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1967: Hamburg and Paris




Einstein, Yukawa and Wheeler:
the birth of Relativistic Astrophysics
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Pulsars and
Neutron stars .
rotational
energy

(d_E) ~ 47‘(21N_Sd_P.
dt obs .

Chinese, Japanese,
Korean

astronomers
(1054 A.D.)

R. Oppenheimer &
R. Volkoft (1939)

J. Bell & T.
Hewish (1967)

A. Finzi & R. Wolf - -
(1968) :







Princeton, 1967

“You like very much
George Gamow: he used a
special set of units:
G=h=c=n=1"

(E. Wigner to R. Ruffini)




Princeton, 1971

Hra

Joseph Henry Laboratories, Princeton University




The Breit-Wigner formula applied
to gravitational waves detectors

The cross-section for radiative capture of a neutron is described by the
Breit-Wigner formulal?23

0’(0)) — niz (2" + 1) AneutArad
(2S + 1) (21 + 1) (Ct) — wO)z + (%Aneut + %Arad)2

consider the bar of Weber''? with a mass of 1.4 x 10° g, composed of

aluminium (v = 6.42 x 10° cm/sec, # = 2.14 x 10~%) and operating in its
lowest mode, n = 1:

f o(¥) dv = 0.679 x (2.22 x 10-*8cm? Hz/g)

res, random

x (1.4 x 10° g) x (2.14 x 10-3)2
= 1.0 x 10-21 cm? Hz




Table XVI Representative binary star systems and the calculated output of gravitation radiation from each
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First four entries—representative resolved binaries taken from the compilation of Van de Kamp.'34 Second four entries—representative eclipsing
binaries, from the compilation of Gaposchkin.!3* Ninth entry—shortest period binary system yet observed (Kraft, Mathews and Greenstein!35).
Final two entries—calculations for idealised model of two neutron stars (or black holes), each of solar mass, separated by 1000 km and 10000 km,

espectively. The fourth column gives distang m the Earth in pc (3.085 x 10'® cm); the fifth column the calculated characteristic time,
S T = —E[(=dEldty=rl{(=drfdfly =B w (;Q/dt),,ffor loss of energy by gravitational radiation.
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Introducing the black hole

According to present cosmology, certain stars
end their careers in a total gravitational collapse that
transcends the ordinary laws of physics.

Remo Ruffini and John A. Wheeler

The quasistellar object, the pulsar, the
neutron star have all come onto the
scene of physies within the space of a
few years. Is the next entrant destined
to be the black hole? If so, it is diffi-
cult to think of any development that
could be of greater significance. A
black hole, whether of “ordinary size”
(approximately one solar mass, 1 Mo),
or much larger (around 10¢ M to 10'°
M, as proposed in the nuclei of some
galaxies) provides our “laboratory
model” for the gravitational collapse,
predicted by Einstein’s theory, of the
universe itself.

A black hole is what is left behind
after an object has undergone complete
gravitational collapse. Spacetime is so
strongly curved that no light can come
out, no matter can be ejected and no
measuring rod can ever survive being
put in. Any kind of object that falls
into the black hole loses its separate
identity, preserving only its mass,
charge, angular momentum and linear
momentum (see figure 1). No one has
yet found a way to distinguish between
two black holes constructed out of the
most different kinds of matter if they
have the same mass, charge and angular
momentum.  Measurement of thesc
three determinants is permitted by their
effect on the Kepler orbits of test ob-
jects, charged and uncharged, in revolu-
tion about the black hole.

How the physies of a black hole looks
depends more upon an act of choice
by the observer himself than an any-
thing else. Suppose he decides to fol-
low the collapsing matter through its
collapse down into the black hole.
Then he will see it crushed to indefi-

Remu Ruffini and John Wheeler are both
at Princeton University; Wheeler, cur-
rently on leave from Princeton, is
spending a year at Cal Tech and Moscow
State University.

nitely high density, and he himsclf will
be tom apart eventually by indefinitely
increasing tidal forces. No restraining
force whatsoever has the power to hold
him away from this catastrophe, once
he crossed a certain critical surface
known as the “horizon.” The final col-
lapse occurs a finite time after the pas-
sage of this surface, but it is inevitable.
Time and space are interchanged in-
side a black hole in an unusual way; the
direction of increasing proper time for
the observer is the direction of decreas-
ing values of the coordinate r. The ob-
server has no more power to retum to
a larger r valuc than he has power to
tum back the hands on the clock of life
itself. He can not even stay where he
is, and for a simple reason: no one has
the power to stop the advance of time.

