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50 years of Relativistic
Astrophysics:
from 3C273 to GW150914



1040 NATURE March 16, 1963 vou. 197

3C 273: A STAR-LIKE OBJECT WITH LARGE RED-SHIFT
By Dr. M. SCHMIDT

Mount Wilson and Palomar Observatories, Carnegie Institution of Washington, California Institute of Technology, Pasadena

HE only objects seen on a 200-in. plate near the Table 1, WAVE-LENGTHE AND IDENTIVICATIONS

positions of the components of the radio source A /1158 4o
3C 273 reported by Hazard, Mackey and Shimmins yHH gt g8 Ml
in the preceding articls are a star of about thirteenth 4753 1104 1102 Ha
magnitude and a faint wisp or jet. The jet has a width ] mfnﬂ_% " ] Ef{ﬁf'”, 40 Hy
of 1"-2" and extends away from the star in position P ss e 4861 il
angle 43°, Tt is not visible within 11” from the star and ﬂu&ﬁ_ﬁ % 5 35“'3'_% . 5007 [0 110}
ends Ehruptly nt Eﬂ“ t"mm 1:11& star. The pumtmn 'Df thﬂ 4006510 5527-5622

PRI PRI, iy i LT

——  The beginning of Relativistic Astrophysics

3C 273: Z=0.158, jet~ 100 kpc, L~ 10*”erg/sec,
E,..q ~ 10° Myc*, Discovery of extremal (variable)

Relativistic Compact Objects (RCO) M=? R=7?



Modern RA: central energy machine + jet
R g=GM/c”2 , M87. HST, EHT

HST

. z = 0.00436

D=16.7 Mpc
E Jet 10” - 770 pc
M_RCO =6.2x10"9 Mg
R _Sch =2x10M5 cm
© _Sch= 7.3 pas

EHT 1.3 mm
© obs =40*1.8pyas =>
D=55R Sch (R=2.7_Sch)
O ring = 38 pas =>
D = 52R_Sch (R=2.6_Sch)

R Sch =2R g =2GM/c"?2



Abbott B. et al., Phys.Rev.Lett., 116, 061102 (2016)
(~ 1013 authors) GW 150914 At(L1,H1) = 7ms
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http://sed.sao.ru/~vo/LIGO/

ON RELATIVISTIC ASTROPHYSICS

F. HovLE

» St. John’s College, Cambridge, England, and
California Institute of Technology, Pasadena, California

WiLLiam A. FOWLER
California Institute of Technology, Pasadena, California

;. R. BURBIDGE AND E. MARGARET BURBIDGE
University of California, San Diego, La Jolla, California
Recetved October 5, 1963

Astrophys. J., 139, 909 — 928 (1964)

In this paper we have attempted to discuss the relation of massive highly condensed objects to astro-
physics in general, rather than only to the radio-source problem. Because situations in which general
relativistic effects play a dominant role have not received much attention in astrophysics, a brief review
of the relativistic properties of collapsed objects is given in Section I of the paper.



The first papers on Relativistic Astrophysics

Hoyle F., Fowler W., Burbidge G., Burbidge E.,
On relativistic astrophysics, Ap. J., 139, 909, 1964 .

(GRT and alternative gravitation theory - C-field with
negative energy to prevent Black Hole formation)

3eabposud S1. b., Hosukos U. /.

Pensmusucmcras acmpoghuzuxa l, 1,
— Y®H, 84, 377, Hosa6ps 1964, Y®H, 86, 44/, Uroas 1965.

3eabaoBuu SA.b., HoBukos U. /., Peramusucmckan acmpogusuka,
M.: Hayka, 1967. (Heuszoexnocts OTO u Yepnbix [Iplp —

no alternative gravitation theory).



Modern Relativistic Astrophysics
(multi-messenger astronomy: y, GW, v ...)

> Relativistic Compact Objects: black hole candidates
3+ 101% M., Energy Sources and Origin of Jets
(GRB, CCSN (SN1987A), AGN, Blazars (EHT, Fe K _a))

> Gravitational Radiation: binary RCO and massive SN
explosions (PSR1913+16, SN1987A, LIGO GW events)

——> Cosmology: cosmological models, Hubble law, large
scale structure, fractals, dark matter, deep fields

Common basis is relativistic gravity theory
(quantum field theory of the fundamental interactions)



Modern questions discussed In the
literature on Relativistic Astrophysics

Does General Relativity hold in the strong field regime?
Does General Relativity hold on cosmological scales?

Are there alternative gravity theories which predicts
testable crucial experiments/observations?

General Theory of Relativity: Will it survive the next decade?

— Search for General Relativity limits
and
to resolve the gravitational energy problem



Modern reviews of
relativistic metric gravity theories

Will C., The Confrontation between General Relativity
and Experiment, Living Rev. Rel., 17, 113pp., (2014) —
(415 ref.) includes discussion of 6 alternative metric
gravity theories (modifications of GRT).

Clifton T. et al., Modified gravity and cosmology,
Physics Reports, Vol. 513, Iss. 1, 189pp. (2012) - review
of 13 alternative metric gravity theories (1316 ref.).

Main motivation is an extension of geometrical GRT
Including addition of extra fields (scalar, vector, ...)



Modern review of
the field non-metric gravity theories

Comparison of Feynman’s non-metric field approach to
gravity physics with Einstein's metric gravity theory:

Baryshev Y., Foundation of Relativistic Astrophysics:
Curvature of Riemannian Space versus Relativistic
Quantum Field in Minkowski space, arXiv:1702.02020
(2017), 88 pp., 224 references, including my 28 papers
In: G&C, A&A, ApJ, JCAP, Ad, ITAXK, AK ...

