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Abstract: In this paper, we make a detailed side-by-side comparison between Jordan and Einstein
frames in the context of cosmic magnetogenesis. We have computed the evolution of the vector
potential in each frame along with some observables such as the spectral index and the magnetic field
amplitude. We found that contrary to the Einstein frame, the electric and magnetic energy densities
in the Jordan Frame do not depend on any parameter associated with the scalar field. Furthermore,
in the Einstein frame, and assuming scale invariance for the magnetic field, most of the total energy
density contribution comes from the electric and magnetic densities. Finally, we show the ratio
between magnetic field signals in both frames printed in the CMB.
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1. Introduction

One of the most exciting outstanding puzzles in modern Cosmology is the origin of the
accelerating expansion of the Universe [1-4]. Modifications to Einstein’s gravity have been
interesting candidates for explaining its origin without the cosmological constant. Repre-
sentative modified gravity models that have been studied include scalar-tensor theories
(STTs) [5-13], f(R) gravity [14-16], Gauss—Bonnet gravity [17-19], DGP (Dvali-Gabadadze—
Porrati) model [20], and brane-world gravity [21,22] among others [23]. Depending on
the coupling between the scalar field and the scalar curvature, STTs are formulated in
two distinct frames, the Jordan Frame (JF) and the Einstein frame (EF). In the former, the
scalar field is non-minimally coupled to gravity, while in the latter, a minimal coupling is
present. Both frames are related by conformal transformations of the metric, along with
a redefinition of the scalar field. Moving from JF to EF gets rid of non-minimal coupling
from the gravity sector in the action, and the Lagrangian of the redefined scalar restores its
canonical form. This transformation preserves the non-minimal coupling with the “new”
scalar field in the matter sector. As a consequence, the matter energy—tensor momentum is
no longer covariantly conserved, implying that massive particles will not follow geodesics
due to the appearance of an additional force in this frame.

Although these two frames are conformally related and, at least on a classical level,
are physically equivalent [24-32], there are still controversial opinions regarding this in the
literature. For example, it is possible to have acceleration in the Jordan frame, and when a
conformal transformation moves to the Einstein frame, the transformed metric can describe
a decelerating Universe [33]. In [34], it was pointed out that in quadratic and scale-invariant
gravity the solution space of the Jordan frame cannot be entirely mapped into the solution
space of the Einstein frame. Additionally, in [35], they demonstrate that gauge invariance
does not guarantee frame invariance (e.g., the Bardeen potentials). Therefore, we want
to explore behaviors in the physical quantities within a specific cosmological scenario by
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performing the calculations in these frames without invoking the conformal transformation
between them.

This paper aims to analyze, side-by-side, the physical quantities in both the Jordan
and Einstein frames within the context of magnetogenesis. In this scenario, we focus on
nonminimal couplings and the breaking of the conformal invariance of the electromag-
netic field. Our specific goal is to describe the main physical observables in both frames
without invoking conformal transformations and to compare constraints on magnetic field
spectra [36—42].

This paper is organized as follows: In Section 2, we briefly review the conformal
transformations between Jordan and Einstein frames. Section 3, describes the evolution
of the potential vector using both frames and we evaluate power spectra. In Section 4 we
show different constraints on the magnetic field spectra in both frames, while in Section 5
we discuss the CMB signal left from those fields. Finally, we conclude with a summary in
Section 6.

