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Cosmology versus High Energy Physics

The scales

LHC 7+7 TeV or `LHC ≈ 10−23 km

Universe 4.3× 103 Mps or `Universe ≈ 1023 km

Homo sapience scale:
√
`LHC `Universe = 1 km

� distance from home to work typical for Protvino.
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We are between the two abysses (Blaise Pascal, 1623 �
1662)

�For after all what is man in nature? A

nothing in regard to the in�nite, a whole in regard to nothing, a

mean between nothing and the whole; in�nitely removed from

understanding either extreme. The end of things and their

beginnings are invincibly hidden from him in impenetrable

secrecy...�
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Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Gravitational versus electromagnetic

Minimal length available

LIGO measurements: 4× 10−21 km

LHC limit 10−23 km

Gravitational waves sources

Big Bang relic gravitational waves (searched now in B-mode

polarisation measurements)

Cosmic background

Binary black holes collisions: 100 Hz (1052 W) (registered:

LIGO, 2016)

Supernova in Milky Way (1 event in 30 years) (LIGO, LISA)

Binary pulsars collision: 103 Hz (LIGO, LISA)

Binary pulsars orbiting: 10−3 � 10−4 Hz (registered through

pulsar timing, PSR B1913+16)

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Alexander Fridman (1879 � 1925)

The Creator Di�erential Equation

3Ṙ2

R2
+

3c2

R2
− λ =

κ

2
c2ρ
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Fridman's Cosmology as Newtonian Mechanics

mṘ2

2
+ U(R) = E ,

mR̈ = −dU

dR
,

UNewton = −GMm

R
,

Uanti−Hooke = −λmR2/6,

U = UNewton + Uanti−Hooke .
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mṘ2

2
+ U(R) = E ,

mR̈ = −dU

dR
,

UNewton = −GMm

R
,

Uanti−Hooke = −λmR2/6,

U = UNewton + Uanti−Hooke .

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Fridman's Cosmology as Newtonian Mechanics

mṘ2
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Potential Energy in pictures

These potential energies are drawn below with the three cases of

the space curvature marked by color: negative, zero or positive.

Where we are now? What are the initial conditions?
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Einstein Case Umax = E

U(R), E ; U(R), E , v = Ṙ , H = Ṙ/R
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Einstein Case
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Experience

Dark energy to dust matter including cold dark matter

ratio is 70/30,

it follows x = R/RE ≈ 1.7, where RE = 3

√
3GM
λ .

The Hubble constant is now about H = 2.3× 10−18 sec−1,

and it follows that the parameter β in the dimensionless

potential energy

Ū(x) = −β
3

(
2

x
+ x2

)
.

is large enough β > 190, where β ∝ 3
√
λ(GM)2.
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In�ation scenario
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Multiverse

Georg Wilhelm Friedrich Hegel (1770 � 1831)

�Was vern�unftig ist, das ist

Wirklich; und was wirklich ist, das ist vern�unftig.� = �What is

rational is real; And what is real is rational.�
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Everything happened!

Hugh Everett (1930 � 1982)
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Does 1010
50

Universes provide the Spurious In�nite? [Die
schlechte Unendlichkeit]

�Es hat Astronomen gegeben, die sich auf das Erhabene ihrer

Wissenschaft gern darum viel zu Gute thaten, weil sie mit einer

unermeßlichen Menge von Sternen, mit so unermeßlichen R�aumen

und Zeiten zu thun habe, in denen Entfernungen und Perioden, die

f�ur sich schon groß sind, zu Einheiten dienen, welche noch so

vielmal genommen, sich wieder zur Unbedeutenheit verk�urzen. Das

schaale Erstaunen, dem sie sich dabei �uberlassen, die

abgeschmackten Ho�nungen, erst noch in jenem Leben von einem

Sterne zum anderen zu reisen und ins Unermeßliche fort dergleichen
neue Kenntnisse zu erwerben, gaben sie f�ur ein Hauptmoment der

Vortre�ichkeit ihrer Wissenschaft aus, �welche bewundernsw�urdig

ist, nicht um solcher quantitativen Unendlichkeit willen, sondern im

Gegentheil um der Maaßverh�altnisse und der Gesetze willen, welche

die Vernunft in diesen Gegenst�anden erkennt, und die das

vern�unftige Unendliche gegen jene unvern�unftige Unendlichkeit

sind.�
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Does 1010
50

Universes provide the Spurious In�nite? �
[Äóðíàÿ áåñêîíå÷íîñòü]