Main motivations is :
* unification of fundamental physical interactions
* resolution of the gravitational energy problem



Two ways in gravity theory

Einstein’s Geometrical Gravity
(General Relativity Theory,
Geometrodynamics - GRT)

and
Feynman’s Field Gravity Approach
#(Field Gravitation Theory, Gravidynamics

energy (CeV)



Metric and nonmetric
gravity physics

Einstein’'s geometrical
general relativity theory of

curved Riemannian space
(GRT and its modifications)

g* (7 t), Rikim

m e Feynman’s relativistic
o O virtual quantum field theory in
KSRyt Minkowski space (FGT)
M mass Tllk : lp . (7:)’ t) : F"g ’

TOO(t, X) _— gg (ﬂ)’ E(g) = hv

cm3



Albert Einstein
(1879 — 1955)

Nobel Prize in Physics (1921) :

"for his services to theoretical physics, and
especially for his discovery of the law of the
photoelectric effect”

General Relativity Theory (GRT)
i Gravity is R-Geometry, g'* is metric

= Einstein A., Sitzungsber. K. Preuss. Akad.
“ Wiss. 1, 844 (1915) ( gravity is not a matter)

Einstein A., Sitzungsber. K. Preuss. Akad.
Wiss. 1, 688 (1916) ; 154 (1918) GW

Gravitational Waves : g% ~ nik + hi*  => gh'® = 0



Richard Phillips Feynman
(1918 — 1988)

Nobel Prize in Physics (1965) :

“for his fundamental work in
quantum electrodynamics “

| “Lectures on Gravitation”(1962), CIT
4 Feynman’s Field Gravity approach:
n', YEE L, E, g (erg/cm?)
(Gravity Is relativistic quantum field in Minkowski space)
——“The geometric interpretation is not really necessary
or essential to physics” Gravitational Waves: oy = 0
“the situation iIs exactly analogous to electrodynamics -
and in the quantum interpretation, every radiated graviton
carries away an amount of energy hw.” ( A' - ED, y*-GD)



http://en.wikipedia.org/wiki/Quantum_electrodynamics
http://en.wikipedia.org/wiki/Quantum_electrodynamics

Field and Geometrical approaches to gravitation

Field Gravitation Theory

General Relativity

T]ik, l/)ik(f), t), F
Trace(Y*) = nup* @ t) =
= (7, t) — fuction of spacetime

fik = pik 4 ik
fit = Nk + Yix
fL@ 0 =0 +9i @0
non-metric Spin2 @ Spin 0
—New Relativistic Astrophysics”
RCO (noBH), EMT, GW(T+S)
Positive Localizable Gravity
Energy, Cosmological models with
Evolution in Static Space

9" (@), Rijam

Trace(9'*) = gu g
= 4 - costant

gk ~ ik 4 pik
gik = Nik — hik
g* p = 6‘ = const

ik _

modlﬁcatlons of GR and
other metric theories”

BH, no EMT, GW(T),
no Localization of Gravity

Energy, Cosmological
models with Expanding Space



General Relativity Theory:

basic principles, main equations and
predictions



GRT basic principles

The Equivalence Principle:
free falling frames equivalent inertial reference
frames, m,orr = My, (WEP), ...

The Geometrization Principe: gravitational
potentials are described by the metric tensor
g (7, t) of the Riemannian space-time

The Stationary Action Principle
(geometrical extension of)

8S=8(S m+S g)=0 for dgi*



GRT main equations
ds® = gipda'dz”
g @ t); Riam 5 g 9™ =4;  8g%, 85 =0

1
S = Sm) + S = - / (Awm) + A(g)) vV—9d12

[

1 S7G .,

ik ik _ ik du’ P
R - 99 = A 1m) T{m] ;= s —Iu®u’
0 ik ik
W(v—g)(T[mj +t(g) =0

— Ty = Ty + Twaey™  which includes matter and vacuum
(dark energy) T(v)”‘ = g A but does not includes the gravity field

EMT : gravity field is not a matter in GR (no T,"),
t""(g)(t, x) 1s the gravity Energy-Momentum Pseudo-Tensor



The energy problem in GRT:
t™ ;) (t,x) Is Pseudo-Tensor

L D.Landau & EM.Lifshitz It ha_s no me_ani_ng to speak of a
- el ey ef definite localization of the energy

Fields”, Oxford (1971)

2
TOO(e) (T) — (Vpe)

t' ) (t, x) of the gravitational field
iIn space” (§101, p.307)

8
Misner, C., Thorne, K., . : -
Wheeler, J. “Gravitation”, (§204,p467) ..grav_ltatlonal
(Flrgegga” San Francisco energy... Is not localizable. The

, (8§35.7,
£00 () = — 7(Ve) carried
87t cannot

equivalence principle forbids”, and

0.955): “the stress-energy
Dy gravitational waves

e localized inside a

wavelength”.



GRT predictions in
the weak field approximation

Universality of free fall for any bodies,
The deflection of light by massive bodies,
The gravitational frequency-shift,

The time delay of light signals,

The perihelion shift of planets,

The Lense-Thirring effect,

N The geodetic precession of a gyroscope,

+ Phenomena based on Pseudo-Tensor calculations:
The emission of quadrupole gravitational waves,
The detection of the gravitational waves .



GRT open guestions

Existence and localization of GW energy (according to
MTW 1973 (§20.4, p.467): “...gravitational energy... Is

not localizable. The equivalence principle forbids”

g¥ =n* +ht* => 0Or* =0 <=>t)(tx) =?
Existence of Black Holes event horizon and singularity
Tsch = ZGIW/C2 => tik(g) (t,x) =7

dr?

_ Tsch
1 T

ds? = (1 — 50y 242 — r2(sin?0 d¢? + d6?)

N
Existence of continuous space creation with vacuum in
Friedmann’s cosmological model  r(t) = S(t) -y,

ds® = ?dt? — S*(t)dx? — S*(t) [ (x)(d0? + sin®0d¢?) ik (L, x) =7




Relativistic Quantum Field
Gravitation Theory:

basic principles, main equations and
predictions



Fundamental Forces

% Strength Range (m) Particle
Force which
S Iron g m_— holds nucleus 107" 5 gluons.
@ @ togeher (dinaberots r(nucleons)
medium sized nucleus)
Strength Range (m) Particle
Electro- <=® 1 photon
TaT Infinite mass = 0
] 137 T
magnetic O<@® S
Strength Range (m) Particle
e’ .
\ / 6 -18 Intermediate
Weak ‘W~@ [:> @ 10 10 vector bosons
{0.1%% of the diameter + z
of a proton) W W, ZO'
neutrino interaction mass > 80 GeV
induces beta decay spin =1
Strength Range (m) Particle
- 1A% * graviton ?
Gravity @"‘@ 6 x 10°° Infinite mass = 0

spin = 2



https://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjyyfiGjpnSAhXOa5oKHaZpB8wQjRwIBw&url=https://www.tes.com/lessons/bPgQ3O6F1PlMUw/nuclear-physics-thanks-bill-griffiths&bvm=bv.147448319,d.bGs&psig=AFQjCNGfvxKdABG5FOAOvbTarN4ASCzcxg&ust=1487448203484322

History of the Field Gravitation Theory

Poincare(1905), Fierz & Pauli(1939), Birkhoff(1944),
Moshinsky(1950), Thirring (1961), Kalman (1961)...