Suppose the observer decides instead
to observe the collapse from far away.
Then, as price for his own safety, he is
deprived of any chance to see more
than the first steps on the way to col-
lapse. All signals and all information
from the later phases of collapse never
escape; they are caught up in the col-
lapse of the geometry itself.

That a sufficient mass of cold matter
will necessarily collapse to a black hole
(J. R. Oppenheimer and H. Snyder,!)
is one of the most spectacular of all the
predictions of Einstein’s standard 1915
general relativity.  The geometry
around a collapsed object of spherical
symmetry (nonrotating!) was worked
out by Karl Schwarzschild of Gottingen,
father of the American astrophysicist
Martin Schwarzschild, as early as 1916,
In 1963 Roy Kerr? found the geometry
associated with a rotating collapsed ob-
ject. James Bardeen has recently em-
phasized that all stars have angular
momentum and that most stars—or star
cores—will have so much angular mo-
mentum that the black hole formed
upon collapse will be rotating at the




The Ergosphere

Ergosphere of a rotating black hole. The region between the surface of infinite
redshift (outer) and the event horizon (inner), here shown in a cutaway view, is
called the "ergosphere.”” When a particle disintegrates in this region and one of
the fragments falls into the black hole, the other fragment can escape to infinity

Rufﬁni, Wheeler’ Phys. Today, January 1971 . with more rest plus kinetic energy than the original particle. Figure 5




Reversible and Irreversible Transformations in Black-Hole Physics*

Demetrios Christodoulou
Joseph Henvy Labovatovies, Princeton University, Princeton, New Jersey 08540
(Received 17 September 1970)

The concepts of irreducible mass and of reversible and irreversible transformations
in black holes are introduced, leading to the formula E*=m; >+ (L*/am; ?) +p for a
black hole of linear momentum p and angular momentum L.

VOLUME 25, NUMBER 22 PHYSICAL REVIEW LETTERS 30 NOVEMBER 1970

ERGOSPHERE OF
AN EXTREME KERR HOLE

Eo=5031

E-=u=3.476

PARTICLE COMING IN FROM INFINITY
Uy34T8 py-120 E5.03

I T
40 5.0

PARTICLE FALLING TOWARD || PARTICLE GOING BACK TO INFINITY
THE "ONE WAY MEMBRANE " Up=04  pgp=130 Ep=5.203
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FIG. 2. (Reproduced from Ruffini and Wheeler, Ref. 4, with their kind permission.) Decay of a particle of rest-
plus-kinetic energy E, into a particle which is captured into the black hole with positive energy as judged locally,
but negative energy F, as judged from infinity, together with a particle of rest-plus-kinetic energy E,>E; which
escapes to infinity. The cross-hatched curves give the effective potential (gravitational plus centrifugal) defined
by the solution E of Eq. (2) for constant values of p, and u.




Demetrios Christodoulou's
Ph.D. Thesis defence mmitte
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Wigner questioning




Wigner attacks
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Princeton, Physics graduate students, 1968

Jerol M, Lind 9, Edward J. Groth . Charles P, Benedict 2 Frank A, Chambers
Danny L. Hawley 10. George C-N Hsieh . Vincent P, Ruddy . Edward A, Williams
Alan M, Nathan 11, James R, Mileh . William E. Caswell 27. Thomas C, Rich
William C, Mead 12, Jesse I, Treu 20, William R, Shanahan 8, Richard T, Williams
Glennys R, Farrar 13, David M., Fram Robert C. Webb . James R, Campbell
Richard Chang 14, Robert M, Wald Peter C, Colter . J, David Cohen
Niall O Murchadha 15. Charles S. Borso 23, Paul T, Debevec 31. Matthew D. Miller
Robert T, Baumel 16, Mark R. Nelson 24, Demetrios Christodoulou

Not present: Terrence J. Sejnowski
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Reversible Transformations of a Charged Black Hole*

