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[psime criocTepexeHHs rpaBiTaliiHuX XBUIb y 2015 poli npuBepHyIo yBary 10 MHUTaHHS, YU € y TPaBiTOHIB Maca. 3BUYaiHO
BBXKA€ETHCS, 10 Y YacompocTopi MiHkoBchkoro 2S + 1 JMiHIHHO HE3aJe)KHUX CTaHIB MOJSpPU3AIli PENSTHBICTCHKOI MaCHUBHOI
YaCTHHKHU y 0€3MacoBiif TpaHMIll peIyKyIOThCS Yy B CTAHH 31 CHIPANbHOCTIMH S (TOOTO 13 MPOEKIISIMH CIIIHY +S Ha HaIpsIMOK
PyXy 4acTHHKHM). XUOHICTH IIHOTO PO3MOBCIOMKEHOTO YSBICHHS IPOAEMOHCTPOBAHA Y BUITAIKy MACHBHOTO TPaBiTOHY, IPEICTaBHUKA
4acTUHOK 31 cmiHoM 2. Takok mpoaHai30BaHI BIACTHBOCTI rpaBiTalliifHoi XBwi y yacompocrtopi ae Citrepa, akuid € n1o0pum
HaAOJIMKEHHSIM 0 MOZENI Cy4acHOTO CTaHy HAmioro BeecBiTy, 10 PO3MIMPIOETHCS 3 MPUCKOPEHHSIM. 3’ICOBAHO, 110 y BCECBITI JIe
Citrepa (a 11e 03Havae, 10 1 y HAIIOMY peaibHOMY BcecBiTi) rpaBiTOH He MOXe OyTH O€3MacOBHUM: KBaApaT HOTro MacH € Bil’€MHUM

2 2 v oo . .
unenom My =—(7/C€)"2A/3, ne A — aiinmraiiiBchka KOCMOJIOTIUHA CTaNa, TOOTO Maca TPaBiTOHa € CyTO YABHUM YHCIIOM, SIKE 10
: -33 2
MozyTio topiBHIoe [ m, |=1,70-107 eV/c.
Kurouosi cioBa: rpasiTariiini xsuii; rpaBiToH; ne CiTTep; CpaibHICTh; 6e3MacoBa YaCTHHKA.

Ipsimoe HaOJIIO[ICHHE T'PaBUTALMOHHBIX BOJIH B 2015 romy NpWBIEKIO BHMMaHHE K BOIPOCY O CYIIECTBOBAHHH MAacCChI
rpaBuTOHA. [IpUHATO CYUMTATH, YTO B IPOCTPAHCTBE-BpeMEHN MHHKOBCKOTO 2S + 1 IMHEHHO HE3aBUCUMBIX COCTOSHUH MOISPU3ALIHUU
PEISITUBHCTCKOW MaCCHBHOW YACTHUIIBI PEIYIHPYIOTCS B JBAa COCTOSIHUSI CO CIIHPATbHOCTAMU +S ( TO €CTh ¢ MPOCKUIHUSIMHU CIIHHA
+S Ha HampaBlCHHE JBWXKCHHS 4acTHIbl). OMUOO0YHOCTh ITOTO PABIPOCTPAHEHHOTO MPEACTABICHUS TPOJAEMOHCTPHPOBAHA B
cllyyae MacCHBHOIO I'DaBHTOHA, MPEICTABUTENS YacTHIl CO CIMHOM 2. Takke MpoaHalM3HMPOBAHBl CBOWCTBA IPaBUTALMOHHON
BOJIHBI B TIPOCTpaHCTBe-BpeMeHH ae CHTTepa, KOTOpoe MpeAcTaBisieT co0oi Xopoliee NMpUOIMKEHHE K MOJCIH COBPEMEHHOTO
COCTOSIHUS HalleH, pacmupsiomeiics ¢ yckopenueM Bceenennoii. [Tokasano, 4to Bo BecenenHoit ge Currepa (a, clieioBaTenbHO, U
B Halleil peanbHOil BCelleHHOM) TPaBUTOH HE SIBISIETCSI 6€3MacCOBBIM: KBAIPAT €ro MacChl OTPULIATENICH, m; =—(h/c)’2A/3, tne
A — SIHIITEHHOBCKAs KOCMOJIOTHYECKast TOCTOSIHHAS, TO €CTh Macca IPaBUTOHA MPE/CTABISLET CO00M YHCTO MHUMOE YUCII0, MOYJIb
KOTOPOTO | m, |=1,70-107 eV/c>

KuroueBble ¢j10Ba: rpaBUTAIMOHHbBIC BOJIHBI, IPaBUTOH; ie CHTTEp; CIUPaAIbHOCTh; Oe3MaccoBast 4aCTUIIA.

