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CMB with the background primordial magnetic field
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We investigate the effects of the background primordial magnetic field (PMF) on the cosmic microwave
background (CMB). The sound speed of the tightly coupled photon-baryon fluid is increased by the
background PMF. The increased sound speed causes the odd peaks of the CMB temperature fluctuations to
be suppressed and the CMB peak positions to be shifted to a larger scale. The background PMF causes a
stronger decaying potential and increases the amplitude of the CMB. These two effects of the background
PMF on a smaller scale cancel out, and the overall effects of the background PMF are the suppression of the
CMB around the first peak and the shifting of peaks to a larger scale. We also discuss obtaining information
about the PMF generation mechanisms, and we examine the nonlinear evolution of the PMF by the
constraint on the maximum scale for the PMF distributions. Finally, we discuss degeneracies between the

PMEF parameters and the standard cosmological parameters.
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I. INTRODUCTION

From the discovery of magnetic fields in clusters of
galaxies [1-4] and many theoretical studies of cosmologi-
cal magnetic fields [5-44], it was suggested that there is a
possibility of the presence of a primordial magnetic field
(PMF) from the early Universe. The effect of the PMF on
the early Universe and constraints on the PMF from
cosmological observations are among the best-researched
phenomena.

The cosmic microwave background (CMB) [45] pro-
vides important information about the Universe. The
positions of peaks and the amplitude of the CMB temper-
ature perturbations are reflected by the sound speed of
the photon-baryon fluid and the changing potential (see
Ref. [46]). Since a magnetic field increases the sound speed
of fluid and affects the evolution of density perturbations, if
this amplitude as background is large enough, the magnetic
field produces the critical effects on the CMB.

A power law (PL) is one of the most familiar spectra for
the various physical processes including the PMF on a
cosmological scale (see Refs. [47-49] and references
therein). Therefore, the effects of the PL-PMF on various
physical phenomena in the Universe have been studied
by many authors [5,47-50]. The main parameters of the
PL-PMF are the field strength on the coherent scale 4, B},
and the spectral index, ng. Many authors also have tried
constraining these parameters from the cosmological obser-
vations [48-50].

Since an average of the strength of the PMF as the
background is zero, while an average of the background
PMF energy density is a finite value, previous studies have
constrained the background PMF energy density (ppmr)
from big bang nucleosynthesis (BBN). ppyr is proportional
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to the scale-invariant field strength of the PMF (Bg;), which
is as a function of 4, B, ng, and the upper and lower scales
of the PMF at its generation time [50]. From previous
studies [50], ppyr for larger ny is comparable to the
constrained PMF energy density by BBN, and this influ-
ence in the CMB is not negligible.

In this paper, we investigate the effects of the back-
ground PMF on the CMB as a function of the PL-PMF
parameters: the field strength on the coherent scale, the
spectral index, and the maximum scales of the PMF. We
also report degeneracies of these PL-PMF parameters and
the standard cosmological parameters in the PMF
influences in the CMB for the first time.

We explain how to introduce the effects of the back-
ground PMF on the CMB in Sec. II. In Sec. III, we show the
equations for the numerical computation of the CMB with
the PMF. In Sec IV, we report the PMF effects on the CMB,
discuss obtaining information about the PMF generation
mechanisms, and examine the nonlinear evolution of the
PMF by the constraint on the maximum scale for the PMF
distributions. We also discuss the degeneracies of the PL-
PMF parameters and the standard cosmological parameters
in Sec. IV. We summarize our research in Sec. V.

II. MODEL

In this section, we mention how to consider the effects of
the PMF on the CMB. We modify the cAMB code [51],
which is the most familiar numerical program for comput-
ing the theoretical CMBs, taking into consideration the
PMF effects. In this paper, we use the natural units in which
7 =c =1, where # is the reduced Planck constant (the
Dirac constant) and ¢ is the speed of light.

From Appendix A, the magnetic field on a scale length
much bigger than Ly is difficult to dissipate within the age
of the Universe 7,q., and such a magnetic field is “frozen in”
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in the dominant fluids [52]. From Eq. (A4), the comoving
minimum scale length of the magnetic field at last scatter-
ing is of the order of 10~'! Mpc. Thus, we can assume that
the PMF is “frozen in” on the cosmological scale.

A. The PMF spectra

We will introduce the power-law PMF spectra in this
subsection. The detailed mathematical descriptions for
them are defined in Refs. [42,49]. A power-law function
is one of the most familiar spectra for distributions of the
PMF [5,47-49]. A lot of authors have studied effects of
PMFs with the power-law spectrum on various physical
processes in the cosmology [5,47-49], and were challenged
to constrain such PMFs. In this paper, as in previous work,
the PMF spectrum is given by the power law.

We assume that the PMF is statistically homogeneous,
isotropic, and random. In this case, the ensemble average of
the magnetic strength is zero, while the ensemble average
of the energy density of the magnetic field, which is
proportionate to the squared magnetic strength, has a finite
value. The PMF fluctuation spectrum can be formulated [5]
as a power law by (B(k)B*(k)) o k", where ng is the
spectral index of the PMF. We can also define a two-point
correlation function of the PMF [5]:

(Bi(k) B/ (K')) = ((27)"+8 /2K ) [B%/ : (Bzﬁﬂ

X k"BPij(k)(S(k — k'), k < kiyax. (D

where P'(k) = 61 — L& B, = |B,| is the PMF comoving
amplitude, derived by smoothing over a Gaussian sphere of
radius A = 1 Mpc (k; = 2z/2); and k., is an upper wave
number of the PMF distribution. Considering the nonlinear
dispersion of the PMF on much smaller than cosmological
scales, k.« 1 derived as a cutoff wave number k¢ at the last
scattering by Ref. [53,54].