Demetrios Christodoulou
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08540

and

Remo Ruffini
Joseph Henry Labovatories, Princeton University, Princeton, New Jersey 08540,

and Institute for Advanced Study, Princeton, New Jersey 08540
(Received 1 March 1971; revised manuscript received 26 July 1971)
A formula is derived for the mass of a black hole as a function of its “irreducible mass,”

its angular momentum, and its charge. It is shown that 50% of the mass of an extreme charged

black hole can be converted into energy as contrasted with 29% for an extreme rotating black
hole,

(1) The rest mass of a black hole is given in
terms of its irreducible mass and its angular mo-
mentum L and charge e by the formula®

a requirement which is met and can only be met at
the horizon itself.

(3) There exists a one-to-one connection between
m?=(m;, +€*/dm; P+ L*/4m; 2. (2) (a) the irreducible mass (as defined here and pre-
viously exclusively through the theory of revers-
ible and irreversible transformations), and (b) the
proper surface area S of the horizon (shown by
Hawking* never to decrease),

(2) Reversibility implies and demands zero sepa-
ration between the “negative-root states” and “pos-
itive-root states” of the particle defined by a qua-
dratic equation of the form

S= 167Tmir2 . (4)
aE?-2BE +y=0, (3)

When the transformation is reversible, the energy- €xXtreme charged black hole and 29% of that of an
extraction process has its maximum possible ef- extreme rotating black hole. Thus, black holes
ficiency. Repetition of an energy-extraction pro- appear to be the “largest storehouse of energy in
cess with maximum possible efficiency results the universe.”

in conversion into energy of 50% of the mass of an
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“The Thomas-Fermi model works much better
than it should” (E. Wigner to R. Ruffini, 1972)

White Dwarfs and Neutron Stars as

Thomas — Fermi systems

Ruffini, Les Houches, 1972



Accretion Energy.
The identification of
the first black hole:

Cygnus X-1

c®=10%"erg/s =10 Lg
= 0.01(dm/dr), c*

* Absence of pulsation due to the
uniqueness of Kerr-Newman
metric

-M>32M,

Leach & Ruffini, 1973
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Cressy Morrison award (NY, 1973)




Hulse and Taylor, 1993

Hulse & Taylor, ApJ, 195, L51-L53 (1975).



Giacconi,

Sweden
(2002)




“Alive Black Holes”

The Mass-Energy Formula

e-
M + -

S = 16mm;,. .

<
Am?.  16m3;,

05 = 32mm LT () gy 2 0.

Up to 50% of the energy extractable
Christodoulou, Ruffini, 1971



Count Rate (counts/sec)
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Fig. 5. Event 70-2, on 1970 August 22, beginning 60571 s UT.



Electron-Positron creation
out of the vacuum




Quantum Electrodynamical Effects in Kerr-Newmann Geometries

Thibaut Damour*
Joseph Henry Physical Labovalories, Princeton University, Princeton, New Jevsey 08540

and

Remo Ruffinif
Institute for Advanced Study, Pvinceton, New Jevsey 08540
(Received 13 January 1975)

Following the classical approach of Sauter, of Heisenberg and Euler and of Schwinger
the process of vacuum polarization in the field of a “bare” Kerr-Newman geometry is
studied. The value of the eritical strength of the electromagnetic fields is given together
with an analysis of the feedback of the discharge on the geometry. The relevance of this
analysis for current astrophysical observations is mentioned,

and possibly of galactic nuclei. In particular

this work naturally leads to a most simple model
for the explanation of the recently discovered -
rays bursts,'® It is desirable that possible coin-

Expected energy: ~ 10> (M /M_ ) erg



Vallee des Merveilles, 1975
Wilson — Everitt — Ruffini — Damour




Mass, charge and angular momentum:
the Kerr-Newman Black Hole

Cherubini, Geralico, Rueda, Ruffini, PRD 79, 124002 (2009).
Ruffini, Vereshchagin, Xue, Phys.Rep. 487, 1 (2010).