The direct observation of gravitational waves in 2015 has drawn attention to a problem on existence of graviton mass. In the
case of Minkowski space-time it is considered to be that the 2S + 1 linearly independent states of polarization of a relativistic massive
particle are reduced to two states with helicities +S (that is with projections of spin +S on a direction of movement of a particle).
The inaccuracy of this opinion is shown in the case of massive graviton, the special case of particles with spin 2. Also properties of a
gravitational wave in the de Sitter space-time which represents good approach model of a modern state of our extending with
accelera-tion Universe are analysed. It is shown, that in the de Sitter universe (and, hence, and in our real Universe) the graviton is not
massless: the square of its mass is negative, mg2 =—(h/c)’2A/3 , where A is Einstein cosmo-logical constant, i.e. graviton mass is
purely imaginary number modulo |m, [=1,70- 107 ev/c’.
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Introduction

There were five direct detections of gravitational waves
in the last three years. They gave a lot of information for mod-
ern cosmology. These events let one to ask an old question:
do gravitons have mass? This was known as massive graviton
problem. The particle with spin S in Minkowski space-time
has 2S+1 linear independent states of polarization. It is usual
to believe that in massless limit these states reduce to two
helicity states . The other states “extinct”. But for massive
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graviton in Minkowski space-time there is a contra-example,
which saves all five helicity components.

The latest investigations show that de Sitter metric is
one of the reasonably close ap-proximations to the metric of
real Universe. So the investigation of the massive graviton
prob-lem in de Sitter space-time is useful for understanding
of the role of massive graviton in real expanding Universe.
The graviton in de Sitter space-time is not massless, but its
mass proper-ties are somewhat unusual.
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Gravitational quanta of Matvei Bronstein (1936)

Two important papers on gravitational quanta were
published by prominent soviet phys-icist Matvei Bron-
stein in 1936. The first paper ,,Quantentheorie schwacher
Gravitationsfelder” (“Quantum theory of weak gravitation-
al field”) appeared in Kharkov in German [1] (scientific
monthly ,,Physikalische Zeitschrift der Sowjetunion* was
published by “Ukrainian Institute of Physics and Technol-
ogy”, YOTI ). The expanded version of “Quantization of
gravitational waves” was published in Russian [2]. Both
papers are almost unknown abroad. Only in 2012 the first
paper of Bronstein was republished in English [3].

Bronstein was considered the small deviations from

Minkowski space-time with Rie-mann-Christoffel tensor

S

HpVo 2

+h

UV, po pouv hya’,pv - hpv,ya) s (1)

where hyv are the small deviation of the fundamental
metric tensor g, (X) =gy, +h,, (x)from its Minkowskian
value O, (y =1 0}, =05, =05, =1, g,, =0, if p=v).
Like Bronstein we admit the following summation conven-
tion for Greek indices in tensor values: ...x...u... = ...0...0...-
LD11-02..2..-..3..3..., so we can define the Ricci

tensoras R, =R = 0 and write down Einstein equations

LHovo

of gravitation (without cosmological constant A) in empty

space,
R, = go”"Rﬂpm =R, =0. )
In view of “gauge conditions” and tracelessness of
h,, -tensor
9N, =N, =0, 977, =h, =0, (3)

we have the wave equations
oh,, =0. 4)

The Riemann-Christoffel tensor satisfies two Bianchi

identities,
Rﬂpm + Rmp + RWPV =0, %)
R/.tpvo‘,ﬂ + R/tpo‘ﬂ.,v + Rypﬂ.v,o’ = 0 (6)
Let us introduce like Bronstein new notations
1
By = ROiOk, Bi :EgimnRijn.

