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Relic gravitational waves

Inflation theory: exponential expanding of the early Universe

Helps to solve problems of the hot big bang theory:
1. Homogeneity and isotropy

2. Flatness problem

3. Entropy problem

4. Primordial inhomogeneities problem
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Inflation theory: exponential expanding of the early Universe —| Scalar perturbations

Tensor perturbations
Helps to solve problems of the hot big bang theory: P

1. Homogeneity and isotropy 1976 - L.P. Grischuk theorem:

2. Flatness problem Conformally-flat expanding Universe
3. Entropy problem generates gravitons

4. Primordial inhomogeneities problem

Juv = gB,v + huv

Helicity decomposition of the perturbation tensor hy, :

. g scalars

0" (:9F vectors

ho; = a (_ + Gi) : tensor
ox’

0*B oC; 0C;
hij = (12 (A(Sw —+ —+ ) + DZ])

o0xi0xI o oxrl Ozt
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Relic gravitational waves

Scalar perturbations

Inflation theory: exponential expanding of the early Universe —| C> flat Harrison-Zeldovich

Tensor perturbations spectrum
Helps to solve problems of the hot big bang theory: P cllolmost
1. Homogeneity and isotropy 1976 - L.P. Grischuk theorem: ng,
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Scalar perturbations

Inflation theory: exponential expanding of the early Universe —| C> flat Harrison-Zeldovich

Tensor perturbations spectrum
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1. Homogeneity and isotropy 1976 - L.P. Grischuk theorem: ng,
2. Flatness problem Conformally-flat expanding Universe ny = —r/8
3. Entropy problem generates gravitons
4. Primordial inhomogeneities problem

Relic gravitational waves: 1071° — 101! Hz
Affected CMB in the range ~ (10718 — 10716 Hz)
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Relic gravitational waves

Scalar perturbations

Inflation theory: exponential expanding of the early Universe —| C> flat Harrison-Zeldovich

Tensor perturbations spectrum
Helps to solve problems of the hot big bang theory: P cllolmost
1. Homogeneity and isotropy 1976 - L.P. Grischuk theorem: ng,
2. Flatness problem Conformally-flat expanding Universe ny = —r/8
3. Entropy problem generates gravitons
4. Primordial inhomogeneities problem

Relic gravitational waves: 1071° — 101! Hz
Affected CMB in the range ~ (10718 — 10716 Hz)

Experiment Frequency range, Hz
Planck 1071° — 1071
eLISA 1077 — 102

Advanced.LIGO 107! —10*
Einstein telescope 102 — 10
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Scalar perturbations

Inflation theory: exponential expanding of the early Universe —| C> flat Harrison-Zeldovich

Tensor perturbations spectrum
Helps to solve problems of the hot big bang theory: P cllolmost
1. Homogeneity and isotropy 1976 - L.P. Grischuk theorem: ng,
2. Flatness problem Conformally-flat expanding Universe ny = —r/8
3. Entropy problem generates gravitons
4. Primordial inhomogeneities problem

Measurement methods:

* Polarization and anisotropy of CMB

* Variations in pulsar periods (NANOGrav)

* Space interferometers (LISA, ALIA, DECIGO)
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Relic gravitational waves

Scalar perturbations

Inflation theory: exponential expanding of the early Universe —| C> flat Harrison-Zeldovich

Tensor perturbations spectrum
Helps to solve problems of the hot big bang theory: P :Imost
1. Homogeneity and isotropy 1976 - L.P. Grischuk theorem: ng,
2. Flatness problem Conformally-flat expanding Universe ny = —r/8
3. Entropy problem generates gravitons
4. Primordial inhomogeneities problem
Relic gravitational waves: 1071° — 101! Hz Measurement methods:

* Polarization and anisotropy of CMB
* Variations in pulsar periods (NANOGrav)
* Space interferometers (LISA, ALIA, DECIGO)

Affected CMB in the range ~ (10718 — 10716 Hz)

Experiment Frequency range, Hz
_ Tensor to scalar intensity ratio:
Planck 10719 —1071¢
ane S r < 0.028 (95% CL)
eLISA 1077 =10 BICEP/KeckArray/Planck/LIGO-Virgo-KAGRA;
Advanced.LIGO 10~1 = 104 arXiv:2208.00188 (2023)
Inflaton: r = 0.13 - 0.16 npun = 2
: : 2 _ 104
Einstein telescope 104 — 10 r~027—032npun = 4

Lyubov Panasenko Relic g to y conversion in the intergalactic magnetic field 3/13



Intergalactic magnetic field

* fills intergalactic space and space between clusters
* limits from theory and observations:

10716 _ 10 8Tc<B<1072 —-10712 [

7 <

Fermi-LAT BBN, CMB, LSS ...
halos of blazars (in gamma-range)
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Intergalactic magnetic field

fills intergalactic space and space between clusters
limits from theory and observations:

10716 _ 10 8Tc<B<1072 —-10712 [

7 <

Fermi-LAT BBN, CMB, LSS ...
halos of blazars (in gamma-range)

Magnetogenesis theories:

Amplification of the primary magnetic field by
the MHD dynamo or by adiabatic compression — galaxies and clusters

Primary magnetic field

During inflation by amplification of quantum perturbations — beyond SM
Phase transitions of the I order — beyond SM

Biermann battery — small scale B

wa|qoad panjosun
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Intergalactic magnetic field

fills intergalactic space and space between clusters Physical magnetic field:
limits from theory and observations: o
Du Fa 8
10716 -10"18Trc<B <1072 -10"121¢ M=o = ¢hpl

7

Fermi-LAT
halos of blazars (in gamma-range)

< By =F. By=—F} By=F)

BBN, CMB, LSS ... ml
Bi = e,

Magnetogenesis theories:

Amplification of the primary magnetic field by

the MHD dynamo or by adiabatic compression — galaxies and clusters

Primary magnetic field

During inflation by amplification of quantum perturbations — beyond SM

Phase transitions of the I order — beyond SM

Biermann battery — small scale B

wa|qoad panjosun

Lyubov Panasenko Relic g to ¥ conversion in the intergalactic magnetic field 4/13



Intergalactic magnetic field

fills intergalactic space and space between clusters

limits from theory and observations:

10716 _ 10 8Tc<B<1072 —-10712 [

7

Fermi-LAT
halos of blazars (in gamma-range)

Magnetogenesis theories:

Amplification of the primary magnetic field by
the MHD dynamo or by adiabatic compression — galaxies and clusters

Primary magnetic field

During inflation by amplification of quantum perturbations — beyond SM

Phase transitions of the I order — beyond SM

Biermann battery — small scale B

<

BBN, CMB, LSS ...

wa|qoad panjosun

Physical magnetic field:
Du®

m—— = eFf"ﬂuﬁ

ds
Bl — F23: BQ — _F13: B3 — F12

Bi _ Ez’jl 7nl

Maxwell equations:
NF +0,F\, +0,F,»=0
No electric field

Ft]:O 6th_]:O
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Du®
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Gersenstine, Zeldovich effect

1961, Gertsenshtein — the effect of photon and graviton mixing
under the influence of an external magnetic field

analogy with neutrino oscillations

Gertsenshtein effect: y — g

Zeldovich effect: g=y

inverse Gertsenshtein effect
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Gersenstine, Zeldovich effect

1961, Gertsenshtein — the effect of photon and graviton mixing
under the influence of an external magnetic field

analogy with neutrino oscillations

Gertsenshtein effect: y — : .
y—8 obtained using

Zeldovich effect: g=vy Maxwell action only

inverse Gertsenshtein effect

Loop correction = suppresses conversion

T ~
Ayp = /d4:1:\/—g Co [(FWF‘“’)2 + Z(FWF’“/)Q

where dual electromagnetic tensor is described by the effective
Heisenberg-Euler action
1

Fup = 57 o P, B0 = 5

afBuv
(0% 2 € ‘F;,Ll/

Co = o?/(90m?)
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Gersenstine, Zeldovich effect

Magnetic field magnitude for RD era
1961, Gertsenshtein — the effect of photon and graviton mixing

under the influence of an external magnetic field We assume By = 1 nGs
analogy with neutrino oscillations
fora € [107%,107%] Bax = 10° Gs

Gertsenshtein effect: y — g sbiEined Leine

Zeldovich effect: g=7y Maxwell action only

inverse Gertsenshtein effect

Loop correction = suppresses conversion

T ~
'AHE - /d433 V9 CO [<FHVFNV)2 + Z(FHVEW)Q

where dual electromagnetic tensor is described by the effective
Heisenberg-Euler action
1

Fa,@ . Ea,BWFW7 FQB = ﬁ

afBuv
2 € ‘F;.L 1%

Co = o?/(90m?)
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Gersenstine, Zeldovich effect

1961, Gertsenshtein — the effect of photon and graviton mixing
under the influence of an external magnetic field

analogy with neutrino oscillations

Gertsenshtein effect: y — : .
y—8 obtained using

Zeldovich effect: g=vy Maxwell action only

inverse Gertsenshtein effect

Loop correction = suppresses conversion

T ~
AHE - /d4T VY CO [<FHVFNV>2 + Z(FMVEW)Q

where dual electromagnetic tensor is described by the effective

Heisenberg-Euler action

1

~ A /—g ~
Fog =Y—epgu ", FP=_———Pvp,
B 9 Bu ) 2v/—¢ F

Co = o?/(90m?)