2. Conformal Transformations between Jordan and Einstein Frames

In this section, we briefly show the standard procedure to demonstrate the equivalence
between scalar-tensor theories in the Jordan and Einstein frames [6,7,15].
Let us consider the action for scalar—tensor theories in the so-called Jordan frame [7,43]

5= [ dixy/=gZ(@,R), )
1 1
Z=5f()R = 50(@)sVehpVap — V(9), @)

where the function f(¢) is the coupling function, w(¢) is a parameter, and V(¢) is the
potential of the scalar field. Performing a conformal transformation on the metric

Sab = Qz(x)gab/ where O = f(¢), )
and defining a new scalar field x [6]
dl = § (f(/]> ’ + g (4)
g V2\f f!
where fp = % f(¢) , allows us to write the action in the Einstein frame [6]
5= [ d'xy/-gQlx. ), ®)

1 =

1.
Q= 3R~ 28VexVax — U(x), (6)

where R is the Ricci scalar corresponding to the metric ¢,, and

~ Vigx)
U0 = Fotn)? @

The f(R) gravity can be cast in the form of scalar-tensor theories considering the action
without the kinetic term (w(¢) = 0) of the scalar field [44—46]

SRy = / d*'x\/=g(fo(R— )+ f(9)), ®)

and by taking the variation of the action with respect to the scalar field, we obtain

fop(R—¢) = 0. )
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If fop # 0 then ¢ = R, recovering the f(R) action [47]. Using this transformation, the
potential follows

V=0¢fp - f(9) — V =Rfr - f(R), (10)

where fr = % f(R). We can get the Brans-Dicke (BD) theory, which is a particular case of
the scalar—tensor theories via

WBD
f@)=¢ w(p)=—= (11)
and plugging it into Equation (4) becomes
p=eVir, (12)
where we have used wpp = 0 because of its equivalence.

3. U(1) Gauge Field Coupled with Scalar-Tensor Theories

In what follows, we shall describe the magnetogenensis approach in both Jordan
and Einstein frames. We will work on both frames independently in order to review the
advantages and properties that each frame offers.

3.1. Magnetogenesis in Jordan Frame

We consider a model with non-minimal coupling between scalar—tensor theories and
the electromagnetic field in the Jordan frame

1 Y 0
She=—7 [ #xV/=8Z@ REF? + 25 [ e /=g7(9, RIEGF?,  (13)

where F;, = VA, — VA, is the electromagnetic field—strength tensor. Here, A, is the
U(1) gauge field, F?? is the dual electromagnetic tensor, and 74 is a constant that leads to a
magnetic field with a net helicity [38]. To obtain the equation of motion we vary the action
with respect to A,

1 ab V8 _abed _
Ve V=82, R) (F = ZEemer, )| =0, (14)
where €™ is the totally antisymmetric tensor defined as e/ = Ui Here, "0 is a

. _g.
Levi-Civita symbol. Working in the Coulomb gauge Ay = 0, 9;A* = 0 the equation of
motion is written as

Z' 2 \a z' 2(\af 4k

— A; —a”(1)d0jA; + — Vsllijka (1) A* =0, (15)

Al + =

where prime denotes differentiation with respect to conformal time and we have assumed
a spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime

ds? = a®(1)(—dt® + dx>). (16)
Defining A; = 2v/Z A;, the equation of motion reads as

_ 1 Z/ 2 2Z//
Z Z

. _ ! PR
A;’ + 1 A; — uz(r)afain + Z?'ygiyijkaz(r)afAk =0. (17)
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Quantizing the electromagnetic field, we can expand the vector potential in the helicity
basis in terms of creation and annihilation operators b} (k) and by, (k) with the co-moving
wave vector [48-50],

A - @k .
Ai(t, %) = / e Z [lh (k) Ap(t, z)elk'x+elh(k)b,‘;(k)A;;(r,f)e—lk*]. (18)

Using the above expression along with A = a(t)A, Equation (17) becomes

! "
e+ Ly L(Z) ]Ao 19

7
Ay + -

The evolution of this equation develops in three stages. In early stages k|7| > 1 the
term k% dominates over the last two (the mode is far inside the horizon). Later on, when
k|t| < 1, the term proportional to v, dominates, but only the modes ¢/ > 0 are amplified.
Finally, as T — 0 the terms o 1/ 72 are amplified but the term ')fgh < 0 is less amplified
than the other case; for that reason we will neglect its effect [38,51]. Now, before calculating
the spectral densities of the electric and magnetic energy densities, we need to compute
the contribution to the energy density of the electromagnetic field; to achieve this, we
will find the stress—energy tensor of the EM field, which is obtained by varying the action
Equation (13) with respect to the metric g,