Minkowski space n'* : A'Y(#t)-ED, ¥ (7, t)-GD

Richard Feynman (1962,1971,1995), Lectures on
Gravitation, Caltech  (Spin 2 gravitons)

V. V. Sokolov, Yu. V. Baryshev(1980),

Field-theoretical approach to gravitation: Energy Momentum

Tensor of the field, Gravitation and Relativity Theory, Kazan
State University, vyp.17, 34 (1980):

Tr Y = n; Y™ = Y(#,t) = Spin 2 + Spin 0



FEYNMAD
LECTURES on

QRAVITATION

RiciarD P. Feynnan
Fepnanpo B, Moriniao » Wittian Q. WAGHE

1995
Edited by Brian Hatfie]d

| With a Foreword by
John Preskill and Kip S. Thorne

From Feynman to his sze:

Feynman's
Field Gravity
approach:

¢
Remind me not to come to any more gravity conferences!”

Y- symmetric
tensor field in
Minkowski space

(A' - ED, y*-GD)

Tergy' - true EMT
of the gravitational
field with positive

energy density



M Feynman Lectures on Gravitation
(1962-1963 course at Caltech)

Lecture 1
1.1 A Field Approachto Gravitation
1.3 Quantum Effects in Gravitation
Lecture 3
3.1 The Spin of the Graviton
— 3.5 The Lagrangian for the Gravitational Field
Lecture 16
16.4 Radiation of Gravitons
16.5 The Sources of Classical Gravitational Waves




&' | | from Feynman's book

“The geometric interpretation Is not
really necessary or essential to
physics.” (p.113) (4i-ED, yi*-GD)
"the situation Is exactly analogous to
electrodynamics - and in the quantum
Interpretation, every radiated graviton

carries away an amount of energy hom.*
(p.220)

From letter to his wife: “Remind me not to come

to any more gravity conferences!” (\WWarsaw 1962)



Physical basis for theory of gravitational interaction
Field approach Geometry
The inertial reference frames The non-inertial reference
The flat Minkowski space frames

The concept of potential

space-time g;, g'* = 4

o ) - The metric tensor g** (7, t),
YE@E, ), Y@ t) = nyapt g0

scalar part, force, gravitons
The Energy-Momentum
___ Tensor of the gravity field T "™

The universality of
gravitational interaction

Aingy = YT, myg

the curvature tensor R i1,

The EM Pseudo-Tensor of
the gravity field ¢,

The Equivalence Principle

Minert = Mgrav
free falling frames

Relativistic Compact Objects, GW, Cosmological models



Comparison of FG and GR: field equations

Field Gravity

General Relativity

nik, pE@t), YPF 0), T
Agingy = Y T™
S = S‘[QJ + S(int) + S(m)

) z ) 1.:;: + o Fr.:.i P ik
k)l N SWG "

| ni -L-| m}:ﬂl _I_ ]r? L I — CE Tl

. 1
'E,.'ll*'tk — EF )'Il? N /\,'L.I.,a wﬂl!k _
L 02\ o 87G [ 4 14
(ﬂ—ﬁﬁ) V=2 [T —yn

gik’ Yik gik — 4'/ :Riklm )

S = S'W} - 5'{9}

1 STmlGE .
ik ik opn ik
R — 59" R =—1Tim

ik _

T{mil ;i 0

Ei?

gravity EM Pseudo-Tensor
ik
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Comparison of FGT and GRT:

P-N gravitational potentials of SSS body
Field Gravity General Relativity

Weak gravity approximation

Weak field approximation

1*N o 8nG [y 14 & = ik + hip |ha << 1
(& _ EE) o= = [T — 37 T] ik = Tik ik
.Tik — T?k“’m + T?f;i + TEL 1 dﬂ ik 167G ik 1 ik
(p/m) (int) (g) A o hik — i [T{m} _ En Tim)
(¥™*) = diag(®, ¢y, ¢x» Pu) 5
©N .
Gire = ik + i/ ik = ik T 2 diag(1,1,1,1)
~ik ik g 1. 1. 2-"'“,-' .
gt =t ety g* =n* — TV diag(1,1,1,1)
g =0, +ui/c’ gi = ot
- ~ ik ),/ 2
gir " 9" =A+2Y/c k
gik -g" =4

oy(r) = —GTM for r> R,



Repulsive force of the scalar part of the gravitational potential
In the Field Gravity Theory for SSS body with mass M

Birkhoft’s Y™ (r) = @ydiag(l, 1, 1 1), goN(‘r) = —GM/r

ik i
can be presented as asum  0"" = Izl 1) ﬂﬂ

. 3 1 11 1
iR T S S Yoo 1 _ _

U8 2"?”?-1 dla’b(lf 2’ 9’ 3) 2":"”_\1 dlﬂ.b{].._ 1'.' ]--_. 1)
then from the equation of motion (Poincare force) we get the expression
for Newtonian force Fy = mod/dt

3 1
Fr; = F{g} + F{D} — —img‘?cpx + ETHUV@N — —?ﬂgviﬁm

Hence the Newton force of gravity is the sum of attraction due to the
spin 2 tensor field and repulsion due to the spin 0 scalar field. Thus FGT 1s,
strictly speaking, a scalar-tensor theory. But in contrast to the Brans-Dicke
theory that introduces additional scalar field with coupling constant w, 1n
FGT the scalar field 1s the trace v = ?;i;f-r;',ﬂm of the tensor potential v/*f and
has the same coupling constant G.



