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B pabore mnpousBeneHa OIeHKa IIOJAaBJIEHHUS] aMIUIATYAbI PEJIHMKTOBBIX
IpaBUTAIMOHHBIX BosH uwacroroit 10716 — 107 T 3a cuer ux komBepcum B
AJIEKTPOMarHUTHBIEC BOJIHBI IIOJ ,[LeﬁCTBHeM KOCMOJIOTHNYECKOI'O MAarHUTHOI'O IIOJIA
Ha [TPOTS?KEHUN SMOXHU pajauaruonnoro fomunnposanus (P/I). Bragane mosydaena
CHCTEMa ypaBHEHMII JjIsI COBMECTHOI'O PACIPOCTPAHEHHUs] I'DPABUTAIMOHHOM
U 3JIEKTPOMArHUTHOW BOJHBI BO BHEITHEM MAarHUTHOM Iojie Ha  oHe
Mmerpukn Ppuiamana-Jlemerpa-Pobeprcona-Ykepa U y4YTeHO B3aMMOJIEHCTBHE
3JIEKTPOMATHUTHBIX BOJIH C MEePBUYHON Iia3moit. /Jlamee mosydeHHass cucrema
pellieHa YUCAeHHO B MPUOJIMKEHUN OJIHOPOIHOIO KOCMOJIOTMYECKOIO0 MarHUTHOTO
MOJIsT C HAIPSKEHHOCTHIO, COOTBETCTBYIOIIEH COBPEMEHHOMY 3HAYEHUIO B 1
ul'c (B smoxy P/l HampsiKeHHOCTH MATHUTHOTO MOJISI YCHIMBAETCH OOPATHO
IPOMOPITMOHAIBLHO KBaJIpaTy MacimrabHoro ¢akropa). B pesyibrare cuenan
BBIBOJ, O HE3HAYUTEIbHOM BJIMSHUU PACCMOTPEHHOro 3@PdeKTa KOHBEPCHH Ha

, AMIUITYAY JJIMHHOBOJIHOBBIX PEIMKTOBBIX I'DaBUTAIMOHHBIX BOJIH.

The article evaluates the amplitude suppression for the relict gravitational waves
with a frequency of 10716 — 10718 Hz due to their conversion into electromagnetic
waves under the influence of a cosmological magnetic field during the era of radi-
ation dominance (RD). At first, a system of equations was obtained for the joint
propagation of gravitational and electromagnetic waves in an external magnetic
field in the Friedmann-Lemaitre-Robertson-Walker metric and the interaction of
electromagnetic waves with the primary plasma was taken into account. Then the
resulting system is solved numerically in the approximation of a uniform cosmo-
logical magnetic field with a strength corresponding to the modern value of 1 nG

(for the RD epoch the magnetic field strength increases as the inverse scale fac-
tor squared). Finally a conclusion was made about the insignificant influence of

the considered conversion effect on the amplitude of long-wave relic gravitational
> waves.
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Introduction

The existence of an intergalactic magnetic field has been proven through
observations, and based on the observations theoretical limits are 10716 <
By S 1077 Gs [1]. Even if it is a very weak value, it increases as the inverse
square of the scale factor when moving backward in time. Thus, for the
considered scale factor interval a € [1072,107%], present day value of 1 nG
is amplified 10% — 10'® times. Hence the conversion of gravitational waves
(GWs) into photons induced by the cosmological magnetic field presence may
significantly change the relict GW spectrum.

Two more reasons why this issue is worth considering are the interaction
of emerging photons with the primary plasma and the long duration of the
RD epoch during which GW conversion and these photon interactions occur.

Thus, if the effect of relic GW suppression due to the conversion into
photons is sufficiently large, then this may explain why there is no imprint of
the primary tensor perturbations on the cosmic microwave background [2—4].

The paper is organized as follows. In the next section notations are intro-
duced and the method of the equation system derivation is described with the
list of all effects which are taken into account. Further, the resulting system
of differential equations (SoDE) for FLRW background metric is presented.
Then the SoDE is solved numerically for GW of frequency 10716-1071% Hz,
taking into account several simplifying assumptions. Finally conclusions and
prospects are presented.

Method

Let us expand the full quantities: the metric g,,, the electromagnetic
tensor ), (EMT) and the electromagnetic field potential A, (EMP)

guy = 9w + h/un
., =0,A,—0,A, =F.+ fu, F,, =0,A, —0,A,, (1)
fwzaufll_avfw A#:Aﬂ—i_f#?

where ¢, F},, and A, are the background quantities, h,,, f. and f, - the
first perturbation corrections to the metric, EMT and EMP respectively.