�Ñðåäè àñòðîíîìîâ áûëè òàêèå, êîòîðûå î÷åíü îõîòíî

ïîõâàëÿëèñü âîçâûøåííîñòüþ èõ íàóêè, óñìàòðèâàÿ ýòó

âîçâûøåííîñòü â òîì, ÷òî àñòðîíîìèÿ èìååò äåëî ñ òàêèì

íåèçìåðèìûì ìíîæåñòâîì çâåçä, ñ òàêèìè íåèçìåðèìûìè

ïðîñòðàíñòâàìè è âðåìåíàìè, â êîòîðûõ ðàññòîÿíèÿ è ïåðèîäû,

óæå è ñàìè ïî ñåáå ñòîëü îãðîìíûå, ñëóæàò åäèíèöàìè è

êîòîðûå, ñêîëü áû ìíîãîêðàòíî èõ íè áðàëè, âñå æå ñíîâà

îêàçûâàþòñÿ ìàëûìè äî íåçíà÷èòåëüíîñòè. Ïóñòîå óäèâëåíèå,

êîòîðîìó îíè ïðè ýòîì ïðåäàþòñÿ, ïëîñêèå íàäåæäû, ÷òî â

çàãðîáíîé æèçíè îíè áóäóò ïåðåêî÷åâûâàòü ñ îäíîé çâåçäû íà

äðóãóþ è, ñòðàíñòâóÿ òàê ïî íåèçìåðèìîìó ïðîñòðàíñòâó, áóäóò

ïðèîáðåòàòü âñå íîâûå è íîâûå ñâåäåíèÿ òîãî æå ñîðòà, � ýòè

ñâîè ïóñòîå óäèâëåíèå è ïëîñêèå íàäåæäû îíè âûäàâàëè çà

îñíîâíóþ ÷åðòó ïðåâîñõîäñòâà èõ íàóêè.�
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Bimetric gravity I

Nathan Rosen (1909 � 1995)

Period of his work in the USSR: 1936 � 1938
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Bimetric gravity II

N. Rosen (started in 1940)

R. Feynman and some others (started in 1950's)

C.J. Isham, A. Salam and J. Strathdee (1970)

J. Wess and B. Zumino (1970)

A.A. Logunov and his collegues (started in 1977)

T. Damour and J. Kogan (2002)

F. Hassan and R. Rosen (2011)
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RTG (Relativistic Theory of Gravitation)

A.A. Logunov M.A. Mestvirishvili S.S. Gershtein
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Massive gravity (RTG model)

The potential added to the Hilbert-Einstein lagrangian:

m2

16πG

[√
−g
(
1

2
gµν fµν − 1

)
−
√
−f
]
.

Cosmological ansatz: no spatial derivatives

√
−g = NuR3,

√
−f = NR3

0 , gµν fµν =
1

u2
+ 3

R2

0

R2
.

The gravitational potential energy density of the Universe

U(R) = −GM

R
+

m2

2

(
R2 +

1

2

R6

0

R4

)
.
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RTG in graphics

U(R), E ; E , v = Ṙ , H = Ṙ/R
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de Rham, Gabadadze, Tolley (dRGT)
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dRGT potential (I)

The potential is formed by means of the symmetric polynomials of

matrix Xµ
ν =

(√
g−1f

)µ
ν
given through eigenvalues of X :

e0 = 1,

e1 = λ1 + λ2 + λ3 + λ4,

e2 = λ1λ2 + λ2λ3 + λ3λ4 + λ4λ1 + λ1λ3 + λ2λ4,

e3 = λ1λ2λ3 + λ2λ3λ4 + λ1λ3λ4 + λ1λ2λ4,

e4 = λ1λ2λ3λ4,

U =
2m2

κ

√
−g

4∑
n=0

βnen(X ) =
m2

8πG

(
β0
√
−g + . . .+ β4

√
−f
)
,

Vladimir O. Soloviev (IHEP, Protvino) Cosmology of Bigravity



Bigravity with dRGT potential

Let both space-time metrics f and g be dynamical with

Lagrangian

L = Lf + Lg + LM −
√
−gU(fµν , gµν),

where

U(fµν , gµν) =
2m2

κ

√
−g

4∑
n=0

βnen(X )
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Bigravity and cosmology

Let us take the cosmologilcal ansatz for both metrics

fµν = (−N2(t),Rf
2(t)δij), gµν = (−N̄2(t),R2(t)δij),

then new variables appear

u =
N̄

N
, r =

Rf

R
.
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dRGT potential (II)