Field equations for spin 2 and spin O parts

Field Gravity
For spin 2 and spin O parts we can rewrite the field equation as

(&_%jﬁ)mm_ Srld |:T?h_i Lk T:| | N
¢ o™ (1) = Py

II’_':
1 o*\ 1 871G 1,
752 ) VT T @ LI uin = et
Lk

) L: L
and 7::¢"™ = 0. Eor tensor and
scalar parts in the case of free field we get ordinary wave equations

— 1 1 o

Lagrangians : 42} = 75 Pimn® o

Corresponding EMT: T{}_ 1 L g™ and T = 321GE-E,J:H.-J,.;;
m

ik . 00 . . ik _
1) T(g)l - T(g) , 2) T(g) >0;3)T= ”ikT(g)l =0

where 1“{‘7‘} = @'

(L.

and Ay =



FGT predictions in the
weak field approximation

The universality of free fall for non-rotating bodies
The deflection of light by massive bodies

The gravitational frequency-shift

The time delay of light signals

The perihelion shift of planets (17% due to T4,"°)

The Lense-Thirring effect
——  The geodetic precession of a gyroscope

PLUS

The additional acceleration of rotating bodies (V2 /c?)
The emission of spin2 and spin O gravitational waves,
The localization of the energy of the gravitational waves.




Existence of Gravitational Waves
which carry positive energy and Its
localization by GW detector



A historical remark on
Gravitational Waves prediction



Jules Henri Poincaré
(1854-1912)

Poincare H., Sur la dynamique de I'electron,
Compt. Rend. I'Acad. Sci., 140, p.1504 (1905);

Poincare H., Sur la dynamique de I'electron,
Rend. Circolo matem. di Palermo, 21, p.129 (1906).

Gravitation as a fundamental force

In relativistic 4d space-time

In 1905, Poincaré¢ first predicted existence of the
— gravitational waves (“ondes gravifigues”) from a
variable source and propagating at the speed of light as
being required by the Lorentz transformations:

( 1 0% B P
i\ = ——)(I) = o® =0 (instead of A®)

c2 0t2



Albert Einstein
(1879 — 1955)

General Relativity Theory (GRT)
Gravity is R-Geometry, g'* is metric

Einstein A., Sitzungsber. K. Preuss. Akad.
Wiss. 1, 844 (1915) ( gravity is not a matter)

Einstein A., Sitzungsber. K. Preuss. Akad.
Wiss. 1, 688 (1916) ; 154 (1918) GW as
weak deflection h™ik from Minkowski metric

Einstein A., Rosen N. (1936) , (1937) no
GWin GRT - cylindrical GW exist

Modern view on
Gravitational Waves : g** ~np'* + h'k  => oh'* =0


https://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjk3tbyxc7SAhUDLZoKHX_OAVwQjRwIBw&url=https://www.emaze.com/@AWOIQCLF/%D9%85%D8%B4%D8%B1%D9%88%D8%B9-&bvm=bv.149397726,d.bGs&psig=AFQjCNFDXj--uU-wMRdvu9iLSegw4l7Yxg&ust=1489324632982515

Joseph Hooton Taylor,
(born March 29, 1941)

Nobel Prize in Physics (1993)
with Russell Alan Hulse

“for the discovery of a new
type of pulsar, a discovery that
has opened up new

possibilities for the study of
gravitation”

PSR 1913+16 : Decreasing orbital energy
via radiation of positive energy of the
gravitational waves


http://en.wikipedia.org/wiki/PSR_B1913+16
http://en.wikipedia.org/wiki/PSR_B1913+16
http://en.wikipedia.org/wiki/Pulsar
http://en.wikipedia.org/wiki/Gravitational_wave

Nobel Prize awarded to LIGO Founders
News Release ¢ October 3, 2017

the 2017 Nobel Prize in Physics:
Barry Barish and Kip Thorne of Caltech

and Rainer Weiss of MIT

"for decisive contributions to the LIGO detector and the
observation of gravitational waves"



Gravitational Waves detection

Sy

';' sy ‘: '&’.\ -

',,’ : LS 4
+ LIGO Hanford
g

Operational

Q.LIGO Livingston Sy

Under Construction

Planned



Feynman (1957), Bondi (1957), Gertsenstein & Pustovoit (1962),
LIGO design: Drever (Caltech), Thorne (Caltech), Weiss (MIT)
Nobel Prize in Physics 2017: Barry Barish, Kip Thorne, RainerWeiss
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Laser Interferometer Gravitational-Wave Observatory

Livingston Hanford



Abbott B. et al., Phys.Rev.Lett., 116, 061102 (2016)
(~ 1013 authors) GW 150914 At(L1,H1) = 7ms
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Hanford, Washington (H1) Livingston, Louisiana (L1)
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LIGO: 3 GW events sky positions
GW150914, GW151226 and LVT151012

,.,,v-""'/'Decem ber 26
: 2015

fﬁ /? L\ [VT151012
: September 14

f' 2015

gl <2

GW151226

W GW150914

GW150914 : M, = 36 My, M, =29 My, 420 Mpc
GW151226 : M,= 14 My, M,=7.5My, 440 Mpc
LVT151012: M, = 23 My, M, =13 My, 1000 Mpc


http://www.ligo.org/detections/images/localization-comparison-gw150914-gw151226.jpg

LIGO: 3 GW events sky positions

GW150914, GW151226, LVT151012 (Fesik et al., arXiv:1702.03440)

Probable sources of tensor GH with pi/2 polarizat angle {Equatorial coordinates, Aitoff projection)
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Large Scale Structure in the Local Universe

Corona Borealis Bootes
Supercluster (0.072) Supercluster
0.061) Coma Cluster (0.023)
Hercules Virgo Cluster (16 Mpc)
Supercluster (0.037)

Leo Supercluster (0.032)
Shapley Concentration (0.048+)

Centaurus Cluster (0.02)

Ursa Major Sugercluster
(0.058) N

Ophiuchus
Cluster (0.028)

Abell 634

IRAS dipole
Cluster (0.025) -

CMB dipole

Abell 569

Hydra Cluste
Cluster (0.019)/ Y uster

(0.01)

Cloud

Taurus Molecular
Cloud Columba

Cluster (0.034)

Perseus-Pisces Norma &
Supercluster (0.017+) Grea(t0 l-}’tirg)ctor
LMC )
Pisces-Cetus S Ay Horoloai mFornax Cluster (20 Mpc)
Supercluster (0.063) - mijky way Pavo-Indus Sgper?c?ul;ter (0.067)
Center Supercluster (0.015)

Sculptor Supercluster (0.054)

Legend: image shows 2MASS galaxies color coded by redshift (Jarrett 2004);
familiar galaxy clusters/superclusters are labeled (numbers in parenthesis represent redshift).
Graphic created by T. Jarrett (IPAC/Caltech)



SG Latitude 4 [degrees]

LIGO: 4 GW events sky positions

GW150914, GW151226, LVT151012, GW170104
(Fesik et al., arXiv:1702.03440)

