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Introduction



White Dwarfs and Neutron Stars





Zeldovich et al., SA (1972)
Ruffini & Wilson, PRL (1973)
Rueda & Ruffini, ApJL (2012)
Fryer, Rueda, Ruffini, ApJL (2014) 

Binary-driven hypernovae 
(BdHNe)



Parte I:
Physics of White Dwarfs and Neutron Stars

c



Some properties
White Dwarfs Neutron Stars

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

R ~ 0.01*Rsun ~ 10^9 cm

Densityies < 10^10 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 ~ 10^6 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 Nucleus The Atom (free)

RBohr=hbar^2/(me*e^2)=10^-8 cm=10^5*Rn

Ne=Z

Density=Nuclear density*(Rn/RBohr)^3=1 g/cc

Rn = r0*A^(1/3) = fermi = 10^-13 cm

A = N + Z < 200

Density = mn*A/Rn^3
           = mn/r0^3 = 10^15 g/cc



Physics at work
White Dwarfs Neutron Stars

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



EOS of a fermion gas



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

Pideal
The Onset of Degeneracy: Pdeg >> 

Pideal

Assuming 
T=10^5 K



EOS of a fermion gas

Degenerate Case: T=0Degenerate Case: T=0

Ultra-Relativistic 
Limit

Non-
Relativistic 

Limit



Stoner’s approach (1929)Stoner’s approach (1929)

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

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



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

Stoner’s approach (1929)Stoner’s approach (1929)

The solution does not depend on the radius !!



Relaxing the assumption of uniform 
density

Basic Assumptions Poisson’s equation
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Equilibrium 
Condition

Boundary 
Conditions

New convenient 
variable



The Chandrasekhar-Landau Mass

The Critical Mass
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n=3 (gamma=4/3) Lane-Emden Polytrope !! Approx. 20% smaller than
Stoner’s value



Application to WDs and NSs

White DwarfsWhite Dwarfs

Neutron StarsNeutron Stars



Electrostatic corrections





Homework: 
Show that the critical mass becomes:

Homework: 
Show that the critical mass becomes:

Hint. Use Stoner's approximation

Effect on the critical mass



Electron distribution: Thomas-Fermi model

Basic Assumptions Thomas-Fermi solutions
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Feynman, Metropolis, Teller (1949)



Electrons in a Wigner-
Seitz Cell

Electrons in a Wigner-
Seitz Cell

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



Effect on the EOS



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

General Relativistic Thomas-Fermi 
Equilibrium Condition for WDs 

General Relativistic Thomas-Fermi 
Equilibrium Condition for WDs 



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



Relativistic FMT at finite T

Carvalho, Rotondo, Rueda, Ruffini, PRC 2014.



WD at finite temperature: M-R relation

Carvalho, Rotondo, Rueda, Ruffini, PRC 2014.



Testing the M-R with low-mass WD: PSR J1738+0333

Carvalho, Rotondo, Rueda, Ruffini, PRC 2014.



WDs in 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)

to be obtained from Einstein 
equations

to be obtained from Einstein 
equations



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

Turning PointsTurning Points

Mass-Shedding 
Limit

Mass-Shedding 
Limit

see e.g. Stergioulas, N. 2003, Living Reviews in Relativity, 6, 3

Friedman, Ipser, Sorkin, ApJ, 325, 722 
(1988)



Inverse beta decayInverse beta decayPycnonuclear 
reactions

Pycnonuclear 
reactions

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



Rotating WDs

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



Newtonian versus GR
Boshkayev, Rueda, Ruffini, Siutsou, ApJ 762, 117 (2013)



Spin-down and spin-up episodes

Equilibrium plane

spin-down

spin-up

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



(MNRAS 419, 1695, 2012)

The result…The result…
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Induced compression by angular momentum loss 
in super-Chandrasekhar WDs

Boshkayev, Rueda, in preparation.



Boshkayev, Rueda, in prep.



Neutron star physics and astrophysics



Pulsars and 
Neutron stars 
rotational energy

Chinese, Japanese, 
Korean astronomers

R. Oppenheimer &
R. Volkoff (1939)

J. Bell & T. Hewish 
(1967)

UHECRs
(2000-2011)



Multi-frequency astronomy



  

Crab Nebula and CrabPulsar



Pulsars

Descubiertos en 1967 por 
Jocelyn Bell y su profesor 
Anthony Hewish. Este último 
recibió el Premio Nobel de 
Física en 1974 por el 
descubrimiento.