2 6SUP) 1
Top = == ggir = g2 O R F* + Z(¢, R)g" FacFia

1 [F@ PR — suD(F@)F) + VaTs (F)F)] — 10 (9)Vag VP
—% F(@)PRa — gD (f(9)F2) +VaVu (f(9)F) | + %w@)vﬂpvb(pﬁ% (20)
where F2 = F.;F* and F2 = F.;F. Taking a = b = 0, we have
Too = %mlgijAgA} - %azngﬁgkla-Az(a-Ak — 0Aj) + (msa’zgijA‘A;),
— (mg,gijgklajAl(aiAk — akAl-)> +27¢ m4e”kA 0j A + 27, (m3e ]kA 0;A ) (21)

where we have neglected the second-order spatial derivative of the quadratic quantity of
electromagnetic fluctuations [52] and defined the following quantities

m = 5 (f)R +3a 2w (@)@ ~2V(9)) 2)
ma = 2 (F)R ~ a w(@) (@) ~2V(9) 3)
ms = SHF(9) o)

ma = Sw(@) @) 25)

Taking the expectation value for the stress—energy tensor in the vacuum state |0) (defined
by the condition by, (k) |0) = 0, for all k), we obtain the total energy density

p = pe +pB + Ap, (26)
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2 /12
_ (o]0 ® g\ = m [T Ak AR\ A(T k)
PE = <0‘T0 ‘0>_87'(2 o k a* VZ * VZ ' @)
0B [\ _ ma [dkI® [ AT [P [A-(TK) |
PB = <0 ’ T ’ > 82 / k a* NVA * VZ ’ @)
3 i/ W o | [(Ach | | (AR 7
T 8m2a2dt Jo k a* VZ VZ
dk k° AL (T,k) A_(1,k)
_8712112517/0 k at e ‘ ‘
3 d dk k4 A (T, k) A_(T, k

Here, the first term is the electric energy density stored at a given scale, the second
term is the magnetic energy density, and finally, Ap represents the additional contributions
to the total energy density.

3.2. Magnetogenesis in Einstein Frame

Let us follow the same procedure to calculate both the evolution equation of the
potential vector and the energy density in the Einstein frame, following the same procedure
described in the previous section. The action in this frame is written as

]_ N * ¥
Sty = 1 [ /=800 RIFWE® + 1 [ /3000 RyrgEa ™

Now, the equation of motion for the electromagnetic vector potential in the Coulomb gauge

is given by
Al + %,’)/gﬂl]kk +7 (g) - ;QQH] A, =0, (30)
where A = 2a(7)+/QA;. The stress—tensor energy reads
Ty = —*Q(X/ R)gaF? + Q(x, R)3“ FacFyg + i (ﬁzﬁab — 0P + %61:1?2)
8 (B~ a0 + 90002 - (Vi + BV, @D

where the time-time component is given by
7*100 = lﬂ*fllgl]A;A; + lrﬁzazg*”g*klé) A,(a Ak - akA ) <I71311 gl]A A’ )
(n*zg,glfgk’a AJ(3; Ay — A )) + 2y i€t AL A + 274 (ﬁ13éika;a]-Ak) , (32)

and where we have defined the following functions

2
*

1 * *_
iy = E(R+3a 2,72 —2u(x)) —Q+ 722 , (33)

2

x :1 5 2 7] _ X
iy = Z(R —2U(x )) - o (34)
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Taking the expectation value for the stress—energy tensor in the vacuum state, we obtain
the following terms

2

. B =0 (E) _omg (e dk ik /L(i",k)/ ﬁ,(%,k)/
pe == 170y =52 ), T ( wa )| T\ )| @
* 2 * 2:
10 (B) |\ My [dkk || Ay (k) A_(1,k)
o =—(0] 707 |0) = g% [ o |l ©0