———%_% V150914 AC

SG Longitude o [degrees]



Existence of Black Holes
event horizon and
singularity



“The reluctant Father of Black Holes”, Sci. Am., June 1996:

discussed the paper by Einstein (1939) where he clamed that
“Schwarzschild singularity cannot exist in physical reality”

_ A. Einstein, On a stationary
A‘ system with spherical

. symmetry consisting of
many gravitating masses,
Ann. Math., 40, 922 (1939)

Why Black Holes physically
Impossible:
fo<c_)R>RSCh

+ New argument:

Erg <mc®* - R >R,

(Von)?
8nG

T%(g) = erg) = +

Albert Einstein and Robert Oppenheimer in Princeton University (1949)



“Stephen Hawking: There are no black holes”
Z. Merali, Nature, 24 January 2014 ( arXiv: 1401.5761)

Notion of an ‘event horizon', from which nothing can
escape, Is incompatible with quantum theory.

A full explanation of the process would require a theory
that successfully merges gravity with the other
fundamental forces of nature.

But that is a goal that has eluded physicists for nearly a
century.

However Feynman’s nonmetric field gravitation
theory Is just such a unification of gravity with
other fundamental forces: (4’ - ED, yi*- GD)




Hawking Evaporation is Inconsistent with a

Classical Event Horizon at r = 2M
B. Chowdhury and L. Krauss arXiv: 1409.0187

Department of Physics, Arizona State University, Tempe, AZ
85287

In the frame of a distant observer an infall cutoff outside
the event horizon of a black hole must be imposed In
order for the formation time of a black hole event
horizon to not exceed Its evaporation time.

M
T(infall) = © > T(evap) = 5 - 10°%sec (m)?)



Observational testing existence of
Black Hole Event Horizon

S. Doeleman et al., Imaging an Event Horizon :
VLBI EHT, arXiv:0906.3899 (VLBI observations)

King A., et al., What is on tap? The role of spin in
compact objects and relativistic jets, arXiv: 1305.3230
(K_alpha Fe line profile X-ray observations)




VLBI imaging of
Black Hole Candidates




S. Doeleman et al., arXiv: 0906.3899

Imaging an Event Horizon: suomm-VLBI of a Super
Massive Black Hole

)
—
(5]
K -
Q.
w
o
o
—
wi

VLBl EHT Event Horizon Telescope:
Does General Relativity hold in the strong field regime?
Is there an Event Horizon? R, =7

Is there an Ergosphere? R,,,, = d7 =07

KerrBH: Rpor =R,(1+V1—a?),
a = J//max Jmax = MCRg

GM
I Rhor:Rg:C_z (a=1);

Event horizon . Rhor — RSch — Cz (Cl — O)
How do Black Holes accrete matter and

| create powerful jets?




Expected SgrA* image in GRT

“"COMPACT"” OBJECTS

MRCO =4.3- 1O6M®, D = 8.3 kpC
Rsen = 1.3 -10%%cm 0y, , = 10.2 pas

Oring = 5.20g. . = 53 pas (light ring diameter)



The EHT first results at 1.35 mm
Doeleman, S. S., et al. 2008, Nature, 455, 78
THE EVENT @QRIZON TELESCOPE > Combined Aray for

: ; Research in Millimeter
.3 ' wave Astronomy — California

/ - !

s :

=

.

-

1. Submillimeter .
Array and g &‘%‘:Lé&.
James Clerk - o
Maxwell e
Telescope — g . ;
Hawaii




Falcke H., Markoff S., Towards the event horizon —
the supermassive black hole in the Galactic Center,
Class. Quant. Grav., 30, iss. 24, id. 244003 (2013)

Sgr A*_VLBI EHT A=135 m |

"-ﬁ:— 1 | | I%I_:
E S
g 0SE e E
z o1 A —
£ 005§ =

i | 1 | 1 ||| | ] 1 |

0.2

Observed size SgrA* . 0,,s = 37uas (4 Rs.p)

0.5

1

-

wavelength A [cm]

(Doeleman, S. S., et al. 2008, Nature, 455, 78)

L

Existence of
BH horizon?

Intrinsic sizes of
black hole candidates
as crucial
observational tests
for gravitation
theories

Universal light ring
around BH:

Dring = 5.2Rgcp



—n
R o o

Apparent distance from black hole (GM/c®)
1N

Event horizon

4 8 8
True distance from black hole (CM/c™

10

Simulated Image | EHT 2017-2018

er

M
g9~ "2 — Rgcpn/2

Universal light ring
around BH: 53 uas ?

r~ R



X-ray spectroscopy of
Fe K alfa line




A.C. Fabian, Probing General Relativity with
Accreting Black Holes, arXiv:1211.2146 (2012)

Mewbonian

Tin = 3Rsch

~ 3 N\
T, = 0.6R
Special relativity Transwerse Doppler shift - | mn Sch
Beaming B
d

Gravitational redshift

General relativity

Line profile /
1 I 1
0.5 1 1.5

Linw Litensity
[

05
-




Fe K alfa X-ray spectral observations of Seyfert-1
galaxies: model of BH/RCO jets and accretion disc

q Power - law
emission
" \ hot electron
\ cloud
|
\
|
I
|
|
|

Reflection \

Accretion disk Black hole
r~R, = GM/c* = Rg.p/2 (MCG-6-30-15 713, = 0.615R¢.p)
GRT : Kerr Black Hole (Mrk 335 17, = 0.62Rs.p)

FGT . Relativistic Compact Object (RCO)



Driving extreme variability: The evolving corona

and evidence for jet launching in Markarian 335
D.Wilkins, L.Gallo, MNRAS.449,129 (2015)

During all epochs, we find that the maximum measured redshift in the
wing of the relativistically broadened iron K_alfa emission line is
statistically consistent with the accretion disc extending as far in as the
iInnermost stable circular orbit of a maximally rotating black hole at

r in =1.235 R g supporting findings that the black hole spin, a > 0.9 .
There is no evidence for truncation of the accretion disc between the high
and low flux epochs.



log {ULU.EGHEJ I:E”HS 5_1}

King A., et al., What is on tap? The role of spin in
compact objects and relativistic jets,

Ap.J., 771, 84 (2013)

44 77T

47

40

0.1

ISpinl

37 Seyfert-1

K alfa Fe line
Disc intrinsic size
Tim~Ry = GM /c?
Kerr BH model:

|Spin| =a = 4
]max
RhOT‘ =Rg(1+\/1—a2 )

For a=1;:
Rhor = Ry = GM /c?

