 84, 084007, 2011)

PHRS MERS/Mo RN MENT/M

4He 1.37 x 101! 1.44064 1.56 x 1010 1.40906

12 3.88 x 1010 1.41745 2.12 x 1019 1.38603

160 1.89 x 1010 1.40696 1.94 x 1010 1.38024

56Fe  1.14 x 107 1.11765 1.18 x 109 1.10618
dM (r) 5 dP(r)
——— =dar‘p(r), —

dr dr

1.4} e ’ .......................
M
Mo 1.3L GR—instability A—instability |
— Relativistic FMT
------ Hamada and Salpeter
1.2 ;" | -- Char}drasekhar
10° 10° 10'° 10"
p. (g/cm”)
Glp(r) + P(r)/c’|[4nr P(r) /c* + M(r)]
r2[1 —2GM(r)/(c?r)]



Relativistic FMT at finite T

£ 3
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WD at finite temperature: M-R relation
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Testing the M-R with low-mass WD: PSR |]1738+0333

M/M

0.1t
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WDs Iin uniform rotation: Hartle's formalism

Boshkayev, Rueda, Ruffini, Siutsou, ApJ 762, 117 (2013)

* Hartle, J. B., ApJ 150, 1005 (1967)
* Hartle, J. B. & Thorne, K. S., ApJ, 153, 807
(1968)

2m(r, 6)

b+ — MJ:O(;)] dr? =7 [1 + 2k(r, )] {d6" + sin® 6(d¢ — wdr)’

ds®> =" [1 + 2h(r, 0) dt* — &'

to be obtained from Einstein

where /(r, 0) = ho(r) + ho(r)P>(cos ) + ...
m(r, 0) = my(r) +m(r)P>(cos ) + ...
k(r,6) = ko (r)P>(cos 0) + ... w(r), proportional to Q

SO =[] — 2070 /]! ho, h, mo, ma, k,, proportional to Q-

equations



Stability Criteria

Boshkayev, Rueda, Ruffini, Siutsou, ApJ 762, 117 (2013)

Mass-Shedding see e.g. Stergioulas, N. 2003, Living Reviews in Relativity, 6, 3
Limit

Qo () = Qo(r) |1 = JE1(r) + [ F2(r) + qF5(r) .

j = cJ/(GM?) and ¢ = ¢*Q/(G* M) Turning Points

M1/2 M3/2
Qo =—53 1= 753 IM(p.. J)
Fr = (48M7 = 80MCr + 4MPr* — 18M* 1 + 40M° ¥ ( < ) — ()
+10M?1° + 15M7° — 15¢7)/[L6M*r*(r — 2M)] + F, Ip. J

6M* — 8MPr — 2M* 12 = 3Mr? + 314 . )
F; = T6Ar(r — 2M)/5 ~ I, Friedman, Ipser, Sorkin, ApJ, 325, 722
157 - 20P) " (1988)

DM ro2M

I




/yr)

C+C
pyc

log(r

Microscopic instabilities

Boshkayev, Rueda, Ruffini, Siutsou, ApJ 762, 117 (2013)

Pycnonuclear

reactions

10 ' '
dme?Z%p 1/2
i )
6l
4t
2.
. nN P
Op e Rpye  AMyRpye
10.0 10.1 10.2 10.3 104 10.5

log(p/g cm™)

Inverse beta decay

I6] G,relFMT A,unif
Decay EZ crit crit
He =3 H+n—4n 20596 1.39x 1011 1.37 x 101
120 128 121, 13.370  3.97 x 1010 3.88 x 1010
160 16N 16C 10.419 194 x 1010 1.89 x 1010
0Fe —50Mp —50Cr  3.605 118 x 107 1.14 x 107

Ryye = Z*ApS(E)3.90 x 107"
x exp(—2.638/v/2) cm ™3 s~

| o 1/3
A=
Z2 A3 (1.3574 % 101 gcm—3)



Rotating WDs
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Newtonian versus GR