2

+

* !
3 d o rdkkR || ALk
AN =——5— | —5H — =
P 8m2a2dt ) k a4 ‘ ( VO

3 a pack[[Acen|
VvQ

8m2a2dt ) k a*

2 !/
) . @)

The total energy density can be calculated by adding up all the energy densities, i.e.,
P = P+ pp + Ap. It is important to bear in mind that the action in this frame has
been taken as independent of the Jordan one. By taking a conformal transformation in
Equation (13), we arrive at

]_ « * * ]_ P * ¥
S =5 | A/ =000 RIEWF" + 1 [ Pax/ =000 RngEuF™. (39

Notice factor f 2 in the transformation, which reveals the conformal invariance breaking
between both frames.

2

*

A_(Hk)
VQ

s 2 ) ki

Vs %ﬁ /2(

S Vve:

3y, d [dkkt - ( AL (1K)

A_(1,k)
VQ

Ay (1,K)
VQ

| |

8m2a2 ) k ab

4. Magnetogenesis on Power-Law Inflation

In the previous section, we obtained the spectral densities of the electric and magnetic
densities of Jordan and Einstein frames. In this section, we want to explore the above
results using a specific model for these frames.

4.1. Model in Jordan Frame

By using the magnetogenesis procedure, which assumes that the coupling functions
evolve due to a power law, we assume the evolution of the coupling Z in this manner
because, in this context, we are interested in the asymptotic solutions

-
T
Z =12 (To> . (39)
The vector potential behaves
20vghk g6 +1)
R L 0

where ¢ = 27. The solution to this equation is given by [53]
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Ap = CiWi u(z) + W (2), 41)

being Wy, (z) the Whittaker functions. The asymptotic representations of these functions
are [53]

T(3+4—x) T(3—p—x) (42)

1 — 1

T'(2u) z217H 4 rl( 21) ZQ-HJ’Z_)O

Wi y( ) =
e 2%z z - o0

In order to determine the coefficients C; and C;, we have to match the solution with the
Bunch-Davies vacuum

1 .
A— ——e % for —kt— co. (43)

V2k

As a result, we see that C; = 0 and C; becomes

1
C1 = ——=ethm/2, 44
T .

At the end of the inflation, all the modes outside the horizon will be given by

eSMYT/2 | (—2i) 78T (2¢ + 1) (—2i)HIT(—2¢ — 1)
Ay = : —kt)"¢ + ‘ —kT)sTL. @45
A N e [ B (o e IR )
C3 C4
Assuming maximal helicity |[A1| = |A] and |A_| = 0, the expectation values become

4 00 2¢+4

_ 0 (JF) _H ﬂé"r(/ dk, 2 k- 2
<O’T0 ‘0> ~ 16m2° q. o k Cal aH (26 +1)
M o gk § o\ “2H4 o\ 2846

Bk (7 ot 2( * 2(

T q/o k l|c3| <aH> 1G4l <aH>
BH® ey [ e (X Y r 128 -
tie2t  Po T |Ca Py (28 +1)7(B— (28 +3))7T

2044
I gy [ [| af(h) (B (-2+3)

” k 20+6 P
Hal(ag) B eers)|-
3H 1z, / dk, o k¥ i,
- — 2 1)(2¢ +4 — 4
tee@ipy [CTIGP () 2@E+DEEF4-pT, 6
where we have assumed that the fraction @ = BotP. The invariance scale in the

magnetic field is given by ¢ = 2, —3, but to the value ¢ = —3, the electric field diverges