Ten quantities (E; and H, are symmetric trace-
less tensors) use up all ten components of the Riemann-
Christoffel tensor R, .
the linearized Einstein equations in the following form

In his paper Bronstein presented

gEij = gikliBlj i i =0,
oX, ~  OX
(7
iBij _gikliElj 2 j =0
oX, ~  OX

The equations (7) are very similar to the Maxwell

ones,
gEi: gikliBl iBi:Os
ot oX, =~ OX
@®)
2Bi:_g.kliﬁ iEi:O-
ot oX, = OX

It isn’t accidental because in the both cases the equa-
tions with time derivatives in (7) and (8) can be written in
the form satisfying for arbitrary spin S

)

where S is the spin operator of particle with spin S and

A s the helicity of the particle under consideration. The
famous Italian physicist Ettore Majorana was the first who
presented Maxwell equations (8) in the form (9) (1928-
1932, unpublished, [4])

.0 e

I—w =troty, divy =0, (10)

ot

where Y = E+iB, and understood that the equa-
tions (10) are the wave equations for photons. The wave
equations (10) for right and left photons have very simple
physical meaning: pho-ton’s Hamiltonian H =+ §f).s trot
The arbitrary spin wave equations for the massless fields
can be written in the following relativistically covariant
form [5,6]

) )
(05, +58,,) = —w(1) =0, (1)

v

where S

v are infinitesimal operators of the (S;,S,)-

representation of the proper Lorentz group, S = S, +8S,.
The well known Weinberg theorem [7] states that the helicity
of the massless field under consideration A = S, —S,.

Massive graviton in Minkowski space-time
The massless graviton is described with complex

oo and Einstein

equations (2) in the flat limit. If we want to describe mas-

analogue Riemann-Christoffel symbols R

and

sive graviton we must also introduce two tensors H wp

1 . .
H P with some symmetry properties of them.

' The massive graviton is usually defined with Pauli-Fierz formalism [8]. Our definition based on the

Bargman-Wigner ones [9].
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wvpe . Npouv T _Rvupcr = _Ruvcrp’ (12)
RprJ+Rypm/+R/t0‘vp =0, (13)
H,uvp Z—Hmp, (14)
H#VP+HW+HW+O, (15)
H,=H, H,=0, (16)
Ripo =R, =H . (17)

Next we write down the series of equation with mass
of the graviton.

R =mH

uvpo o pvp? (18)
H/wmp o H/Npﬂ = mR/zvm’ (19)
Huvo =MH,., (20)
Hﬂp,a_H/w,p zchrpﬂ' (21)
Then we give the examples without mass.
R,uvpo‘,i + R/zvo%,p + R,uv/lp,o‘ =0, (22)
Hpav,/l + Ha/w,p + H/Ipv,a' =0, (23)
HW’V =0. (24)

In massless limit we obtain the independent equa-
tions for the particles with helicities £2, =1, 0 which led
to according to Eddington [10] TT-waves, TL-waves and
LL-waves.

TT-waves or Bronstein waves are:

Rpoo =0, (25)
Ripor T Rivorp T Ruipe =0, (26)
R, =0. 27)

TL-waves are:
pr’c =0, (28)
H/tvcr,p Mo = 0, (29)
Hpav,/l + Ha/lv,p + H/Ipv,a =0, (30)

LL-waves:

HM’G =0, 31
H,,-H,,=0 (32)

TT-gravitational wave in de Sitter space-time

De Sitter space-time is special solution of Einstein
equations with cosmological con-stant for empty space
and is the special case of Riemannian manifolds called by
mathemati-cians as Einstein manifolds [11],

R, =Ag,, (33)
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Ry =9"Ry., (34)
De Sitter space-time is described by the metric tensors
O (G0 =1 G =-a®G) (9
and
9" (9" =1 g" =-(/a)’)3,) (6
and the metric
ds® = dt* —a(t)*dx’, (37)
where
(38)

a(t) =exp \/g(t —1),

A — is cosmological constant and t, — is the age of Uni-
verse. We see that g*” (t,) = g°* is Minkowskian metric
tensor.