Boshkayev, Rueda, Ruffini, Siutsou, ApJ 762, 117 (2013)
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Spin-down and spin-up episodes

Boshkayev, Rueda, Ruffini, Siutsou, ApJ 762, 117 (2013)

Equilibrium plane
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TYPE IA SUPERNOVAE FROM VERY LONG DELAYED EXPLOSION OF
CORE-WD MERGER
(MNRAS 419, 1695, 2012)

My =4-8M_ @ ® -3M <M, <M,

Marjan Ilkov! and Noam Soker

l Nuclear time scale: fewx10" yr

Red Supergianlj:' :. Main-sequence star
-‘n.-'ln;:'_,-' .l3.o.lsr.ibo. mass ° ® 2 BZR6 327[4 B2 R6
ransfer i 4
| A planelary nebula phase: ~10° yr = dJ dQ = dQ = _477:2[ 133 EEM N _5 C3 Q T 3 C3 P4
rot dQ dt dt P

Myp =06-08M,0 @ ~5M <M, <8M,

fewx107 I3 A B\~ 0 -
Nuclear time scale: few= 10" yr C 0 . ey F -
™T3B = ﬁ ]_ — - (S]n O) 2 ~ 108 8 =
B2R6O)? 0. 105 G 0.7Q%Kep
My, =0.6-0.8M, 0 . Red Super Giant (Extreme AGB star)

‘ ~ -2
—1 . -y —2 -
Tidal interaction, Extreme AGB star further expands % R sm o _.D)I 1 Q{]
_ — | = yr,
4000 km 0.1 0.3 Q.
My, = 0.6—0.8M . Common envelope M =0.7—1M

Merger of two WDs during the post-AGB phase or

during the second planetary nebulae phase
P The result...
My =14-2M, ."['@ | Rapidly rotating magnetized super- chandrasekhar WD
T <A

Spin-down via magneto-dipole radiation torgue
r,=10° 10" yr

10° G < Bsind < 10° G 107 <t <10 yr

SN la




Induced compression by angular momentum loss
In super-Chandrasekhar WDs

e -. . : : :
“106(}
100 .“107G —
s ' B=10G N\
: | ]
B=10°G
0.01} | .
104k — — — . . . . , . .
1 5 10 50 100 5001000 1.00 1.01 1.02 103 1.04 1.05 1.06
B[10° G] M/M?’=?
3¢ 1 1 0J ”
dt = d{R)

2 B2 { R)G 03 O(R) Boshkayev, Rueda, in preparation.



10* 108
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50.0F ; 5.01
__ 20.0¢t -
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= 2.0 . Eré
= 10 1 Sosf
0.5 .
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0.2 e - '40 S 106 107 0.2, ,
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— [F)
= 2.@; %
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Boshkayev, Rueda, in prep.




Neutron star physics and astrophysics



Pulsars and = " s
Neutron stars |
rotational energy

ZINS dP
P3 dt_

Chinese, Japanese,
Korean astronomers

R. Oppenheimer &
R. Volkoff (1939)

J. Bell & T. Hewish
(1967)

UHECRS
(2000-2011)




Multi-frequency astronomy

Crab Nebula: Remnant of an Exploded Star (Supernova)

Radio wave (VLA) Infrared radiation (Spitzer) Visible light {Hubble)

Ultraviolet radiation (Astro-1) Low-energy X-ray (Chandra) High—energy X-ray (HEFT)
** 15 min exposure "



Crab Nebula anq Crablfulsar
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Pulsars

Beam of
radiation

/
s
///

_Magnetic
axis
agnetic
i

eld lines

///
P
A,
/ P
o //
Beam of
radiation

Copyright © 2005 Pearson Prentice Hall, Inc.

Descubiertos en 1967 por
Jocelyn Bell y su profesor
Anthony Hewish. Este ultimo
recibi6 el Premio Nobel de
Fisica en 1974 por el

descubrimiento.