Magnetic field magnitude for RD era

We assume By, = 1 nGs
fora € [107%,107%] Bax = 10° Gs
HE action correction introduce
the following multiplier
B?(1 — CB?)

1 (10° * 1.95 * 10~ MeV?)?

CB? =
90 * 1372 (0.5 MeV)*4

CB%~10715

We can neglect it
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The goal of the work

The goal

To evaluate the influence of the inverse Gertsenshtein effect

on the amplitude of relic gravitational waves

Motivation

1. No imprint of relic gravitational waves on CMB
2. B~1/a*
3. GW propagation in relatively strong magnetic field for a long time (RD era ~80 000 years)

Taking the effect into account may be important
for the inflation models verification
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Method

I. Expand the full quantities:
- metric g,
- electromagnetic field tensor F*¥
- electromagnetic potential A*

g_/,w =9uv T+ h/,tv
g—#ﬁ g—[.ta — 5‘[?’ g_ﬂv — g.uv — h#v

Al= AW + fH Ay = Gy A% = Ay + f + hygA”

we define f, = guaf“
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Method

I. Expand the full quantities:

o g_/,w =9uv T+ h/,tv
- metric g,

_ = qHa — 52 qHV = gV — hHV
- electromagnetic field tensor F*Y Gup 9 B I I
- electromagnetic potential A* _ _ o
Al=AF + fH Ay = guoA* = Ay + f + hyoA®
we define f, = guaf“
F# = gFAY — 9VA* = F*V 4 f* Fﬂv = g_ua g_vﬁﬁalg = FMV + fuv + hMaF.Cﬁ/ + hvﬁFu.ﬁ
we define fH#V= g fV- gV fH we define f,,, = guagvpf
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Method

I. Expand the full quantities:

o g_uv =9uv T+ h/,tv
- metric g,

_ = qHa — 52 qHV = gV — hHV
- electromagnetic field tensor F*Y Gup 9 B I I
- electromagnetic potential A* _ _ o
Al=AF + fH Ay = guoA* = Ay + f + hyoA®
we define f, = guaf“
F# = gFAY — 9VA* = F*V 4 f* Fﬂv = g_ua g_vﬂﬁaﬁ = FMV + fuv + h#aF.Cﬁ/ + hvﬁFu.ﬁ
we define f#V=0gHfV- gV fH we define f,,, = g”agvﬁf“ﬁ

I1. Derive the eq. of motion for metric perturbations:

Expansion of the Einstein equation up to the first perturbation order R 1_ R = 8T =
+ corrections to the EMT from the electromagnetic field action 2
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Method

I. Expand th(i:c full_quantltles: Tuv = v + Py
- metric gy, - a UV Y v
e = =0 = — h*
- electromagnetic field tensor F*Y Gup 9 A g g
- electromagnetic potential A* _ _ _
gheticp A= AM 4 fH A, = Guad® = Ay + f + hygA®
we define f, = guaf“
FHV = gHAY — 0VA* = F* + f* Fuv = g_ua g_vﬁﬁalg = FMV + fuv + h#aF.Cﬁ/ + hvﬁFu.ﬁ
we define f#V=0gHfV- gV fH we define f;,,, = guagvﬁfaﬁ

I1. Derive the eq. of motion for metric perturbations:
Expansion of the Einstein equation up to the first perturbation order R lg R = 8T
+ corrections to the EMT from the electromagnetic field action 2

T

2
my)

FLRW metric:
A1, i(EM 1)
07 + 3H0, —— | hf = ~16mGT,
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Method

I. Expand th(i:c full_quantltles: Tuv = v + Py
- metric gy, - a UV Y v
e = =0 = — h*
- electromagnetic field tensor F*Y Gup 9 A g g
- electromagnetic potential A* _ _ _
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we define f#V=0gHfV- gV fH we define f;,,, = guagvﬁfaﬁ

I1. Derive the eq. of motion for metric perturbations:

Expansion of the Einstein equation up to the first perturbation order ﬁ lg R = _ﬂT
+ corrections to the EMT from the electromagnetic field action 2 my, #
_ 1 4 s
Amaxwell = T d X/ g(F Fap +4
no current
FLRW metric:

AT, .
0% + 3H9, —?] hi = —16mGT; "MV
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Method

I. Expand th(i:c full_quantltles: Tuv = v + Py
- metric gy, - a UV Y v
e = =0 = — h*
- electromagnetic field tensor F*Y Gup 9 A g g
- electromagnetic potential A* _ _ _
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FHV = gHAY — 0VA* = F* + f* Fuv = g_ua g_vﬁﬁalg = FMV + fuv + h#aF.Cﬁ/ + hvﬁFu.ﬁ
we define f#V=0gHfV- gV fH we define f;,,, = guagvﬁfaﬁ