Theoretical attempts
to explain GRBs
before BeppoSAX
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GRB 980425 - SN1998bw:
A newly formed neutron star

Detector arrival time (tad) (years)
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The newly formed neutron star:
Neutrino, kaon, pion cooling |
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Ruffini, Bernardini, Bianco, Chardonnet, Fraschetti, Xue, Adv. Sp. Res., 34, 2715 (2004)



GRB 980425 - SN1998bw
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From the progenitor to the IGC sequence

Neutron star

Accretion
disk

Critical
surface ;
s Cscaping

from star

Massive Binary Massive Star-Neutron Star X Ray Binary
(Eta Carinae, Porb=5.5 yr) (Centaurus X-3, Porb=2.1 days)




The IGC Binary Progenitor

Binary sequence

(M + M [ MsN-—proe + Mns \'/?
. \{(J’(Jf}.f\ prog .\.Jr,\_‘-,l - 1.15 % It}.\. (M) ans |
a

M.

Eta Carinae

Nomoto & Hashimoto
(1988)
Nomoto et al.
(1994)
Ilwamoto et al.
(1994)

and others... \ Pre-SN core

progenitor

,J” - 4}{2({3 _ 545(1!%\ prog el ”r\% =12 .
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Ruffini et al. at MG 11, Berlin (2006) Rueda & Ruffini, ApJ Lett. 758, L7 (2012)
lzzo, Rueda, Ruffini, A&A Lett. 548, L5 (2012)
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The
New Neutron Star Black hole Episode 3 . .
0 F e Induced Gravitational
— Collapse paradigm
- in a nutshell
Start with an evolved stellar core and a
Episode 2 (GRB) companion neutron star.
y~102-102
0 The stellar core goes supernova and
leaves a neutron star remnant.
. Accretion of the supernova ejecta on
fE‘?““ e the companion neutron star induces

black hole formation and emission of
the fireshell.

9 The optically thick fireshell interacts
with the supernova and the neutron star
remnant.

° The ultrarelativistically expanding
fireshell reaches transparency and
becomes optically thin.

Supernova e After t ~10 (1+z) days in observer frame,
shock  — the supernova peaks in the optical due
breakout to 56Ni decay .
Supernova E

ejecla . s

Episode 3

Episode 1
-

Stellar core Neutron Star




GRB 090618  "“[~

Eis0=2.8x10>*erg |
Z=0.54 ”

24

Ruffini et al. PoS(Texas2010), 101 (2011) =
Izzo et al., A&A, 543, A10 (2012)
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A



.y Photons
keV- - - |
em” keV s

100

Ol F

a'

£

F

10 50

radius(km)
100000 [

70000 |
50000 |
30000 |

20000 F
15000 F

10000 F

100

g
E,c''g ' A
S00 1000 5000

En(keV)

50 7.0 100 150200 300

! Time{s)

The first emission episode

vey (kmys)

Eiso = 3.4 x 10”2 ergs
b T(keV)

70

501

30

20

ome(s)

4000

3500+

3000

2500

2000

1500

t(s)



Count's

a0

50

40 |

FFermi-GEM light curve counts data of GRE DRDE18
i

L o 2

+

Z‘\"‘l‘o
s I——

1

PUPRRRTT
T i
¥ "y

L S

PR -

it of the light curve of GRE DEDB1E — +

countslom iskey

T T I
-BK dansity | paitcmh

Bays 1 Tasi? . Tl
radius{cm)

om

0001 |

The second emission episode : the GRB
Eiso = 2.49 x 10> ergs

— thecﬂr."::ﬂl yr"l.ll‘li'.'cm — ]
i, - Farrni GBM count spectrum B-1000 ke’
=9
g oL
i
“
N
.
N
\
'I__I
"‘L,_

. L
10 100
Parameter Value

Ece 249 +0.02 x 10°° ergs
B 198 £0.15%x 107°
Iy 495 + 40

kT, 2922 +221 keV

Ep_crBih 433 +028 x 10°* €Igs
<n> 0.6 part/cm?
<on/n > 2 part/cm’




ratio

Page et al. 2011

M"!‘ ++

100

1000

105
time Smc:e trigger (s)



The supernova emission
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The universal bhehavior of late time X-ray emission in IGC GRB-SN events

rest—frame (0.3—10 keV) luminosity (erg s'l)
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TITLE: GCN CIRCULAR

NUMBER : 14526

SUBJECT: GRB 130427A: Predictions about the occurrence of a superncva
DATE: 13/05/02 09:15:09 GMT