Pulsar traditional model

< |

rotation axis

NS radiating via a rotating magnetic
dipole in form of a lighthouse effect

open ,
field lines '

We see a “light pulse” every time that
the radiation cone is in our line of sight

magnetic axis

iradio beam

outer )
acceleration

, gap

. inner

i acceleration
1 gap

Closed |
field lines :light
icylinder

Intensity

‘ 1
llll 11111

15

Time (s)
Copyright © 2005 Pearson Prentice Hall, Inc.



Pulsars (from radio to gamma rays)

£ Naw pulsans discovered in a blind seanch

Fermi Pulsar Detections S SO0 M
& Young radio pulsars
T Pulsars ssen by Compion Observatory EGRET instrumeni



Neutron star Pdot-P diagram
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Pulsar energetics and efficiency

(review: Abdo et al. ApJS5187, 460 (2010))
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Likelihood

NS measured masses

Double
neutron stars

Double
neutron stars

Recydled

palsars
— Recycled —
pulsars

- Slow _| S o T

pulsars eo 1743 v Busten

SAX 1174892021 e
| | - - - i e
0.8 1.0 1.2 1.4 1.6 1.8 2.0 L:H_' son
pulsars
-y

Mass (M) 0nG 7 1
Taken from: Ozel & Freire, ARAAO16 ~ﬂ'ﬂ : L : L : n




How fast can be a pulsar?

Up to 2010, the fastest OBSERVED pulsar was
PSR1937+21:

P=1.55780646388197945+/- 0.0000000000000004 ms

Currently, the fastest OBSERVED, PSR J1748-2446ad,
has a period

P=1.39595482 ms ! (716 laps per second !!!)



Cumulative shift of periastron time (s)
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General Relativity Predic [in:'!/

from Gravitational Waves
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1980 1985 1995 2000- |

The discovery of GWSs

Hulse-Taylor binary:

M1 = 1.387 Msun

M1 + M2 = 2.828378(7) Msun

Periodo di rotazione pulsar = 59 ms (~17 qiri/s)
Periodo orbitale: 7.751938773864 h
Separazione binaria ~ 2 milioni di km (~distanza
Terra-Sole/75)

Velocita orbitale ~ 450 km/s (al periastro)
dP/dt = 76.5 microsec/anno (da/dt =3.5
metri/anno)

dE/dt (OG) ~ 7.3x10* Watt ~ Lsole/200
Fusione attesa in 300 milioni di anni !

~dE,  32G* (M + M)(M1M;)?
dt 5 ¢ ro
1dP  31dr 3 1dE,

Pdt ~ 2rdt 2E, dt




Comparison tor some compact-object binaries In

the Milky Way

Gomez & Rueda, ArXiv: 1706.06801

Name Type  m, [Mp] m. [Mg] P, [days] d [kpc] B [10°"%] PFWY [107"°] PPNpw [10%"] PPRsp [1072']
J0737-3039 NS-NS  1.3381(7) 1.2489(7) 0.104  1.15(22) -1.252(17) -1.24787(13) -10.498 -7.860
B1534+12 NS-NS  1.3330(4) 1.3455(4) 0.421 0.7 -0.19244(5) -0.1366(3)  -244.166 -27.827
J1756-2251 NS-NS  1.312(17) 1.258(17) 0.321 2.5 021(3)  -0.22(1) 0.271 -20.695
J1906+0746  NS-NS  1.323(11) 1.290(11) 0.166 5.4 -0.565(6)  -0.52(2) -2.655 -11.176
B1913+16 NS-NS 1. 4398(2} 1.3886(2) 0.325 9.9 -2.396(5)  -2.402531(14) -7.942 17.747
B2127+11C*  NS-NS  1.358(10) 1.354(10) 0.333  10.3(4) -3.961(2)  -3.95(13) -8.083 -17.0154
J0348+0432  NS-WD 2.01(4) 0.172(3) 0.104  2.1(2)  -0.273(45) -0.258(11)  -0.399 -1.514
J0751+1807  NS-WD 1.26(14) 0.13(2) 0.263 2.0 -0.031(14) — -1.022 ~2.587
J1012+5307  NS-WD 1.64(22) 0.16(2) 0.60 0.836(80) -0.15(15)  -0.11(2) -3.404 7.343
J1141-6545 NS-WD 1.27(1) 1.02(1) 0.20 3.7 -0.401(25) -0.403(25)  -3.578 -11.469
J1738+0333  NS-WD 1.46(6) 0.181(7) 0.354  1.47(10) -0.0259(32) -0.028(2) 2.120 ~4.379
WDJ06514+2844 WD-WD 0.26(4)  0.50(4) 0.008 1 08(28)  -8.2(17) -0.014 -0.207