I1. Derive the eq. of motion for metric perturbations:

Expansion of the Einstein equation up to the first perturbation order ﬁ lg R = _ﬂT
+ corrections to the EMT from the electromagnetic field action 2 my, #
_ 1 4 s
Amaxwell = T d X/ g(F Fap +4
no current
FLRW metric:

_ 2 6A 1 A1 - i(EM 1)
T Maxwell _ 63 + 3H6t —?] h} = —167‘[67}

[,LV \/_ 8 gﬁv 4 g uv

FZ F‘ua Fv.a
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Method

I1. Derive the eq. of motion for metric perturbations:

_ 1_ _
T“I\1/I/ax =ZgI«WF2 _ F/mE/a
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Method

I1. Derive the eq. of motion for metric perturbations:

_ 1 _ _ _ 1
M =— g, ,F? — F o F,° T == (guy + hyy ) (F + fOB)(haaFg + hpaFe* + Fop + fup) +
4 4
+(hu7LF.Aa + ha/lF/j/1 + F/m + f/,wc)(hw’LFm1 +F% + f?rv)
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Method

I1. Derive the eq. of motion for metric perturbations:

1 _ _ 1
Tu%ax - 4gI«W F#aﬂ,'a Tl%,ax =Z (g”v + hﬂv)(Fa‘B + faﬁ)(h ;LFA + hB/lF'/l + Faﬁ + faﬁ) +
+(haFry 4 hapFi* + Fig + fua) (R FO4 + F, + £%,)

1
AT : MW — —p F24_g (Ff + FFh
|07 + 30, ——| b = —16mGT ¥ v h 29w (S + FER) %

+Fptaffzv + fuaF.v + ( pwzh/lv + huocl:‘)lv)Fa/1 uaF/lvhou1
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Method

I1. Derive the eq. of motion for metric perturbations:

_ 1 _ _ _ 1
T =7 GuF? = FiaF© T =7 (Guv + by J(FP + f9P)(haaFlg + hgaFi* + Fap + fup) +
+(hu)lF.Aa + ha/'lFu'/1 + Fua + f/,wc)(hw”LFa/1 +F% + f.av)

1 1
T = 2 h F? + > Guv (Ff + FFR) +

+Fuaffzv + fuaF(.Zv + (Fptah/lv + h;wcl:‘/'lv)Fa/1 + F;'mFxlvhaA

I11. Derive the eq. for electromagnetic wave:
We need eq. of motion for f¥ => expand the action up to the first perturbation order vary it by 6 f"
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I1. Derive the eq. of motion for metric perturbations:
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I11. Derive the eq. for electromagnetic wave:
We need eq. of motion for f¥ => expand the action up to the first perturbation order vary it by 6 f"

_ 1 h
Amaxwell = _:1-,[ d4x\/_g (1 +_2) (Faﬁ + faﬁ)(Fa,B +faﬁ + haAF.AB + hﬂﬁFa'A)
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Method

I1. Derive the eq. of motion for metric perturbations:

1 _ _ 1
Tu%ax - 491“/ FuaFv'a Tu%ax =Z (g”v + hﬂv)(Fa‘B + faﬁ)(h ;LFA + hB/lF'/l + Faﬁ + faﬁ) +
+(haFry 4 hapFi* + Fig + fua) (R FO4 + F, + £%,)

1
AT : MW — —p F24_g (Ff +FF
|07 + 30, ——| b = —16mGT ¥ v h 29w (S + FER) %

+Fuaffzv + fuaF. + ( h/lv + h;wcl:‘/'lv)Fa/1 ual:'/lvhou1

I11. Derive the eq. for electromagnetic wave:
We need eq. of motion for f¥ => expand the action up to the first perturbation order vary it by 6 f"

_ 1 h
Amaxwell = _:1-,[ d4x\/_g (1 +_2) (Faﬁ + faﬁ)(Fa,B +faﬁ + haAF.AB + hﬂﬁFa'A)

h
ou [ et g o] <o 97T [ e s hgr B
2

=0
antisymmetric tensor Vv—Jd
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Method

I1. Derive the eq. of motion for metric perturbations:

_ 1 _ _ _ 1
T =7 GuF? = FiaF© T =7 (Guv + by J(FP + f9P)(haaFlg + hgaFi* + Fap + fup) +
+(hu)lF.Aa + ha/'lFu'/1 + Fua + f/,wc)(hw”LFa/1 +F% + f.av)

1 1
T = 2 h F? + > Guv (Ff + FFR) +

+Fuaffzv + fuaF(.Zv + (Fptah/lv + h;wcl:‘/'lv)Fa/1 + F;'mFxlvhaA

I11. Derive the eq. for electromagnetic wave:
We need eq. of motion for f¥ => expand the action up to the first perturbation order vary it by 6 f"