For a=0:
Rhor = 2Ry = Rscp = 2GM /c?



Modern view on the
Central Energy Source in AGN

R et begins very close
L 0 W I to gravitational radius
ﬂ r~ Rg < Rgcn

s BH or RCO (?)

S Strongly binded

& material object (?)
,. B . accretion disc

) and et




Crucial tests for comparison
FGT and GRT predictions

The universality of free fall for rotating bodies
(additional acceleration of rotating bodies (V2 /c?) )

The scalar-tensor nature of the symmetric tensor

potentials Y™ (7,¢), P(7,t) = nyPp™
(repulsion by the trace part of the symmetric tensor )

The structure, masses and sizes of RCO (Quark stars,
SMRCO having r~R, = GM/c* = Rs.,/2)

The emission and detection of spin2 and spin O
gravitational waves (EMT of GW : Ty»"° and T,"° )



Near perspectives
of Relativistic Astrophysics




The Event Horizon

Event Horizon Telescope Telescope (EHT) is
Project finally ready to take a
picture of SgrA*

From April 5 to 14
(2017)

with linear
resolution | ~

2GM
RSCh — 7
A~0.6mm

L South Pole Telescope 2. Atacama Large Millimeter/submillimeter Array and Atacama Pathfinder Experiment
(Chile) 3. Large Millimeter Telescope (Mexico) 4, Submilimeter Telescope (Arizona) 5. James Clerk Maxwell
Telescope and Submillimeter Array (Mawaii) 6. IRAM 30-meter (Spain)



Michael D. Johnson et al. (EHT), Science 04 Dec 2015:
Vol. 350, Issue 6265, pp. 1242-1245

“Resolved
magnetic-field
structure and
variability near the
event horizon of
o Sagittarius A* “

r~R,; = GM/c* = Rgcp/2

GRT : Kerr Black Hole

FGT Relativistic Compact Object (RCO)
massive material object



e \/irgo + LIGO
= " GW detectors

RN \ Nature / News 24.08.2017
. doi:10.1038/nature.2017.2248:
& INGC4993, d =40 Mpc
# WNIGRB 170817A, new type of
: signal (not published yet)
+

Second GW signal

arXiv: 1709.09660

B GW170814, d =540 Mpc
Binary BH=>31+25 MO




Perspectives for Relativistic Astrophysics

Developing the theory of gravitational interaction:
Ghc-theory,

Einstein’'s geometrical approach and Feynman’s
fleld approach,

Multi-messenger observational astrophysics:
__ nearby SN explosions,

RCO images,

AGN jets origin,

neutrino and GW detection



Thank for attention



Founders of Relativistic Astrophysics
1958 Solvay conference

F. HOYLE H. C.van de HULST A. R. SANDAGE J. A. WHEELER H. ZANSTRA L. LEDOUX
S.KLEIN W.W.MORGAN B. V. KUKARKIN M. FIERZ W. BAADE H.BONDI T.GOLD L.ROSENFELD A.C.B.LOVELL J.GEHENIAU
V. A. AMBARZUMIAN E. SCHATZMAN

. McCREA  J.H.OORT G.LEMAITRE C.J. GORTER W. PAULI W. L. BRAGG J. R. OPPENHEIMER C. M@LLER H. SHAPLEY 0. HECKM/



Gravitational origin of jets
In the Field Gravitation Theory

From equations of motion of test particles:
2 o
(

dv -
EE}FCT_ (1—|—:—|—-1HJ }V@ _|__1 {_

For circular motion v L Ven a; — 2 ay

dv. | v?
E]Fc —( .-:E .-:E

) Von

For radial motion v Ven  a, — 0

dv
{EJFG‘ I:l — ‘EF E‘E

)V



Comparison of FG and GR: hydrostatic equilibrium

Field Gravity General Relativity
dp _ G(go+dg) M
dr r? TOV equation
. M L drpr3 /2
50— SP 4052 dp _ Glp+p/c®)(M + 4mpr/c?)
& c? dr r2(1 — rsen /1)
® =", M} = [y 4mr?podr
forr - r
r Sch
M = / 471’ (0o + — 231} + Qgﬂf
Jo ¢ c 2P 5 oo
,(do/dr)? dr
+2 876G 2 )dr
d
so =2 = const forr = Ty

dr



GRT-Newton-FGT:
Relativistic Compact Objects
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Cosmological models
In relativistic astrophysics



Einstein-Friedmann SCM:
expanding space paradigm

Rik — ~gikR = 22 (TH +T‘k<de))
(le(m) le(de));k =

arty,  arly I rm m pl
Rix =—7 =S t Dl m =T ul"km
' 1 im 99mk , 99mi Okl
L — - lm m mt _ ZIKL
[k 2 g ( dx! T dxk dx™m

T‘k(m+de) = diag (pc®,p,p,p); p = p(t); p = p(t)
ds? = gy dxtdx® RW homogeneous metric:
ds? = c?dt? — S(t)*[dy? + I,,())*dw?]
I, (y)=smy, y,sinh y for k=10,-1
r(t) = S(t) X y -expanding space
(increasing distance between galaxies)




Coordinates and distances in SCM
ds? = c4dt? — S(t)*[dx* + I, (x)*dw*]

rt)=S(t) x

ds? = gjdxtdx®
9ir = Jir (t)

xt = (ct,x%)

What Is space
expansion ?

r(t) = S(t) X x
[cm]  [cm]



The expanding space having fixed measuring rods

Misner, Thorne, Wheeler: Gravitation, 1973 (Fig. 27.2)




Friedmann’s equations:
standard form for scale factor S(t)

E(O, 0): E(1,1):
877G kc? . 47G . 3p
H?——— p=— S=——(p+—) S
3 yo, 32 3 (o C2)
1-Q=-0, q=1£2(1+ sz)
Mz_;lin parameters of the pC
_ Hoodee Solution for p(t) = ye(t) :
q=-SS/S?
pu =317182GS(t) et k=0
Q:p/pcrit
Q, =kc? /S?H? S(t) cexp (at), y=-1




Homogeneity of matter distribution:
Einstein’s Cosmological Principle

g(r,t)=¢(t) = p(t) ¢’