Y µ
ν =

(
g−1f

)µ
ν

= gµαfαν = diag
(
u−2, r2δij

)
,

The positive square root of this diagonal matrix is here

X =
√
Y = diag

(
+
√
u−2,+

√
r2δij

)
≡ diag

(
u−1, rδij

)
,

λi and ei are as follows

λ1 = u−1, λ2 = λ3 = λ4 = r ,

e0 = 1,

e1 = λ1 + λ2 + λ3 + λ4 = u−1 + 3r ,

e2 = λ1λ2 + λ1λ3 + λ1λ4 + λ2λ3 + λ2λ4 + λ3λ4 = 3ru−1 + 3r2,

e3 = λ1λ2λ3 + λ2λ3λ4 + λ1λ3λ4 + λ1λ2λ4 = 3r2u−1 + r3,

e4 = λ1λ2λ3λ4 = r3u−1.
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Bi-dRGT potential in cosmology

U =
2m2

κ
N (uV + W ) .

The potential is linear in u and

V =
1

N

∂U

∂u
= R3B0(r),

W =
1

N

(
U − u

∂U

∂u

)
= R3B1(r) ≡ R3

f

B1(r)

r3
,

deformed formulae for (1 + r)3 arise above

Bi (r) = βi + 3βi+1r + 3βi+2r
2 + βi+3r

3.
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Matter couplings

1 One matter minimally couples to gµν (no BD ghost at all).

2 g-matter and f-matter minimally couple to gµν and fµν (no BD

ghost at all).

3 One matter minimally couples to both gµν and fµν (BD ghost

is present).

4 One matter minimally couples to �the e�ective metric� (no BD

ghost below the cut-o�).
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Coupling to e�ective metric (I)

Gµν = gµν+2βgµα
√
g−1f

α

ν +β2fµν =
(
EA
µ + βFA

µ

)
(EAν + βFAν) ,

Lφ =
√
−G

(
1

2
Gµνφ,µφ,ν − U(φ)

)
,

Cosmological ansatz is as follows

G00 = −N 2, Gij = a2δij ,

N = N(u + β), a = R + βRf .
√
−G = N a3,

Lφ = N a3

1

2

(
φ̇

N

)2

− U(φ)

 , πφ =
a3

N
φ̇.
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Coupling to e�ective metric (II)

The primary constraints (µ = Gf /Gg )

S =
3R3

8πGg

[
−Hg

2 + (1 + βr)3
8πGgρ

3
+

m2

3
B0(r)

]
= 0,

R′ =
3R3

8πGg

[
− r3Hf

2

µ
+ β(1 + βr)3

8πGgρ

3
+

m2

3
B1(r)

]
= 0

The secondary constraint

Ω =
3R

8πGg
Ω1Ω2 = 0,

Ω1 = rHf − Hg ,

Ω2 = β1 + 2β2r + β3r
2 − β (1 + βr)2 8πGgp = 0.
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First branch

The Friedmann equation for the observable Hubble constant

H =
ȧ

N a

is as follows

H2 =
8πG̃ρ

3
+

Λ(r)

3
, G̃ = (1 + βr)G .

The cosmological term and matter density are functions of r :

Λ(r) = m2
B0(r)

(1 + βr)2
,

ρ =
m2

8πG

µB1(r)
r − B0(r)

(1 + βr)3
(
1− µβ

r

) . (1)
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Cosmology as evolution of �hidden variable� r

The study of cosmological dynamics transforms into a study of

dynamics for r (we suppose equation of state p = wρ)

ṙ =
3NHa(1 + w)(1 + βr)

(
µB1

r − B0

)
B0 − (B−1)′ +

µB′
0

r +
(
µB1

r − B0

)(
1

1−µβ
r

+ 3w
1+βr

) .
Critical points may be

r = − 1

β
,

r = µβ,

and the roots of quartic equation

µB1(r)

r
− B0(r) = 0.
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Conclusion: bigravity is cosmologically viable

1 dRGT bigravity has background solutions reproducing the

standard cosmological model for the Early Universe.

2 Cosmological constant problem may be solved by postulating

the graviton mass value m ≈
√

Λ.

3 There is a hope to address the dark matter problem also (Luc

Blanchet and Lavinia Heisenberg, 1504.00870).

4 There is a hope to overcome instabilities of local perturbations

by a succesful choice of parameters µ, βi , β (Akrami et al,

1503.07521).
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