Og (\/__g [fa'v + h}fl:"a"'1 + hixFAv -|-L21Fav])
\/:g

=0

FLRW: |
|02 — 5 + 3H0,| £/ + F?0;h] + FUosh = 0
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Method

IV. Assumptions:

* B is homogeneous and directed along x axis

Isotropic background space-time (neglect gravity from B)

Nonzero components:

z y
R
a’
F,, = —F, = —B,a®
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Method

I'V. Assumptions: Nonzero components: 7

* B is homogeneous and directed along x axis FY,=-F%, =B, B
* Isotropic background space-time (neglect gravity from B) pve _ _pzy _ B, ‘y

a? / y
F,, = —F,y = —B,a”

v

V. Simplification:
/

|02 — = + 3H0, | £/ + F*0;n] + FUo;h = 0

A i (M 1
[a? + 3Ho, _E] h = —16nGT; MV
-
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Method

IV. Assumptions:

* B is homogeneous and directed along x axis
* |sotropic background space-time (neglect gravity from B)

V. Simplification:

P
|02 — = + 3H0, | £/ + F*0;n] + FUo;h = 0
< AT .
[ag + 3HO, _E] h = —16nGT; MV
-
Max(1) _ 1 2, 1
T = hF? += gy (Ff + FFh) +

+Fuaffzv + fuaF(.Xv + (Fuah/’lv + h/,wcF/’lv)Fa,/1 + Is‘uochlvha)L

Nonzero components:

z y
R
a’
F,, = —F, = —B,a®
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Method

IV. Assumptions: Nonzero components: 7

* B is homogeneous and directed along x axis FY,=-F%, =B,
* |sotropic background space-time (neglect gravity from B)

Ty
<
N
I
I
)
N
<
I
I
|
\w
o
ad

V. Simplification:

& A _ _ . B Simplifying of convolutions
|02 — = + 3H0, | £/ + F*0;n] + FUo;h = 0

< 2 2
A . , F = ZB
0% + 3Ho ——] K = —16mGT ™M™V _ ,
\[ o el f Ff = FLf% = B2 f%, + BV % = B(fY, - %) = 2Bf7,
. . FFh = h3Fg,FF? = B2(h; + h%)
M) —Zp F24+Z g, (Ff + FFh) +
uv 4 uv 2 uv

+Fuaffxv + fuaF(.zv + (Fuah/’lv + h/,wcF/’IV)FO:/1 + Is‘uochlvha)L
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Method

V1. Decomposition: k = ky+k,= ky + k,
k| B kLB
(00 0 0 ] 0 0 0 0]
it =0,2) = 8 8 h%L h% piko BE(E =0, 2) = 8 Zg; _h}%g 8 k=2
0 0 B —hO | 00 0 o0
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Method

V1. Decomposition: k = ky+k,= ky + k,
k| B kLB
00 0 0] 0 0 0 0]
it =0,2) = 8 8 h%L h% piko BE(E =0, 2) = 8 Zg; _h}%g 8 k=2
00 B —hY 00 0 o0

2 K A
at +3Hat+<a2_8ﬂGB > h+—0

2 K 2\ =
at +3Hat+<a2_8ﬂ:GB ) hx—O

no mixing with a photon

effective frequency is changed

amplification of GW amplitude
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Method

V1. Decomposition: k=k+k =k,+k,
k|l B k1B

00 0 0 ] 0 0 0 O]

00 O 0 : 0 R RY Of .
wiy __ _ tkzx W4 — — + X ik.z
it =0,x) = 00 K M e hh(t =0, 2) 0 K R 0 e

0 0 A —hi 0 0 0 O

| _ ‘ h,, ‘ i i
_ k2 . r / k2
02 + 3HO, + <—2 — 8nGB2> hy =0 0f +3HO, + (; - 87TGBZ>] hy = —ikl6mGBf”*
- ZZ . < i amplification suppression
02 + 3Ho, + |— — 8nGBZ> hy =0 [ k? ikB
-t ‘ <a2 [ a§+3Hat+; fx:—?hx

no mixing with a photon

effective frequency is changed

amplification of GW amplitude
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Method

V1. Decomposition: k=k+k =k,+k,
kB k1B
00 0 0 ] 0 0 0 O]
00 O 0 - 0 A AY  0f ,
wiy __ _ ikyx Lt — — + X ikyz
it =0,x) = 00 K M e hh(t =0, 2) 0 K R 0 e
0 0 A —h(}r / \ 0 0 0 0]
' ' ke
_ k2 - \ T / k2
02 + 3Ho, + <—2 — 8nGB2> hy=0 0f +3H0, + (; - 87TGBZ>] hy = —ik16mGBf*
. a 5 . - amplification suppression
07 + 3HO, + K 8nGB% || hy = 0 Al k? ikB
_ t t a2 _ X aE+3Hat+; fx:_?hx
no mixing with a photon / ~ \
effective frequency is changed h,
mixing with scalar metric perturbations
amplification of GW amplitude {O, ¥, hy, 7}
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Method