In relativistic (Pb small) compact-star binaries located in the Galactic halo (low DM
density) the orbital evolution is largely driven by GW emission and DMDF plays no role



| Py

Dark matter effect on compact-object evolution
Gomez & Rueda, PRD 2017; ArXiv: 1706.06801
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Binaries with Pb = 0.5 days. When r is large (halo; ~kpc) the DMDF is small and the
orbital evolution is largely driven by GW emission. When r is small (< 1-10 pc), the
DMDF can become comparable (or overcome) the GW emission



Current knowledge of the NS structure

Oppenheimer-Volkoff (1939) Neutron star today
Degenerate fluid of W Q Solid Crust:
neutrons e Nuclei+e-
Non-strongly &5 T 0 NG
interacting neutrons Li-Q#ig'gffe:'
Non-rotating B> other o

_ particles? AW

\\Core—Crust
Transition?



The Oppenheimer-Volkoff Neutron Star

dP(r) Glp(r) + P(r)/c?|[4xr3 P(r) /c® + M(r)]

2
= 4mrop(r), = —
dr (r), dr r2[1 — 2GM(r)/(c?r)]
ﬁ T T T T T {].8 T T T T T T T T
-  Grav. Classic T R — . _ar e
_ Crav Rel TF ; - Oppenheimer—Volkoff (1939) |
5H— GR (0V.1939) : y
4_
<
=3
—
2_
]_ L
() bt mmm : : : : : » : e : : : :
10%2 104 106 10'% 10%° 10 10" 10 10'" 10" 10" 10*° 10%

p (g/cm®) p (g/cm®)
HW: integrate GR hydrostatic eq. equations for a degenerate neutron gas



Neutron star structure

+«—— 10km ——>

»

Outer crust:
nuclei+electrons

Inner crust:
nuclei+electrons+neutrons

Core:
n + p + e + other particles
but at lower fractions

Pcore = Pnuc ™~ 2.7 x 10™ g/cm3



Neutron Stars: an interplay of
physics theories...

Liquid Core Physics:

Neutrons
Protons ;

Strong Interaction

Electromagnetic
Interaction

Solid Crust Physics:

ful—

Solid State Physics =<

Electrons

Nuclei Lattice
Electrons

Neutrons

-l\

Weak interaction

Gravitational
Interaction

Nuclear Physics



Internucleon potential (MeV)

Interacciones fuertes en NS
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L (MeV)

Lattimer & Lim, ApJ (2013)
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NS EOS (Relativistic

. 38 I I I I I
Mean-Field Models) NL3
(Rueda, Ruffini, Xue, Nucl. Phys. A 872, 286, 2011) - | T™MI
L=LytLpd Lo+ Loyt Lyt L+ L GMI
— ~g f + Ly + Lo+ P + Y + Lint -
R [}
___R E 36 4
Le=—Torc’ 32
L, = ! FrY g
7= e g st — .
1 . "
Lo==VoVFia-U(o), U(o)=Uy+U(c.4) ;g:;, Lo ?Ny Vv
21 | S I =vnTay Y,
‘C(u:_ZQuV'{ZMV—I_Emg)CUMO)M’ 34 Jﬁg:&eyulpea N
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1 ..
Uy = —m2o?, Log & (g/cm?)