Let us consider the small deviations from de Sit-
ter space-time by the use Riemann-Christoffel tensor
SRWM = R#Vpa + S#VPO'
where is small deviations of Riemann-Christoffel tensor

and metric tensor 9,, =9, + h;zv ,

S po from its de Sitter value R

R ., can be express by a formula

o - FOr small h,, tensor

A
iR/tha = ?(gﬂpgvc _g#Ung) + Ruvm =

A
= ;[(g +h),,(g+h),, -

_(g + h)yo‘(g + h)vp)]+ R,uvpa =

A

Z?(gﬂpgwr —0,69,,)+

(39)

A
+?(hypgvc +9,,0, —
_hﬂcrgw - gﬂUhVP) + Rﬂvm‘
It follows from (39) that
A
Suvm = ?(hﬂpgw + guphva -

_hwg"p - gﬂUhVP) + R/WPU'

(41)

Calculating

R, =9”R,,, = (9" ~h" )x

upvo

A
x(Rﬂpm + Sﬂpm) =Agﬂv +?hﬂv +

(42)
h re A h
+2? LT3R, =A9,, +h,),

we obtain
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L =0"R,. =0.

upvo

(43)

For the curvature tensor me , responsible to gravita-
tional wave, in the case of the de Sitter background space-
time we can obtain now, instead of (1) in the case of the Min-
kowski-an background space-time, the following relation,

Ripvo = —(hﬂv L LV o
=t (LU= U )+
LT L N
T LS U O
e e -
—g{;}[hwhm o]

—%(h,,vgm + 9,000 =N 9, = 9,00,),

where Christoffel symbol

i =%g‘”(gl,,,v = Gus) (49

{i} =\/§az5ik and {§}={4} =\/§5ik,i,k— 123

are only nonzero values of {fw} for de Sitter space-time.
Using the conditions (3) in de Sitter space-time

9N, =h,, =0, g”h, =h, =0 @0
and taking into account that for TT-wave
hy =hy; =h,, =0, (47)

finally we obtain from (43) and (44) the wave equation for
gravitational TT-wave,

62
(y )

We can rewrite the equation (48) in the form

NI BN JR P
30t at)y 3

5+Pa——m2 ho=0, (9
3 ot ’
where
S S (50)
a(ty’ ot’

is generalized d’Alembertian, and
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m =—2A= —(h/c)zzA
3 3

: (51)

We see, that “graviton mass” is purely imaginary
number module | n, |=1,70- 107 eV/c* . This result was
obtained in [12] but in [12] was lost important second term
in the equation (49).

It is worthy of being noted that for Maxwell wave in
the de Sitter space-time we can obtain the wave equation
very similar to (48). The modified equation (10) in de Sitter
space-time looks as follow
(52)

ia(t)%y? =troty, divy =0.

Calculating

we obtain

ia(t)%(ia(t)%y?j =rotroty,  (53)
Ao 1

5 _
—+ Ay =0. 54
(6t2 EERES J"” oY

The equation (54) is lacking in “mass” term and differs

from (48) by the sign of second term, but we will not here
go into problems on his physical meaning.

Summary

We are exploring a limiting Bargman-Wigner equations
in opposite Pauli-Fierz ones usually used by investigation
of massive graviton. To sum up, the massless limit of wave
equa-tions saves all possible (five) polarization states. The
TT graviton particle corresponds to Bron-stein ones.

It is obtained the generalization (48) of Bronstein
equation in Minkowski space-time for gravitational TT-
waves in de Sitter space-time. In the case of A=0 the
equation (48) trans-forms to Bronstein equation (4). Let
us compare the second term in the equation (48), that we
have calculated, with the “mass” term 2A/3. The frequency
of last detected gravitational wave GW 170817 was located
between the frequency 24 Hz and a frequency of about
few hundred Hz. Let us take for definiteness the frequency
Vy of gravitational wave as 100 Hz. The energy corre-

sponds to this frequency is hvg =2,07-10" eV.

v, 2,07.107°

= ~10%,
Imy[¢*  1,70-107

(55)

We see that the second term in the equations (48) by
twenty orders of magnitude greater then the “mass” term.
So this term is of significant importance in the case of real
gravitational waves.
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