00 0 0
0o n2 B2 of ,
bt =0,z2) = 5 X e'h=2
(E=0.2)=1y 1 _p o
00 0 0

=)

2
hy(t, 2) = [

l

K

(

o O O

t)

0
—2W(¢) + ha (t)
I (2)

0

hy (1)
~2(t) — ho (1

o tyubovanssenko Relicgtoy conversion inthe intergalactic magneticfield

“ ezkzz

| I—
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Method

The eq. for scalar modes:

9%h + 4h®PRyg — hR = 162GTS™M

BZ
Ty exe _ — h—B*(h) + hZ) = B(® + ¥ + h,)
00 0 0 {2@(75) 0 0
0 A% A% O] ; 0 —2W(t) + hy(t) hy(t)
Wit =0, 2) = + ih= Wiy o + ‘
o A= 1o h —hY 0 hi,(t, 2) 0 h (1) —2U(t) — h(t)
0 0 0 O L 0 0 0
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Method

The eq. for scalar modes:

9%h + 4h%FR,p — hR = 167GTe ™" «

BZ
Tyex(De — h—B*(h) + hZ) = B(® + ¥ + h,)
00 0 0 {2@(75) 0 0 0
0 K K 0| 0 W)+ hi(t)  hx(D) 0o |,
he(t =0 — + X ikzz n _ + X ik.z
AR [ e e I T 70 S RO B B
00 0 0 [ 0 0 0 —2\If(t)J
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Method

The eq. for scalar modes:

9%h + 4h%FR,p — hR = 167GTe ™" «

BZ
Ty W% = —p — B2(h) + h) = B2(® + ¥ + 1)

@ 2
F@(t) 0 0 0
0  —2U(t) + hy(t) hy (1) 0 "
1% — zZ
) =1 et 20 —h.(t) 0 |€
[ 0 0 0 —2\11(75)J
| k?
k1lBh,: df + 3HO, + <—2 - 8n632)] h, = ik16nGBfY + 8nGB%6Y
a
[ k*] ., kB
< _6t+3Hat+Ef Z—?[ZCD—BKP—}I_F]
4ikH(® + W) = —16nGBfY
1
B?¥ = —= ikBfY
_ 3
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Method

The eq. for scalar modes:

9%h + 4h%FR,p — hR = 167GTe ™" «

BZ
Ty W% = —p — B2(h) + h) = B2(® + ¥ + 1)

a 2
20(1) 0 0 0
hi(t _ IV 0 _2\Ij(t)+h+(t) hX(t) 0 ] tkyz
B2 =1 b (1) Ut —h ) 0 |€
| o 0 0 2w(1))

2

N "
kLlBh: df + 3HO, + <§ - 8n632)] h, = ik16nGBfY + 8nGB*6¥Y = 0 <+

[ k*] ., kB
0f +3Hat+ﬁ f Z—?[ZCD—SKP—}I_F]

4ikH(® + W) = —16nGBfY

2y = _Lieppy
B°Y = 3lka
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_ 2
07 + 3HO, + (ﬁ — 8nGB*

: 2
0% + 3HO, + (ﬁ — 8nGB*

)
)




Summary

B

By

az

k| B

k2

z¥-+3Ha,+(———8nGBZ>

a2

3 = N
m-+3Hat+<a2—8nGB )

= the termis significant if

k1B

h+ == 0
k? 8mGBE
—_—<
a2~ a*
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Summary

B

By

az

k| B

k2

e¥-+3Ha,+(———8nGBZ>

a2

3 = N
m-+3Hat+<a2—8nGB )

= the termis significant if

ka < 5% 107%% Hz

k1B

h+ = 0
k? 8mGBE
— S
a? a*
By = 1 nGs
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Summary
kB

k2

a2

B
B = —g = the term is significant if
a

ka < 5% 107%% Hz

RD epoch
a € [107°,1074]