-2
as (%) in the super horizon limit. To avoid an excessive production of electromag-

netic energy, we calculate the energy stored in the electromagnetic field at the end of the
inflation 7y
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Pé,\i) _ 116_1:52 s (22(",;+ 14)2 |C4\2( e (2§+4)N)
B T B = S (ERL]
o setinpo I (5 (2 43 Pl (1 - e )
- 13611 o g, bc 2h= (2;6_ I 3) (1-eC2w)
e ‘25 zézi‘g 5) (1 _ €(2§+6)N)] Tf—ﬁ
where N is the number of e-folds and it is defined by N = In Z—{
Using @ = ,Bo‘(f_ﬁ = aH 2, being that a is a parameter that runs 0-1 so as not

T:Tf

to spoil the inflation energy. Figure 1 displays the allowed area for Ap constrained by the a
and  values. « values run 0-1, while B goes 0-70. We can observe in the upper-left plot for
¢ = —2 that Ap permits only small 8 values (8~2).

70

60

3

0027
0.024
0021
0.018
0015
0012
0.009
0.006
0.003
0.000

0.90

0.75

0.60

0.45

030
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0.00
02 04 0.6 0.8 10 0.2 0.4 06 08

a a

10

0.0144

0.0120

0.0096

0.0072

0.0048

0.0024

0.0000

Figure 1. Contour plots of the forbidden regions (in purple) for Ap for four different values of ¢. The

left and right upper plots display the region for { = —2 and ¢ = 0, respectively. { =1 and { = 2 are

described in the left and right bottom plots, respectively.

In contrast, for ¢ > 0, the allowed region has a higher yield of broad ranges for these
parameters.
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Figure 2 shows the behavior of Ap and py for two  values taken from the previ-
ous analysis using { = —2. The remaining energy density represented by the red line
increases with «, although its contribution is negligible with respect to the magnetic and
electric densities.

100 10° 4
10-1 107 5
_ 1024
2 10
o
ksl
T 10—3 4
T 15-3
104
— Ap
10744 — Prot
Pro 10-5 1
— Pes
0.0 02 04 056 0.8 10 0.0 02 0.4 06 08 10
a a

Figure 2. Plots for Ap (red line), pgp = pg + pp (green line), and p¢¢ (blue line) using g = 0.01 (left
plot) and B = 1.9 (right plot) for § = —2.

Figures 3 and 4 illustrate the behavior of the electromagnetic field and Ap for § =0, 1,
respectively. Notice how the combination for & and 8 determines the larger contribution
for either pgp or Ap. Finally, we can also approximate the forbidden limit at which the total
density equals the inflation energy, as shown in Figure 5.

1072 E
10—2 J
1073 4
S 1074
o
L
¥ 10744
I
10—4 J
— Ap
=54
— Prot 10
— P=B
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
a a

Figure 3. Plots for Ap (red line), prp = pg + pp (green line), and p¢¢ (blue line) using B = 0.01 (left
plot) and B = 4 (right plot) for ¢ = 0.

100_
107
10!
S
B 102]
7
T
1072
10731 2p
— Prot
— Pes 1034
0.0 0.2 0.4 06 08 10 0.0 02 04 0.6 08 1.0
a a

Figure 4. Plot for Ap (red line), ppp = pg + pp (green line), and pyo; (blue line) using B = 25 (left plot)
and 8 = 65 (right plot) for ¢ = 1.
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10714 10°4
2 1024 10-1 |
js))
Q
7
T
-3 -2 |
10 — np 10
— Prot
— Pss
0.0 0.2 04 06 08 10 0.0 02 0.4 0.6 0.8 1.0
a a

Figure 5. Plot for Ap (red line), prp = pg + pp (green line), and pyo; (blue line) using B = 10 (left plot)
and B = 40 (right plot) for { = 2.