[ SN)

Ulo,4) = %QQUB + %ggfﬁ



Equations of motion

(Rueda, Ruffini, Xue, Nucl. Phys. A 872, 286, 2011)

G +8nG1,, =0, _
V" —edy, =0, ns = UNYN
V, QMY + m2u? — g JY = 0, N = TN - gos
V. R* + ,mgpy Y =0,
V.Vto + 0,U(c0) + gsns = 0,
(v, (iD* —VE) —mpy]dn =0,

[ﬁf.# (ED-U” _|_ EAP'*) . 'ﬂle] LJE _

! 1+
Vfifb:gww“wpw““( 2 S)A“



Fixing the nuclear model parameters

kp dﬂk 2/{3
ng = 4 / — — " ~0.16 fm
0

873 372
Eon =3 —my~—16 MeV Y, = E/nh

m=my+ go0r (0.7 = 0.8) my

1 a 2 € f‘ :n’n T :an
Usym = 5 | 4.0 | = ) =
2 a t- T, =0 ny,

~~ (31 33) MeV

- |72 d® (e —al.2 d® [ e ~ .
b= [k di? (”‘1)] kp - {nb dn? (n‘b)]ng ~ (200 % 300) MeV




Nuclear model parameters...

(& =
—U — (C:rwr Ly, + \/klg +m ) 3

o
K - C. 6k N 3k:2 B 6 -ﬁ?..g(.?'gk:ﬁ?
7  E(k.) 7w E?(ky)D

ERE — E — r??p{.

NL3 NL SH T'M1 TM?2

/433 kz
Qopy = CpFo P mp (M) 508194 526050 511198 526443
‘ "1272 0 6(k2 + m?2)1/2 m, (MeV) 782301 783.000 783.000 783.000
m, (MeV) — 763.000  763.000 770.000 770.000
7, 102170 104440 10.0289 114694
, G 12.8680 12,9450 12.6130 146377
TO Obtaln: 9, 14740 43830 4.6322  4.6783

ga (fm™1)  -10.4310  -6.9099 -7.2325 -4.4440

. C . C g3 28.8830 -15.8337  0.6183  4.6076
{ oy Luwy, Lp, g2, 93} 3 0.0000  0.0000 71.3075 84.5318




Constraining the nuclear EOS and Mass-Radius Relation
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Hebeler et al., ApJ (2013)



More recent neutron star radius constraints

(From Ozel & Freire, ARAA 2016)
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Radii often obtained from X-ray bursts or quiescent emission
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NS crust

Belvedere, Pugliese, Rueda, Ruffini, Xue, NPA 883, 1 (2012)

1 2
R.A. = MBPS fél-:frr Edr

crust

Ar
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Relative Abundances
of elements in the outer
crust of Neutron Stars
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NS In full rotation in GR

(e.g. Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015)
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Full rotation in GR

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015)
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Full rotation in GR

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015)

Causality

X—Rays Data

8 10

12 14 16 18 20 22 24

Observational Constraints:

Maximum NS mass
observed

Fastest NS observed

Radii measurements from
X-ray emisison: mainly
from low-mass X-ray
binaries (LMXBs), and X-
ray isolated NSs (XINSs)

Causality: satisfied by

—~emmneerFrrir i~ AN s Al SNEI N~ A~



f, (kHz)

1.5
1.4
1.3
1.2
1.1

0.9
0.8
0.7

Full rotation in GR

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015)
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NS deformation by rotation

(example taken from Cipolletta et al., PRD 92, 023007 (2015); arXiv: 1506.05926)
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Full rotation in GR

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015)

COIT —1 1 1 ' ';'str ' AW P !
MS°™ = My — 3 (4 \+ bg) M3, | My = Sred® /D W /D Py (1) S, (s ')y

N
Pappas & Apostolatos, PRL 2012
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NS moment of inertia and quadrupole moment

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 92, 023007, 2015)
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Full rotation in GR

(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 2015)