To derive the equation of motion (EoM) for metric perturbations we ex-
pand the Einstein equation, RW - —gWR = 8” T wv, to the first perturbation

order. Also, using the relation 7}, = \/%5,457gamr, we include into equations
- »

the energy-momentum tensor corrections from the Maxwell action and from
the Heisenberg-Euler (HE) action in the weak field limit (B < m?) [5]

Antazwets = / dz*/—§ ( FogFo 1 A, J"‘) 2)
App = | dat/—go(T [( FusF™?) +£ (Fggalﬁaﬁﬂ , (3)
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02 (T)g
where C(T) = 3_; %, where ¢; is the charge of the contributing to the
J

loop particles in the electron charge units, and Fj;“l is the dual Maxwell
tensor which is defined as F{y" = \/Tjg €apu FM .

The EoM for electromagnetic wave (EMW) is obtained by the action vari-
ation over § A, followed by the obtained EoM expansion to the first perturba-
tion order. After that we take into account the photon interaction with the
plasma and introduce the terms proportional to the damping factor I' ~ o*T
and to the squared plasma frequency wf)l ~ oT? into equation, taking into
account the dependence of temperature on the scale factor, T" ~ é

For more detail see the manuscript [6].

Derivation method and results of solution in FLRW metric

To obtain a qualitative result, the following assumptions are made: mag-
netic field is homogeneous and directed along the x axis, C(T') = Cy ~ e*/m
- does not depend on temperature, initial tensor GW propagates along the z
axis and enters a medium with a magnetic field and a primary plasma. Also
we neglect the gravity from the cosmological magnetic field in comparison
with the gravity of matter.

We introduce the following initial conditions

k = (0,0,k), (4)
fM:(()’fx?fy?O)? (5)
frt=0)=0, (6)
fU(t=0)=0. (7)

0 O 0 0

0 0 ,

RE(t=0,2) = 8 Z('i' _h};g_ 8 etk (8)

0 O 0 0

i.e. a clear tensor metric perturbation (gravitational wave) with two po-
larizations {h, h)} enters the region with homogeneous magnetic field and
with a primary plasma. The GW generates electromagnetic wave with two
polarizations f* and fY. All the waves propagate along the z axis. Let us
stress that during propagation in the region with a magnetic field the scalar
modes of metric perturbations appear, that means that the tensor h*(t, z)

will have the form

20(1) 0 0 0
hot2) =1 ety 2wt —hy o | OO
0 0 0 0

where ® and ¥ are the scalar degrees of freedom.
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The derived system consists of two independent subsystems: {f*, hy } and
{f¥,®,W, h,}. Let us write and solve the first subsystem in terms of the scale
factor a:

H’ 2B(2)CO — (I4

fx:a2H2fx//+aH2 {1—}—&——{—8

7 1620, —at “ ]f+

k2 4B2Cy + a* ikB
— 4+ 20HH —8H*—°20 " — 4 9TH +u?| f*= ——>h
i [az e 16B2Cy — a* * T a‘my
k2 167GB2 (4B
K a*HW), + (4aH? + *HH') W, + {? - Wa4 0 ( ;)4 0 _ 1)} hy =
167G Byik 16B2C, N
— — (1 — ag mp f*, (10)

where the prime denotes the derivative with respect to the scale factor, H -
the Hubble parameter, m,, - the Planck mass, G - the gravitational constant.

It is worth to note that there are poles at a* = 16BZ(; in the first
equation of system (10). The explanation is that the SoDE is not valid at
the singular point. Indeed, we obtained the system using the expantion of
electromagnetic field action. If the magnitude of the external magnetic field
exceeds the electron mass squared the higher order corrections must be taken
into account in the effective Heisenberg-Euler Lagrangian. So the pole will
be eliminated.

Let us stress that for the chosen magnetic field strength of By = 1 nGs =
1.95 % 1072 MeV? a pole point is Asingular ™~ 10713 and lies before the consid-
ered scale factor interval a € [107°,1074].

Finally we use an implicit Runge-Kutta method of order five to solve the
SoDE (10). On the solution interval a € [107?,107*] for the final solution
point and for By = 1 nGs (present time value) we obtain that the amplitude
of GWs with a frequency of 1076 — 1078 Hz is suppressed by about 0.01
percent.

Conclusion and prospects

Based on the results we can conclude that the considered phenomenon
insignificantly suppresses relic gravitational wave amplitude in low-frequency
range. Indeed, even for the upper estimate, in the assumptions of homoge-
neous magnetic field and orthogonality of the relic GW propagation vector
to the magnetic field direction, long-wave relic GW amplitude is suppressed
by about 0.01 percent by the effect of conversion into photons during RD
epoch.

Anyway the hypothesis had to be tested. Moreover the results of the
investigation are applicable for the solution of problems about GW to EMW
conversion in the vicinity of the strong magnetic field astrophysical sources.
Of course the background metric has to be changed depending on the prob-
lem, using the SoDE obtained for the general case of curved space-time in
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the manuscript [6]. Some qualitative results are new in the context of gravi-
ton to photon conversion task. For example - mixing of different metric
perturbation modes in the presence of one more selected direction.

In the future works solution of the second part of SoODE with conversion
of GW into EMWs and into scalar metric perturbations is planned. And also
it is planned to find solutions for relic GW with higher frequencies.
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