Assuming that the power spectra scale has a power law, we can write the magnetic
spectral index as

2(27)3Pg = k* < |A* >
= k" x P, > ng=-20+1 for—kt <<1. (48)

where we have used the fact that the magnetic field strength

B(k) = kA, (k) = kit/(? = 2‘3\2;\\7‘2 (Cg(—k‘r)_é + c4(—kr)5“). (49)

On the other hand, we can compute the strength of the magnetic field to the present day,
assuming that it is scale-invariant, and also that the universe is instantaneously shifted
from inflation to radiation domination [36]. Hence, the temperature at the end of inflation is

1/12
_ 90 1/4%gf/ (% 1/410’5/2Mp 1001/12 o 12
f 83 Ty gé/a 873 Ty EXTE 10*5Mp
M H 1/2
= 0.0026—" G0
To <10—5Mp) (50)

where M, is the Planck mass. Since the magnetic density decreases with the expansion as
a~4, the value of the magnetic field for the actual epoch becomes

4
ay ~10 H
= —_— — V. 1
PBo pB(&lo) %BO 0.63 x 10 G<105Mp> (5 )

where the entropy conservation has been used
1/3
a _ (gf‘) e 52)
af 80 To’

where gs~100 and go~2.64 [36].
Finally, the helicity can be found using the following equation

1 ' 1
’H:/A-Bd3x:>7-[: W/ | A2k &Pk = 2—7_[2/k3|Ak|2dk

1
= gz | AL (53)
Sygm 2 2
evls 1Cs| 23, |C4 264213
= —kT) XK + 2 (—kT) %2k 4
167125122{—26—1-3( TR a5 (k) (54)
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being the kinetic helicity spectral index
H=—20+2. (55)

4.2. Magnetogenesis View from the Einstein Frame

It is important to emphasize that we are going to analyze the evolution of the vector
potential and the magnetic field amplitude independently of what we found in the above
section, that is, we will not use the conformal transformation for the variable Q. For that
reason we assume a power law for the Q-coupling

N
Q:Qo@;) . (56)

Bear in mind that to find asymptotic solutions we make this assumption.
The evolution equation for the vector potential in this frame becomes

267y Ik
"+<k2— Ts —5(‘5+1))Ah_0 (57)
T

where § = 27. After following a straightforward procedure similar to the one used in the
Jordan frame of the previous section, we arrive at

_<0

4 -2 20+4
=0 (EF) _ H s x'? / % k 9
; )o> e 14 o )b T Cyl? v (26 +1)

N Jag O 1_5*23(’2 / dk[| 2 k o\ Tt
1672 Q JJ el e
§ O\ 20646
+]Cyl? ( — > }
H

a
5 dk 25+4 )
e70g -
16”2 / k < > (26 +1)2(46 + 3)
31_*16 —26+4 | | k 2646
3 S g [ ( ) ) (46+5)
1672 { aH
1278H6 ToYg dk | | 2048
e /0 = <HH) 2025 +1)(6+1)
I-*I6 ” 2645
+ 187 e dkx o I < ! )( ’i) 2(26 +1). (58)
167 0 aH aH

where the energy density at the end of inflation in this frame reads

. H* 5, (26+1)2 _
= 73 _ ,—(26+4)N
Pem = T2 sy 1l (1 -+ (1-e )

el ) g ()

H* o
T 162t T2(1—yp)

4 2
_3H n57g¢(25+1) (45+3)|C4|2(1—e‘(2‘5+4)N)

16m2° 25+ 4 /

+%en(mlp _32|§3J|rz4<1_e—(—25+4) )+%|C4| ( —(20+6)N )

weﬂmwgfw (1 @)
e ),
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where we have used ¢ = %2 L p= x*1?|
difference between both frames in the magnetic and electric density terms, due to the
existence of the additional variables i and y, missing in the Jordan frame. This difference
lies in the parameter w(¢) on the Jordan frame that emerged from its equivalence with the
f(R) theories. The following contour plots display the permitted and forbidden regions
for pp, pe, and pyo; for different values of delta, and where ¥ values running 0-1, u goes
0-70 and v = 0.5. In Figure 6, the permitted values for pg and py; are located in regions
where 1 is close to zero. The electric density is zero as we can see in the first term of the
Equation (59).

and v = Xlzﬂr:rf' Notice a slight

T:Tf

00 02 04 06 08 10 Ox107?
Figure 6. Contour plots display the forbidden regions for pp (left plot) and p;o¢ (right plot) taking
6 = —2. ¢ runs from 0 to 1, u ranges 0-70, and v = 0.5. Here, the amplitude scale is x 102 and the
forbidden values are shown in purple. We can see that the greatest contribution comes from pg.