Static Configurations
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Are there stable stars denser than neutron stars ?
YES/NO

Are there astrophysical objects denser than
neutron stars ? YES, BLACK HOLES

What object is formed from the gravitational
collapse of a neutron star 7 A BLACK HOLE



Gamma-Ray Bursts



Some energy sources in astrophysical systems

Thermal energy: e.g. main-sequence stars

Nuclear energy: novae, X-ray bursters, kilonovae, SNe la
Accretion energy: e.g. X-ray binaries, quasars, blazars, AGN
Gravitational energy: gravitational collapse, SN Il, GRBs, ...
Rotational energy: e.g. pulsars, AGN

Electromagnetic energy: e.g. magnetospheric processes,
magnetic field decay, twisted field flares, ...



X-ray binaries

Swift J1749in d Nutshell

Pulsar (inside disk) K-type star

About 1.4 to 2.2 times Sun’s mass . About 70 percent of Sun’s mass
About 12 miles (20 km) across . . 90 percent of Sun's size.
Spins 518 timesa second |

«  Accretion dls'lc"ﬁ Gas streaming from star

System separation: 1.22 million miles (1.96 million km) :
Orbital period: 8.8 hours
Pulsar eclipse lasts 36 minutes

Compact object: NS or BH
Orbital periods= minutes to days
L=1032-103> erg/s

(in X-rays of course !)



Novae

Compact object: White Dwarf;
donor: ordinary star: Sun-like

Mova Cygni 1992

Hublke Snnea Teescopa

Fainl Object Camara Orb|ta| penod’ P = feW m|nuteS-
hours

Quiescent Emission: up to X-rays,
L=10"34 erg/s

Thermonuclear explosions:
brightness increases in a few days
up to a factor 1076

Nova shell
expansion !!
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Kilonovae

Powered by nuclear decay of heavy
elements synthetized in ejecta of
e.g. NS-NS mergers
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Supernovae (I and I

The SNe zoo

SN Ia

detonation of an
accreting white dwarf

no Hydrogen
(Sit+ absorption)

SN II SN Ib/c

[In IIL IIP IIb core collapse
(outer layers

core col!apse of a stripped by winds)
massive star

no Hydrogen

Hydrogen lines . y
yArog (no Sit)

~2.5 log 1, + Constant

20 cam

blue magnitude

Rest Wavelength (&)

200 300 400

100 .
days after maximum

Energy release
10¥-10* erg




Gamma-Ray Bursts

GRB 210503

trig #143

GRB 210711 GRB2z0218B

trig #512 ] E trig #1406

GRBs are cosmological explosions
(observed up to z=9.4 GRB 090429B)

Ay
Most energetic objects (up to a few - e (5ec) ©o e (vec) © e (sec) “
° ° GRB 920221 GRB 921003A GRB 921022B
1054 erg Of’sotrop’c energy) sb trig #1425 ] b trig #1974 sof trig #1857

Complex light-curves but in general

- 5 time (sec) 20 5 time (sec) 20 2 time (sec) 50
characterized by a prompt and an - . .
extended afterglow emission ] J\f\\\w
Duration: “Short” GRBs <2 seconds i [ W S
and “Long” GRBs >2 seconds o swpee] e
Probe the Physics of Gravitational 4 : *

Collapse and BlaCk Hole formation l]-2 time (sec) 40 ;o time (sec) 300 D.g time (sac) 50



Gamma-Ray Bursts and Neutron Star Physics

Short GRBs: Long GRB-SN: Induced
NS-NS and NS-BH Mergers Gravitational Collapse

1' . .
Induced gravitational C(}“ﬂ’se (2006)
‘ NS
1
l “
|

pe
-



Sub-class

Number In-state

OQut-state

Eiso
(erg)