07 + 3HO, + (— - 87TGBZ>

3 = N
07 +3H6t+<a2—8nGB )

k1B
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Summary
kB

k2

a2

B
B = —g = the term is significant if
a

ka < 5% 107%% Hz

RD epoch
a €[107°,1074]
k; <5 % 10715 Hz
k, S5 x 10720 Hz

07 + 3HO, + (— - 87TGBZ>

3 = N
07 +3H6t+<a2—8nGB )

k1B
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Summary
kB

2 K 2\ . =

52 L 2\ . =
o} +3H6t+<a2—8nGB ) hy =0

By L . k? 87'[635
B =— = thetermissignificant if — <
a a2 at
By = 1nGs

ka < 5% 107%% Hz

RD epoch
a €[107°,1074]
k; <5 % 10715 Hz
k, S5 x 10720 Hz
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k1B
hy
k2

la,? +3Ho, + (ﬁ - 87TGB2>] hy = —ik16nGBf*

5 k*] .. ikB
0t +3H6t+; f Z—?hx
the term is more significant than the term if

871G BE _ k16mGBymy,

~

at a?
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Summary

B

k| B

2 K 2\ . =

52 L 2\ . =
o} +3H6t+<a2—8nGB ) hy =0

By L . k? 87'[635
=— = thetermissignificant if — <
a a? a*
By = 1nGs

ka < 5% 107%% Hz

RD epoch
a €[107°,1074]
k; <5 % 10715 Hz
k, S5 x 10720 Hz

k1B
h

k2

a2

la,? +3Ho, + (— - 87TGB2>] hy = —ik16nGBf*

5 k*] .. ikB
0t +3H6t+; f Z—?hx

the term is more significant than the term if

871G BE _ k16mGBymy,

~

a4 a2
ka? = 1072* Hz
k, = 107> Hz

kz = 10_16 Hz
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Summary

kIl B kLB
h,
k? J 2

0f +3H0, + (; - 8nGBZ> hy =0 !af + 3HO, + (; — 87TGB2>] hy = —ik16nGBf*

, k*] .. ikB
0f +3H6t+; f Z—?hx

52 L 2\ . =
o} +3H8t+<a2—8nGB ) hy =0

By o k* _8mnGB§
B =— = thetermissignificant if — <
a a? a*
By = 1 nGs
e k=10"1%-10"8Hz=>0.01%
- 24 amplification of GW amplitude
ka <510 Hz k1 > 10—5 Hz (end of RD era)
= 10-16 e k =103 Hz=>10 % attenuation
RD epoch ko = 107°° Hz

a € [1079,1074]
kl S 5 x 10_15 Hz
k2 < 5 10_20 Hz
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Summary
kil B

i o2
2

dof +3HOo,; + (;

- 12

07 + 3HO9, + <a—

B
g 5o

=— = thetermissignificant if
a

ka < 5% 107%% Hz

RD epoch
a €[107°,1074]
k; <5 % 10715 Hz
k, S5 x 10720 Hz

2
>~ 8nGB

— 87TGBZ>

)

kLB
h
kZ
hy =0 [a,? +3Ho, + (ﬁ = 8nGB2>] hy = —ik16nGBf*
fix =0 ) a k2, al\|,, kB
9; +(3H+F;)6t+ S+ )| = 5 hs
k? 8mGBE
—<
a?” a*
By = 1nGs

e k=10"1-10"18 Hz=>0.01%
amplification of GW amplitude
(end of RD era)

s k =1073 Hz=>10 % attenuation
0.1%

with interaction with the primary plasma

k, = 107> Hz
k2 2 10_16 Hz
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Summary

k|l B kLB
hy
k2 kZ

0f +3H0, + (; - 87TGBZ> hy =0 !05 +3Ho, + (; - 87TGB2>] hy, = —ik16nGBf*

: . _
2 & 2 _
02 + 3HO, + <a2 871G B ) hy =0 2 . e @ B
- - at+(3H+F;)6t+—+Q )=

a? pl 52 2
By k? 8mGB§
B =— = thetermissignificant if — <
a a? at
By = 1 nGs
e k=10"1-10"18 Hz=>0.01%
- 24 amplification of GW amplitude
ka <510 Hz k1 > 10—5 Hz (end of RD era)
=~ 1016 * k =103 Hz => 10 % attenuation
RD epoch ka = 107" Hz 0.1%
with interaction with the primary plasma
a e [10_9, 10'4] h,
kiS5 % 10715 Hz k?
kl - 20 [atz + 3HO, + <ﬁ —8nGB% ||hy =0
<5 x* 107" Hz
2 ~

+ generation of fY and ®, ¥
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Results and conclusions

Results
1. Equation system for the inverse Gertsenshtein effect is derived in FLRW spacetime

2. Two cases of k direction respectively B are considered
3. Qualitative conclusions are done for each polarization h,,hy incasesk || Band k L B

Conclusions
1. The influence of the effect on relic GW with frequencies 107® — 10718 Hz (which have an imprint on CMB)

is negligible
2. The result can be more significant for the higher frequencies => ny can be changed

More details in the article:

A.D. Dolgov, L. A. Panasenko, V. A. Bochko
Graviton to photon conversion in curved space-time and external magnetic field
Universe 10 (2024) 1, 7

e-Print: 2310.19838 [gr-qc]

l.vetoshkina@g.nsu.ru

B+#0

>
»

Amplitude

»