Figure 7 shows the similarity between pp (green line) and p;o: (blue line), yielding a
negligible value of Ap to avoid increased energy on inflation. The curve with y = 5 falls
rapidly for i = 0.2, because energy densities run into the forbidden region.

— Prot
— pPes
107t
= 107!
™
s}
il
T 10°?
*
10°¢
1073
00 02 04 06 08 10 00 02 04 06 08 10
W W

Figure 7. Plots for pggp = pg + pp (green line) and pyo (blue line) taking u = 1 (left plot) and u =5
(right plot). The remaining values are 6 = —2, v = 0.5, and ¢ goes from 0 to 1.

The top panel in Figure 8 shows the behavior of pr, pp while the bottom panel exhibits
pep = PE + pp and pior with 6 = 0. The forbidden region for pg expands quickly when
1 goes to 0.1. In this case, Ap contributes to constraining ps for the small values of .
Figure 9 unveils that when y is greater, the contribution of Ap notably affects p;,s. For
u = 50, the enhancement of energy is faster than y = 5. In contrast, in Figures 10 and 11,
notice the null contribution from Ap to the total energy density, i.e, pso is practically due
to the contribution of pg. For the latter, the energy grows faster for ¢ = 60 than u = 20,
especially in the range of i 0-20.
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Figure 8. Contour plot for forbidden regions for pg (left upper plot), pop (right upper plot),
0B = PE + pp (left bottom plot), and psy¢ (right bottom plot) taking 6 = 0. ¢ goes from 0 to 1,
p ranges 0-70, and v = 0.5. Here, the scale is x1072, and the forbidden values are shown in purple.
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Figure 9. Plots for prp (green line), pto (blue line) taking u = 5 (left plot), and u = 50 (right plot) for
6 =0,v =0.J5, and ¢ ranges 0-1.

Finally, Figures 12 and 13 present the behavior for a scale-invariant magnetic field.
Here, Ap does not contribute to the energy total density.

Let us now obtain the same observable quantities as we found in the Jordan frame.
For the magnetic spectral index, we have

2027130y = K2 < |AP >= k" « Dy — iy = —206+1 for—kt <<1,  (60)
using the fact that

e™s\/k
2v2ay/Q

While the magnetic field for the present epoch is

*

B(k) = kA (k) = (Ca(=kt) 4 Ca(—=k)"). (61)

H

n_ _ -10
By = 0.63(1 —yu) x 10 G<10—5Mpl>' (62)
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Finally, the helicity in this frame is written as

BT |G
167124a2Q | —26 + 3

|Cy?

L x\—2013
(—kT)~*°k +25+5

(—k%)25+2k3 , (63)

ﬁz//i-édg’xé?-*[:
while the kinetic helicity spectral index reads as

g = —20+2. (64)

As we can see from Equations (62) and (51), a disparity between both frames is clear.

7o
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Figure 10. Contour plot with the permitted values and forbidden regions for pg (left upper plot), op

(right upper plot), pgp (left bottom plot), and pyo; (right bottom plot) with 6 = 1. ¢ runs from 0 to 1,
ranges 0-70. Here, the scale of the plots is x 1072, and the forbidden values are shown in purple.
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Figure 11. Plot for pgp (green line) and p;ot (blue line) taking # = 20 (left plot) and y = 60 (right plot)
for 6 = 1 and choosing v = 0.5, i goes 0-1.
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Figure 12. Contour plot with the permitted values and forbidden regions for pg (left upper plot), op
(right upper plot), pgp (left bottom plot), and pyo¢ (right bottom plot) with 6 = 2. Here, the scale is

%1072 and the forbidden values are in purple. We can see two prohibited regions, the first one for
small y and i values, and the second one for y above 50 and ¢ are higher than 0.6.
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Figure 13. Plots for pgp (green line) and pyo¢ (blue line) taking 1 = 10 (left plot) and p = 60 (right
plot) for 6 = 2, choosing v = 0.5, i ranges 0-1.