L
11
111
IV
v
VI

VII
VIII

S-GRE's
S-GRDBs
XRF's
BdHNe
BH-SN
U-GRBs
GRF's
GR-K

17 NS-NS
6 NS-NS
48 COcore-NS
COcore-NS
COcore-BH
rNS-BH
NS-WD
WD-WD

MNS
BH

rNS-NS
rvNS-BH
rNS-BH

BH
MNS
MWD

= 2
= 2
~ 0.2-2
~ 0.082

1019—10°=
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The canonical GRB lightcurve
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The “standard” model of GRBs

Central engine: unknown, but BH is
GH B F| R EB A LL MODELH needed (required by high
energetics): most used: collapsar
model, massive star formes a BH
with surrounding disk

Afterglow

Pre-B ur st~ Ultrarelativistic expanding

"LOCAL MEDIUM

E ~ 1051-1054 ergs ,
e Shoc electron-positron-photon-baryon
: g e Formation ’ plasma
T~102s I | Interaction with interestellar

medium (ISM)
~ 1014 T~ 108
H 107 em o 3:;1 0135 cm

f Shocks, reverse and forward
[jr_‘= 1em-3
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ergs GRB event
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cm’ s
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A historical example: GRB 090618

(Izzo, Rueda, Ruffini,

100 150

A&A Lett. 2012)

Outflows durante
acrecion ipercritica
(Fryer, Rueda, Ruffini,
ApJL 2014)

Precursor: hypercritical accretion




Another example: GRB 160625B
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A current polar view of a BAHN

GREBE 160625B

160625B
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BdHNe and X-ray Flashes
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The example of GRB 060218:
X-rays and optical emission

— Accretion luminosity (P=2.5 h)
* o X-ray data GRB 060218
— Supernova emission
L ]
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The BAHN basic structure

rho [5.9e-6 g/cm ™3]
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Figure 5. Three-dimensional, half hemisphere views of the density d B
BdHN. The simulation is performed with a SPH code that follows the SN ejecta expansion undm the 111[111£‘I1C0 of the

to a total ejecta mass 7.94 M-, and to a 1.5 M-, NS, the orbital period is P = 5 min (bina

See arXiv:1803.0547

itational field including the effects of the orbital motion and the changes in the NS gravitational mass by the hypercritical accretion
s. The initial conditions of the SN ejecta are set by a homologous \Ol(l(‘l[\ distribution in free expansion and the mass —d1~1111)1111(111
modeled with 16 millions point-like particles (see Becerra et al. 2016, for additional details). The binary parameters of th
Mzanms = 30 Mg
paration a = 1 5 % 1019 em).

companion h an initial mass of 2.0 M, the -ore, obtained from a progenitor with ZAM
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(Mg) | (M) (Mg) (10°cm) (10°cm) (10%cm/s) (10°'erg) (107°My)
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25 1.85 4.995 2.141 5.855 5.43 1.5797 22—-114
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30" 1.75 7.140 13.84 7.830 5.21 1.5131 1.9 -58.9
40 1.85 11.50 19.47 6.529 6.58 4.4305 2.3—-723

SPH Simulations [

CO-Core Progenitor: 25 M- ams
Total energy:  1.57 x 10°1 ergs
Ejected Mass: 5.0 Mg
v — NS Mass: 1.85 Mg
NS Mass: 2.0Mg
Orbital Period : ~ 5 minutes
Orbital Separation: 1.35 x 1019 c¢m

Becerra, Ellinger, Fryer, Rueda, Ruffini; arXiv:1803.04356



Initial Conditions: Before and After the SN explosion

—— 15 Mzawms
—— 25 Mzaws

- Shock revival
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Binary-driven hypernova: orbital plane view
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BdHNe: polar view and disk-like structure
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“fortune cookie” morphology
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Scaling with the orbital period and asymmetric
explosion effects
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3D view of a binary-driven hypernova
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Baryon load on the orbital plane
R. Ruffini, L. Becerra, C. L. Bianco, et al.; arXiv:1712.05001; Ruffini et al. Ap) 852, 53 (2018)

) 10'1 . ! ] ] ]
107 E_ T T _E ] .