E=&, +&y

Equation of state

p=y pC’

Ordinary p.=re, 0< 4 <1/3

matter:

Dark —
energy: pde o 7/gde 7/ < O

p(r,t) = p(t)
p — pm + pde

Hydrodynamic
approximation

“Dust”. y =0
“Radiation”: y =1/3

“Vacuum”: y = —1



Fundamental conclusions
of the LCDM SCM

Cosmological redshift z = dA/1 and the linear Hubble
Law v,,, = Hr Is the consequence of the homogeneous space

expansion r(t) = S(t) X x
Cosmic microwave background radiation is the result
of the photon gas cooling in expanding space T(z) = Ty(1 + z)

Small anisotropy AT/T(6) of the CMBR is determined by
the initial spectrum of density fluctuations which are the source
of the large scale structure of the Universe

The expanding Universe is made of unobservable in
lab dark energy (70%), nonbaryonic dark matter (25%),ordinary
matter (5%). Visible galaxies contribution is less than 0.5%.



Main mass-energy components In the

74 % DARK ENERGY

\22% DARK MATTER

- & l

3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Planck 2013 (arXiv:1303.5076): Hy= 674 +1.4kms ! Mpc™?
Minimal (flat) 6 parameters LCDM Q,, =0.314 +0.020
QO = pi/Perit Q, = 0.263 + 0.0031
2
Peric == = 0.853 x 1072° g/cm? Q, = 0.048 + 0.0003

Ppac ~ Ppr = 10%* g/cm3 Qg4 = 0.686 + 0.020



Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of

380,000 yrs. Galaxies, Planets, etc.
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13.7 billion years

LCDM SCM: Cosmology is almost finished !




Conceptual problems of the SCM

Gravitation theory

(GR is not a quantum theory, absence of the EMT of gravitational
field in GR, need for unite gravity with the other fundamental
forces of nature, Geometrical and Field gravitation physics)

Physics of space expansion

(Continuous creation of vacuum, violation of energy conservation,
receding velocity more than light velocity c)

Inhomogeneity of matter distribution
(Discreteness and fractality of spatial galaxy distribution)

The nature of cosmological redshift

(It is not the Doppler effect, the global gravitational cosmological
redshift should be taken into account)
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Exact Newtonian equation of motion for the
exact relativistic Friedmann equation

r(t) = S(t) - y -distancetoagalaxy, p(t),p(t)

(1,2): S'__@( _|_3_p)5 = d_zr__GMQ(r) D:?;Vtrcztr;ian
B 3 P C? - dt? B r?2 expansion
837G k c? - 2 Newtonian
(0,0): H o — P =" = 4 il G—M — const| kinetic and
3 S 2 r potential
energy
A 3
M, (1) === (p+ )1

0=y pC I\/Ig(r):%z(l+37/)pr3 S (t)




Violation of energy conservation in each local
comoving volume of the Friedmann model

for any ball with radius r(t) = S(t) y (for p = ye)

E(r,t):jToO dV =
0

%” 1) S°() 2 o () x SV ()

E () = const

Erad (t) o S - (t)

vac

() o« S”(t)

=> the only model (y = 0), where the energy
IS conserved (Lemaitre 1933)

=> cooling photon gas ( CMBR) in the
Friedmann model (y = 1/3) is the result of
continuous disappearance of photons energy

=> vacuum energy in the Freidmann model
(y =—1) Is continuously increases (created)
In any comoving volume



Kocmoutioruyeckoe KpacHoe cMeieHue - 3pgexr
JleMeTpa B paciuapsiomeMcst IpOCTPAHCTBE

Voo =HT Q+2) =214 =S,/S,

H COOTHOLLIEHME CKOPOCTb — KpacHoe
exp / r / cMeLLeHne

c ¢ dz’ C
OOTHOLLEHNE PacCTOSIHNE — KpacHoe
(to’ Z) — I’(Z) — I h(Z’) CMeLLeHue:

h(z) =[0%,(1+2)°+0%.,,(1+2)*+

+ Q% (1 +2)30W) + (1-0° _)(1+ 2)?]"/?

tot



CpaBHeHnue 3¢ dexra Jlemerpa u
ypdexrTa domiepa

I'{ Z :
Vexp(z) C—— ( ) eXp(Z)>C if z>3
27 +2°
VDop(Z) =C >
2+27+1




Ckopoctb yaajaenusi rajdaktuk B CKM
Mogenu: 1:(Qm=1,Qv=0); 2:(Qm =0, Qv =0);
3:(Qm =0, Qv=1)

Z Udop/ € Vexp/C, 1 Vexp/C. 2 Vexp/C, 3
1 0.6 0.6 0.75 1
2 0.8 0.84 1.33 2
6 0.96 1.25 3.43 6
10 (.98 1.4 5.45 10
1000 1-2-107° 1.94 500 1000

00 1 2 00 00




The nature of cosmological redshift  gdwin Hubble,

A RELATION BETWEEN DISTANCE AND RADIAL VELOCITY PNAS USA’ 15! 168’
AMONG EXTRA-GALACTIC NEBULAE (1929 ):

By EpwiNn HUBBLE

MouNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON “The Outstanding

Communicated January 17, 1920 feature, however, is
— the possibility that the
velocity - distance

relation may represent
the de Sitter effect”

+1000 KM

“displacements of the
spectra arise from ...
an apparent slowing
down of atomic
vibrations... “

VELOCITY

V=cz =Hd “apparent
velocity” at distances

psmance d <20 Mpc

[ o*PARSECS 220" PARSECS
FIGURE 1 '
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De Sitter effect of
cosmological gravitational redshift

De Sitter (1917), MNRAS, 78, 3 - static cosmological solution of
Einstein’s equations:

4

} F 7 .0 I'-’fll"'2 7 .. .9 ..
ds™ = (] — — )c*‘ﬁfr‘ — — — r (df + sin~ Bd ™).
| —r=/Ry

A
Here r is the distance from the source to the observer, and
(R,)* =3/, is the characteristic radius corresponding to the

cosmological constant A .

The de Sitter effect is caused by the g _00 component of the metric
and from the definition 1+z_g = 1/ (g_00)"*1/2 it is the cosmological
gravitational redshift for a homogeneously distributed substance
with positive mass density p = A ¢c*2 / 81G.