5. Discussion about Jordan and Einstein Frames

Through this paper, we have shown differences in distinct quantities in scalar—tensor
theories between Jordan and Einstein frames in the context of primordial magnetic fields
by using a model of power law coupled to F? and FF. We found out that the magnetic
spectral index and its helicity are similar in both frames. In contrast, the amplitude of the
magnetic field today differs in each frame (see (65)). It is important to remark that different
assumptions have been taken throughout the work to find the above results, limiting
the solutions that we have encountered. The primary goal of this paper was to compare
observables between Jordan and Einstein frames via asymptotic solutions found in the
scenario of magnetogenesis. For more detail about the evolution of the electromagnetic
field during inflation, see [51,54].

Finally, the ratio between the amplitudes of the magnetic field in Jordan and Einstein
frames (using Equations (62) and (51)) in the actual epoch (assuming a scale-invariant case)
is written as
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By
—=01- . 65
B, ~ (- VMg (65)
This equation depends on two factors, the constraints values (see Figure 12) and the
Hubble parameters in both frames. To show an approximate relation between the Hubble
parameters in each frame, let us take two values, y and ¢, from Figure 14 (this figure is a
zoomed-in perspective of the permitted values for y and i of the pp values). For example,

| T

assuming # = 5 and ¢ = 0.1, and a value of By = 10 nG, we can find that H = H with
éo =5nG.

8
0.90
T
6 0.75
5 0.60
a3
4 0.45
3
0.30
2
1 0.15
0 0.00
000 002 004 006 008 010

y
Figure 14. Ratio between Hubble parameters in JF to EF using the same amplitude of the magnetic

field taking a scale-invariant case. y goes to 0-8 and ¢ runs over 0-0.12.

In Figure 15 (this figure was realized using a patch of the CAMB code account for
primordial magnetic field [55,56]), we can see the relation between these two parameters
for one value of the amplitude of the magnetic field in JF, By = 10 nG, and different values

of the magnetic field in EF, éo =5,7.5,12.5,15 nG, taking n, = —2.9.

105_
o
‘E' 104
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@
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1021 — #Ba=15
10! 102 103

/

Figure 15. The B-mode spectrum from the PMF vector mode, By = 101G in JF, and different values of
the magnetic field in EF *By = 5,7.5,12.5, 15 nG. The results pictured in this figure were arrived at
using MagCAMB [55,56].
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6. Conclusions

This paper aims to provide a detailed side-by-side comparison of the Jordan and
Einstein frames within the primordial magnetic field cosmological scenario. We have calcu-
lated the electromagnetic energy density in both frames, where the electric and magnetic
energy densities along with other contributions from couplings between the gravity sector
with the electromagnetic field tensor contribute to the total energy density. Assuming
a power law model in the magnetic spectra, we found that in Jordan frame the electric
and magnetic energy densities only depend on the power ¢. In contrast, the total energy
density in the Einstein frame depends not only on the power of the coupling but also on
additional parameters relevant to not spoiling inflation energy (59). The amount Ap (the
other contributions of the energy density) was restricted in both frames. For instance, in the
Jordan frame, the parameters that we found were « and j, while in the Einstein frame, we
used ¢ and v. The y and v terms are seen as a result because when we do the equivalence
between the scalar—tensor theory in the Jordan frame and f(R)-gravity we turn off the w
term, but this does not happen in the other frame. We obtained the same value, for which
the magnetic field is scale-invariant, and we derived a relation to the present magnetic field
in both frames in the case of scale invariance (65).
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