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

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

Pulsar traditional model



Pulsars (from radio to gamma rays)



Neutron star Pdot-P diagram

Figure from: 
Potekhin, De Luca, 
Pons, Space Sci. Rev. 
2014



Pulsar energetics and efficiency
(review: Abdo et al. ApJSS187, 460 (2010))



Taken from: Ozel & Freire, ARAA016

NS measured masses



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

P= 1.5578064688197945+/- 0.0000000000000004 ms

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

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

How fast can be a pulsar?



Hulse-Taylor binary:

M1 = 1.387 Msun
M1 + M2 = 2.828378(7) Msun
Periodo di rotazione pulsar = 59 ms (~17 giri/s)
Periodo orbitale: 7.751938773864 h
Separazione binaria ~ 2 milioni di km (~distanza 
Terra-Sole/75)
Velocità orbitale ~ 450 km/s (al periastro)
dP/dt = 76.5 microsec/anno (da/dt =3.5 
metri/anno)
dE/dt (OG) ~ 7.3x1024 Watt ~ Lsole/200
Fusione attesa in 300 milioni di anni !

The discovery of GWs 



Comparison for some compact-object binaries in 
the Milky Way

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

Gomez & Rueda, ArXiv: 1706.06801

 



Gomez & Rueda, PRD 2017; ArXiv: 1706.06801

 

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

Dark matter effect on compact-object evolution



Current knowledge of the NS structure

 Degenerate fluid of 
neutrons

 Non-strongly 
interacting neutrons

 Non-rotating

Oppenheimer-Volkoff (1939) Neutron star today

Ω

Liquid Core:
n,p,e+ 
other 

particles?

Solid Crust:
Nuclei+e-

Core-Crust
Transition?



The Oppenheimer-Volkoff Neutron Star

With TOV Equations

HW: integrate GR hydrostatic eq. equations for a degenerate neutron gas 



Neutron star structure Outer crust:
nuclei+electrons

Inner crust:
nuclei+electrons+neutrons

Core:
n + p + e + other particles 

but at lower fractions





Interacciones fuertes en NS

Fridolin, Weber, Negreiros, Rosenfield
arXiv:0705.2708v2



Hebeler et al., ApJ (2013)Lattimer & Lim, ApJ (2013)



NS EOS (Relativistic 
Mean-Field Models)
(Rueda, Ruffini, Xue, Nucl. Phys. A 872, 286, 2011)



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



Fixing the nuclear model parameters



To obtain:

Nuclear model parameters…



Constraining the nuclear EOS and Mass-Radius Relation

Hebeler et al., ApJ (2013)



More recent neutron star radius constraints
(From Ozel & Freire, ARAA 2016) 

Radii often obtained from X-ray bursts or quiescent emission



Mass-radius relation

Maximum Observed 
Mass: 2 Msun

Fastest Observed Pulsar:
PSR J1614-2230, 716 Hz, 

dashed curve

Minimum Radius of RX 
J1856-3754:

dotted-dashed curve 
Surface gravity of X7:

dotted curves 

Observational 
Constraints

Observational 
Constraints



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



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



EOS example: 
GM1

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



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 
construction in relativistic 
models

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



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



NS deformation by rotation
(example taken from Cipolletta et al., PRD 92, 023007 (2015); arXiv: 1506.05926)



Pappas & Apostolatos, PRL 2012

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



NS moment of inertia and quadrupole moment
(Cipolletta, Cherubini, Filippi, Rueda, Ruffini, PRD 92, 023007, 2015)



Static Configurations

Rotating Configurations

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



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 ? 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 Ia
• Accretion energy: e.g. X-ray binaries, quasars, blazars, AGN
• Gravitational energy: gravitational collapse, SN II, GRBs, …
• Rotational energy: e.g. pulsars, AGN
• Electromagnetic energy: e.g. magnetospheric processes, 

magnetic field decay, twisted field flares, ...



X-ray binaries

Compact object: NS or BH

Orbital periods= minutes to days

L=1032-1035 erg/s 

(in X-rays of course !)