Sandage (1989) : “De Sitter effect was due to a scandalous space-
dependent factor in the metric coefficient of the time dimension “



Cosmological gravitational redshift:
Bondi effect

Bondi H., Spherically symmetrical models in general relativity
MNRAS, 107, 410 (1947)

ana z<<1l, x=r/runw=v/c

2
ZcoszZDop_l_zgrav:)(_|_l_|_2qo X _(C+2VC )+q20
op(r) 1GM(r) 1
, 90 _1GM) 1,
C 2 C°r 4




Gl ga 4 Gfa?n’ Yationa [ Redsh:A¢

.gah/? 9 7594 '7,
MNRAS, 107, 410.

ZCOS (/Q)
~ UR) 13/4) 5% (e
K- g2
N—— S—
‘\re\oc L{\‘ Moy
Zelé/ovifé, /%Yl’AOV , "RA*
Bond: (197) ﬁ‘ \Q(R) Feacockcrses)

Baa—yr‘ev (1587)
Ba.r754ev et ol (1994)




Comparison of FG and GR: cosmological redshift

Field Gravity General Relativity

Fractal matter distribution: Lemaitre effect in expanding space:
D A0 So

M(r) ocr (I+2)=—=—
Global gravitational A1 S
cosmological redshift: Cooling-down of particles velocities:
_8¢(r)  1GM(r) energy-momentum non-conservation

Cgrav = cz2 5 c2r
v(t) oc 1/S(t)

4:'er.;}1‘§ r D-1

Egrew(r) — (_)
c-D(D — 1)\ rg i i i :

Velocity-distance-redshift relations:

- 2nGpgry H )
— 3 .?‘:—gr (D:E) UEEP(E):T(E)HUZCF(M), (>Cfor
) 'C'r? Ky I >R_Ho)
Hy =2 poro— ~ 69 km s_lfMpc : cdd
¢ r(to,z) =r(2) =

po =35 x 107 g/em’, rg = 10 kpc o H()



Large Scale Structure in the Local Universe

Corona Borealis Bootes
Supercluster (0.072) Supercluster
0.061) Coma Cluster (0.023)
Hercules Virgo Cluster (16 Mpc)
Supercluster (0.037)

Leo Supercluster (0.032)
Shapley Concentration (0.048+)

Centaurus Cluster (0.02)

Ursa Major Sugercluster
(0.058) N

Ophiuchus
Cluster (0.028)

Abell 634

IRAS dipole
Cluster (0.025) -

CMB dipole

Abell 569

Hydra Cluste
Cluster (0.019)/ Y uster

(0.01)

Cloud
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Legend: image shows 2MASS galaxies color coded by redshift (Jarrett 2004);
familiar galaxy clusters/superclusters are labeled (numbers in parenthesis represent redshift).
Graphic created by T. Jarrett (IPAC/Caltech)



Conditional density for 2MRS samples
Tekhanovich D., Baryshev Y., Astr.Bull., 71, 155 (2016)
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Vgsr km / s, in Galactic standand of rest

IC

100000

Z(r) CosmicFlows-2 vs 2MRS I'(r)

CF2r =200 Mpc: H =719 kmisMpc, cz = Hr

Mr=1r,D=2 ——
MRS VL1 north 5567 3.1
MRS VL2 north 3205 6.0
MRS VL3 north

1566 10.0

0.1

10
Distance, Mpc

100

1000

0.01

Conditional density, I'(r)



Hubble — de VVaucouleurs paradox

“The connection between homogeneity and
Hubble’'s law was the first success of the
expanding world model.”

(Peebles P.J.E. etal., 1991, Nature, 352, 769)

According to SCM:
Linear Hubble Law <=> Homogeneity

However:

From observations Linear Hubble Law coexists with strong
Inhomogeneous spatial galaxy distribution

( r<r,, ) & (cz=H,r )
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Hubble — de VVaucouleurs
(HdeV) paradox

The linear Hubble Law
cz = Hr

coexists with strong
Inhomogeneous Fractal Law —
de Vaucouleurs Law of spatial
galaxy distribution

P(T)=P0(r_,?)y
y=3-D
D=2



Inhomogeneous spatial galaxy distribution
In SDSS sample (~100000 galaxies)
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There are structures with sizes 400 Mpc , while LCDM predicts homogeneity
scale 5 — 10 Mpc . Fractal dimension D~ N(r)?, D~ 2.



Conditional density of SDSS galaxy samples:
Sylos Labini F. et al., Astron.Astrophys.508:17-43,2009,
fractal dimension D ~ 2

<n(r) >




Pencil-beam and wide-angle galaxy surveys
for high redshift galaxies and large scale structures
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Large-Scale Fluctuations in the Number Density of Galaxies
In Independent Surveys of Deep Fields
S. I. Shirokov et al., Astron. Rep., Vol.60, No. 6, 565 (2016)
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Large-Scale Fluctuations in the Number Density of Galaxies
In Independent Surveys of Deep Fields
S. I. Shirokov et al., Astron. Rep., Vol.60, No. 6, 565 (2016)
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Perspectives for Relativistic Astrophysics

Developing the theory of gravitational interaction, Ghc-
theory, laboratory and astrophysical testing gravity theories
predictions (Einstein’s geometrical approach and
Feynman’s field approach, nearby SN explosions, RCO
Images, AGN jets, neutrino and GW detection)

Galaxy properties and large scale structure at small and
high redshifts (wide-angle and pencil-beam deep surveys
of faint galaxies and QSO)

Observational tests of the nature of the cosmological
redshift (CaHouox m(z, SN la) u dZ/dt ; Kopeikin dA/A<O
In the Solar system)



Review of modern problems In
Relativistic Astrophysics

Baryshev Yu. V., Foundation of
relativistic astrophysics:  Curvature
of Riemannian Space versus Relativistic
Quantum Field in Minkowski Space,
https://arxiv.org/abs/1702.02020



https://arxiv.org/abs/1702.02020
https://arxiv.org/abs/1702.02020
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Richard Phillips Feynman
(1918 — 1988)

Nobel Prize in Physics (1965) :

for his fundamental work in
quantum electrodynamics

Strategy and Philosophy of science:
«Sclence Is a culture of doubty

«Knowledge can progress only if
people have open minds and test
their ideas. So far so good.»


http://en.wikipedia.org/wiki/Quantum_electrodynamics
http://en.wikipedia.org/wiki/Quantum_electrodynamics