FROM: Remo Rufinni at ICRA <ruffinificra.it>

R. Ruffini, C.L. Bianco, M. Enderli, M. Muccino, A.V. Penacchioni,
G.B. Pisani, J.A. Rueda, N. Sahakyan, Y. Wang, L. Izzo report:

The late x ray observations of GRB 130427A by Swift-XRT clearly [:)
evidence a pattern typical of a family of GRBs associated to
supernova (SM) following the Induce Gravitational Collapse (IGC)
paradigm (Rueda & Ruffini 2012; Pisani et al. 2013). We assume that
the lumincsity of the possible SN associated to GRB 130427A would be
the one of 1998bw, as found in the IGC sample described in Pisani et
al. 2013. Assuming the intergalactic absorption in the I-band (which
corresponds to the R-band rest-frame) and the intrinsic one, assuming
a Milky Way type for the host galaxy, we obtain a magnitude expected
for the peak of the SN of I = 22 - 23 occurring 13-15 days after the
GRB trigger, namely between the 10th and the 12th of May 2013.

Purther optical and radio observations are encouraged.




GRB 130427A: late X-ray luminosity overlap with GRB 060729
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GRB 130427A / SN 2013cq
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“The Thomas-Fermi model works much better

than it should” (E. Wigner to R. Ruffini, 1972)

The Oppenheimer-Volkoff Neutron Star
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“The Thomas-Fermi model works much better

than it should” (E. Wigner to R. Ruffini, 1972)

Generalizing to the Strongly Interacting Case

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

Einstein-Maxwell-Thomas-Fermi with Energy-Momentum Tensor
. AL 1 Wy L I LY I o (3
sigma-omega-rho Model T3 = F'oF* + 29" FagF*?,

i , il [ i il

T = vteVYeo — g |:‘J\_,T(r\_"rr [ {rT]J .

F— I 4 < 3

f_‘” — !!Fr”gl i —E_l'f'r” £!,. 5!2 : + m., ..'.'“..J..'r B ‘—ff'”f WaW |

I . 9
jr;.'.' . 'R“,I.R ¥y _Iff'“r IR,, :!'R” L HF;_J 'R;r-RJ e 3H;r.' IR,,_'.:”

Vp = g + gpp + €V,

Vi = guw — gpp-

Nucleon Potentials

t"’ E ¢ - - -

. v etant Constancy of Klein Potentials (Generalized,
p = € "7 jip T Vp = constani, — . . .

E, =/ Non-local Particle Chemical Potentials)




“The Thomas-Fermi model works much better

than it should” (E. Wigner to R. Ruffini, 1972)

Neutron Star Equilibrium Configurations

(Belvedere, Pugliese, Rueda, Ruffini, Xue, Nucl. Phys. A 883, 1, 2012)
]

- 0 100 200 300 400 500 600 700
Boundary Conditions o ' ' ' ' ' ' ' ;
—~ 10% F = neutrons|

= protons
electrons

Electron Fermi =

E
Energy \ 10% |
e
- - - - em wm e e = o = - S 18(}(’}h

- - - - 5

CORE CRUST - CORE

: _ |
0 I . I ] I ] 1 ] 1 ] I I
- , UM f CORE )t --- .. CRUST ]
210"k AN
A E

[

|

3
1
f—
<L

- - E ‘2:_ ::-_r-*.. -'r..'
TOV-like solutions - 10'2 k Global Neutrality

t[ == Local Neutrality
L

- E

| 1 | | 1 Y 3
, ) 0 2 4 6 8 10 12 125 12.7 12.9 13.1 13.3
See Belvedere’s talk for details r (km)



= (571:)0515m /(16m”) ~6.89 M _

Replacing the sum by an integral, we have

crlt

iR
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D
Now .  i8 given by the condition that all levels are occupied.

Rmax
T2n=N oMby =", =1l (8

where N 18 the total number of partacles Combining (7) with (8), we

E= toma ™ (®)

both pressures imncrease with the same power of p, so that if originally
P, 18 larger than Py p equbbrium will never be posmble for larger
densities and the compression will proceed without hmit The con-
dation for such unhimited contraction 1s evadently

5

which givest

]3 ~ 3.10t8 gm, ~ 1 5 sun-masses  (15)
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