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

Orbital period, P = few minutes-
hours

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

Thermonuclear explosions: 
brightness increases in a few days 
up to a factor 10^6

Nova shell 
expansion !!



Kilonovae

AT 2017 gfo

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



Supernovae (I and II)

Energy release
1049 - 1051 erg

Energy release
1049 - 1051 erg



Gamma-Ray Bursts
• GRBs are cosmological explosions 

(observed up to z=9.4 GRB 090429B)

• Most energetic objects (up to a few 
1054 erg of isotropic energy)

• Complex light-curves but in general 
characterized by a prompt and an 
extended afterglow emission

• Duration: “Short” GRBs <2 seconds 
and “Long” GRBs >2 seconds 

• Probe the Physics of Gravitational 
Collapse and Black Hole formation



Short GRBs:
NS-NS and NS-BH Mergers

Short GRBs:
NS-NS and NS-BH Mergers

Long GRB-SN: Induced 
Gravitational Collapse
Long GRB-SN: Induced 
Gravitational Collapse

Gamma-Ray Bursts and Neutron Star Physics



  

But … eight different GRB families ?

Ruffini, Rueda, et al., ApJ, 832 (2016) 136



The canonical GRB lightcurve



The “standard” model of GRBs
Central engine: unknown, but BH is 
needed (required by high 
energetics): most used: collapsar 
model, massive star formes a BH 
with surrounding disk

Ultrarelativistic expanding 
electron-positron-photon-baryon 
plasma

Interaction with interestellar 
medium (ISM)

Shocks, reverse and forward

…







A historical example: GRB 090618
(Izzo, Rueda, Ruffini, A&A Lett. 2012)

Precursor: hypercritical accretion

GRB event
Outflows durante 

acreción ipercrítica
(Fryer, Rueda, Ruffini, 

ApJL 2014)



Another example: GRB 160625B 

Data from B.-B. Zhang et. al., Nat. Astron. 2017



A current  polar view of a BdHN 

Data from B.-B. Zhang et. al., Nat. Astron. 2017



GRB 151027A

Ruffini, et al.; arXiv:1712.05001



Becerra, Bianco, Fryer, Rueda, Ruffini, ApJ 2016;arXiv:1606.02523

BdHNe and X-ray Flashes

P = 5 min P = 50 min



The example of GRB 060218:
X-rays and optical emission

Becerra, Bianco, Fryer, Rueda, Ruffini, ApJ 2016;arXiv:1606.02523



The BdHN basic structure

See arXiv:1803.05476 



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

CO core-NS 
properties





SN at t=0 (shock at CO-core surface)

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



Binary-driven hypernova: orbital plane view

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



BdHN:
orbital plane view

Becerra, Ellinger, Fryer, 
Rueda, Ruffini; 

arXiv:1803.04356



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

BdHNe: polar view and disk-like structure



BdHNe and the orbital plane view: 
“fortune cookie” morphology

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



Scaling with the orbital period and asymmetric 
explosion effects



Orbital separation evolution



3D view of a binary-driven hypernova



Baryon load on the orbital plane
R. Ruffini, L. Becerra, C. L. Bianco, et al.; arXiv:1712.05001; Ruffini et al. ApJ 852, 53 (2018)

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



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



arXiv:1712.05001



Neutron star binary mergers: 
short gamma-ray burst progenitors



Galactic Binary NSs: will they form BHs?



Short GRB subclasses: S-GRFs and S-GRBs

Ruffini et al., ApJ (2015); arXiv: 1412.1018v4

Authentic Short GRBs (S-GRBs): 
BH formation

Short Gamma-ray Flashes (S-GRFs):
massive NS formation

NS mass distribution in BNS peaks at 
 1.32 Msun

(Kiziltan et al. 2013)

So:

MBNS ~ 2.64 Msun

But this will not be the mass of the new object 
formed from the merger: we need to account 

for energy, baryon number, and angular 
momentum conservation



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

(M1,M2)   (Mb1,Mb2)  Mbf= α (Mb1+Mb2);      α~1 (little mass is expelled)

Jmc = η Ji ~ η Jbin (merger instant);       η < 1



Mass of merging NS components

Specifically ...

Compactness of merging NS components

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

Baryon mass of the new central remnant



Specific example assuming equal-mass binary components
(On going work; preliminary)



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