L 150
L 100

” L 50

- 20

102 A . I

MIM
¥
L 3

L 40

3 "\
0 ; w !

-1 -0.5 0.0 0.5 1
Ol

Baryon load parameter = B = plasma energy / baryon target mass-energy



(a) t=0s

x| ﬁgllﬂw e |
H
H
Observer

3.0
2.4
1.8
1.2
0.6
0.0
-0.6
-1.2
-1.8
-2.4
-3.0

2
@ 10" %

MIM
¥

10° 4

- 150
I 100

I 50

0.5

log [ pej (gem )]

B

Density [g/cm?]

10?2

10°

1072

—-12
10 0

(b)

y[=10™em]

—_—t

1

Obs;érver

—_—ta

1 2 3 4

r[em]

6

x10%

re

Density [g/cm?]

3.0
2.4
1.8
L2
] 0.6 T
5 o
- o
= 0.0 s
X =
e 0.6 %%
= £
-1.2
-1.8
=2.4
-3.0
102 F T ]
100 - —/ i
1072+ .
100k . . . } . 1
1072t .
1osl \ ]
10—9 i
1012 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
r[em] %1012

e+e- plasma within the supernova ejecta: arXiv:1712.05001



Energy (KeV)

10

( ,wo A8y _suyd A2y O3S
B 2 E E = E
(zwa  pey  sud A2y Q3s
5
[1¥]
=
&
]
=
L
5 % = B 0w b

(,wo  apy  sud A9y a3s

TTT T TTT T T T T T T T .
& ! A
| B
L ___ 4/_ 4
[t ——
S JE
—H— <]
SOW T G S T S A S
el k=E=E=k]
g peads uoisuedxa  JojoR] | ZJURIO]

100

70 80

rest—frame time (s)

60

0

E T T
(A®Y) [y sweg—jsar  (wo ,01)

o
-
g

5

laboratory time (s)

arXiv:1712.05001



Neutron star binary mergers:
short gamma-ray burst progenitors



Galactic Binary NSs: will they form BHs?

2.21|® ® J1518 +4904 o i
¢ ¢ J1811—-1736 BNS masses distribution:
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Short GRB subclasses: S-GRFs and S-GRBs

4.0} O O Observed BNs|- NS mass distribution in BNS peaks at
- My, 1.32 M,
2Kl . i
3.9 Authentic Short GRBs (S-GRBs): N
; 20l BH formation | (Kiziltan et al. 2013)
= ©
----------------- O m e m—— — - So:
cosl O7TF T STTT & o @
+ Mgys ~ 2.64 M,
< 2.0F Short Gamma-ray Flashes (S-GRFs): -
massive NS formation But this will not be the mass of the new object
L5} 1 formed from the merger: we need to account
for energy, baryon number, and angular
1O . . . . . . . L momentum conservation
x@@‘ \f\%b \ XN o X\:L 3 X\’{OH X’\,\Q(‘ %Q{b(hb qj?fax XQ”\ S
~ < o
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Ruffini et al., ApJ (2015); arXiv: 1412.1018v4



Which are the mass and angular momentum of
the central remnant?

Depends on:

1) Mass-ratio of the binary (M1/M2 ~1 for the galactc BNS)
2) Degree at which baryon mass is conserved
3) Degree at which angular momentum is conserved

(M,M) 2> (M_,M,,) > M =a (M, +M,,); a~1 (little mass is expelled)

J..=nmJ~n]l,. (mergerinstant); n<l1




Specifically ...
-

Baryon mass of the new central remnant
A

N

A

Total baryon mass of the NS-NS binary  Baryon mass of the new central remnant

G| 2 )
J = 2(mr2 T %KmRz)'Q ‘ erg = Jeontact = ? 1 + EK m2C 1/2

Mass of merging NS components Compactness of merging NS components



Specific example assuming equal-mass binary components

Angular momentum per—unit-mass
(0)]

(On going work; preliminary)
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So you can construct something like this for a specific EOS
(On going work; preliminary)
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