10718 1073 frequ'ency, Hz
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Other effects

KoHdopmHaa aHomanus

KBaHTOBble nonpaBku K TOU aneKTpOMarHMTHOro nonA B
NCKPUBAEHHOM NPOCTPAHCTBE-BPEMEHM => HEHY/IEBOU CNep,

of3

™

T,u(anom) (v(a (v;u/

I
roe B — nepsblt KO3IPOULMEHT pas3noKeHna beTa-PpyHKLUM
ANA KannMbpoBOYHOM rpynnbl paHra N

11 2
—N — =N
3 3F
N — uncno coptos ¢pepmMMOHOB.
Mocne npeobpasoBaHna dypobe:
2
90y — 9
Iu v (IQJW/I Fa‘BFQﬂ

roe g — nepegava 4-Mmmnynbca rpaBUTaLMOHHOMY MO

(anom)
1, ~

apB(0,Fy Ina — HFY!)
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B3aumopgeincreme ¢ nepBMYHOU N1a3MoOM

1) AncnepcuoHHoe coomomeHme
2 _
—k pl,

ANA PenaTUBUCTCKUX Yyactmy cm < T

rel_ 2'2

BOJIHbI C YacToTon w < () He paCI‘IpOCTpaHFHOTCFI

2 2
Qplfv ~aT*f,
2) MoTepAa KorepeHTHOCTM => 3aTyXxaHue

I'f, = vonf, ~a*T
ONA PeNATUBUCTCKMX YacTuy,cm < T
n = 0.1 g,T3- NNOTHOCTb 3apPAXEHHbIX YaCTUL, B N1a3Me,
g« = 10 — 100 — yncno copToB 3apAKEHHbIX YacTUL,
v~1 — OTHOCUTENIbHAA CKOPOCTb GOTOHA U LEHTpa
paccesHuMs B nNaasme,
o = a?/T? - ceueHue pacceaHus
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Cucrtema ypaBHEHUM

MonyyeHHaa cuctema COCTOUT U3 ABYX He3aBucumbix nogeuctem: {f* h .t n{f”, @, ¥, h, }
® n W — ckanAapHble cteneHun cesoboapl

3anuiuem v pelnm nepBylo NOACUCTEMY B TEPMUHAX MacluTabHoOro ¢pakTopa a:

X. 2H2 X HZ 1 H, 8 ZB(%CO_aLL HT x!
f*raH*f*"" +a +aH+ 16B§C0—a4+a f

+ k2+2 HH' — 8H? 4BoCo + a* + w2, 4+ 2HT| f* B2 (af ¥ + 2f%) = — 2B
— +2a TesTe —ai T b F = aBHA @S 4 2 ) = o
y 9019 5 5 k? 5 4BgC0 _ 3 16BgC0
h.: a*H*hy + (4aH* + a*HH")h}, + prin 16nGB§a i 1)|hy = 16mikGBya° |1 — - My f*

WTPUX O3Ha4YaeT Npons3soaHyHo MNno a.

NMoboeb MaHaceHko KoHBepcua g-y noa AeiicTBMeM KOCMonornyeckoro mariutHoro nona 10/12



[Newnctsue lensenbepra-dmnepa

[na BbICOKMX TemnepaTyp:

o*(T)q;
er) = Z 9()7”r1,j(;)4

J
rae q; —3apag, Yactuu, AaloWyX BKNa4 B NeT/I0

(B eAnMHMLAX 3apAaa SNEKTPOHA)

paccesHue pomoHa Ha homoHe

B UCKpUBNEHHOM NPOCTPAHCTBE-BPEMEHMN:
7 -
0 v v
Ay = [ =g Co | (b + (P E

rae AyanbHbl TEH30P 3N1eKTPOMArHUTHOIO Nons

. = ~ 1
Fug =25 on "y B = o™y n = a2/(00m)

NMo6oeb MaHaceHko KoHBepcua g-y noa AeicTBUEM KOCMONOFMYECKOro marHuTHoro nona  5/12



GW in flat spacetime

Einstein equation
Ryy — %Rguv = %T,uv

G — gravitational constant
R,y — Ricci curvature tensor
R = R§ — scalar curvature

Flat and empty spacetime
Suv =Nuv + hyy

}
Ohyy =0

Solution has
* hyy = hyy, —10 components

* calibration —2 components

— + X
=hie, +hxey,

hx _h+
0 0 0 0]
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GW tensor properties

Gauge fixing

1) Calibration hoe = 0,=0,1,2,3
X, = Xu+§&,
hl _ . aé” . 06\/
wveo o TRV axv g

1
Ruv — EDhlJ'\/

Fock harmonic gauge Oxt=0 <=> 0u(hy-364h)=0

2) Einstein equation — Tracelessness — Transversality

h=hy,=0, d,h, =0
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