We use the PMF spectrum of the energy density
[Efem:s)(k)], shear stress [Zigy.s)(k)], Lorentz forces for
the scalar [[Tjgy.5)(k)] and vector modes [[Tjgy.vi(k)], and
the metric source for tensor modes [y 1) (k)] that are
formed by Refs. [42,49]. We also estimate them by the full
numerical methods developed in our previous studies
[41,42,49].

As mentioned above, an average of the background PMF
strength is zero, while an average of the background PMF
energy density is a finite value. From Ref. [50] and
Appendix B, the energy density and the effective amplitude
of the background PMF are defined by

1 B

— A (k. ng+3 _ ki ng+3 2
87[F(%) [( IIldX) ( [mm]) ] ()

PMFE =

and
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Ik = ng+3 _ 2k ; ng+3
BSI = B/{ [( [ma ]) . (5 [m n]) ]
(")

: 3

where I'(x) is the gamma function, and kjy;, gives the
minimum wave numbers and is dependent on PMF gen-
eration models. If the PMF is generated in the inflation
epoch or produced by some vorticity anisotropies of an
inflationary origin, we assume that kjpin/kmax 1S very
small, and the last term of Eq. (2) is negligibly small.
The energy density and amplitude of the background PMF
then reduce to

i B% (ﬂk ))13+3 (4)
PMF 87771—‘("]3;5) max
and
(A )"+
Bg=B,,|————. 5
st=Bn "1 () &)

B. Cosmic expansion rate with background PMF
energy density

In this subsection, we introduce the effect of the back-
ground PMF on the cosmic expansion. In a homogeneous
and isotropic flat universe, we can find the Hubble
parameter H from the Friedmann equation and the con-
servation of energy-momentum tensor as follows:

@2 =" ©)
a 3
p=—3H(p+p), )

where overdots represent derivatives with respect to time, G
is Newton’s constant, p is the total energy density, and p is
the total pressure. We assume that the main fluid compo-
nents in the Universe are the photon, the neutrino, cold
dark matter (CDM), and the baryon. In this paper, variables
with the subscripts “y,” “v,” “CDM,” and “b” indicate
the photon, neutrino, CDM, and baryon, respectively.
Therefore, the total energy density and pressure with the
background PMF are p = p, + p, + pcpm + pp + pmr and
P = p, + P, + Pmr, Where pyr and pyg are the energy
density and pressure of the background PMF, and we
consider the matter pressures to be much smaller than the
radiation ones.

If pvr is large enough in the radiation-dominated era, the
effect of the energy density of the background PMF on the
cosmic expansion is not small, and the matter-radiation
equality time 7., becomes later. In this case, the decaying
potential by the radiation becomes relatively strong on
larger scales at the recombination, and it makes the forced
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oscillation of the photon-baryon fluid and the early
integrated Sachs-Wolfe (ISW) effect stronger. Therefore,
a sufficiently large energy density of the PMF in the
radiation-dominated era has no small effect on the primary
temperature fluctuations of the CMB for lower ¢, and we
can expect that the PMF energy density can be constrained
by the CMB temperature fluctuations for lower .

C. A magnetosonic wave

In this subsection, we will introduce the magnetohydro-
dynamics (MHD) equations and derive a magnetic sonic
speed considering the background PMF.

The MHD equations [55] are

(a—i—u V)u——Vp+ (VxB)xB, (8)

0
0
QB Vx(uxB 10
= (uxB). (10)

We assume p = p,, p = py, u =0, and B = B, as the
steady state and Jp, du, op, OB as the small perturbations.
The first-order perturbations of MHD equations then are

pogéu:—V(Sp—I—%Vx(éBxB), (11)

0
5% = =V (podu), (12)
QéB—Vx((ﬁuxB) (13)
ot ’
8p = ciép, (14)

where ¢, is a sound speed without a magnetic field. We
assume the oscillation of the first-order perturbation to be
expli(k-x —wt)]; we can use the following relations:
/0t - —iw, V — ik, and Vx — ikx. Therefore, using
Eq. (14), Egs. (11)—~(13) become

1
wpydu = c26pk — e (k x 5B) x B), (15)
wdp = po(k - du), (16)
@6B = —k x (6u x B). (17)
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Using Egs. (16) and (17), Eq. (15) then becomes

w’ou = ci(k- 6u)k+i{k X [k x (uxB)|} xB. (18)
4zpo

Using Ax (BxC)=(A-C)B—(A-B)C and (A x B) x
C=(A-C)B— (B-C)A, the last term of Eq. (18) is

4ﬂp0 —{kx[kx (6uxB)|} xB

. [(k-B)26u — (k- B)(6u - B)k — (k - 5u)(k - B)B

47TP0
+ (k - 5u)B%k]. (19)

We assume that the direction of the magnetic field is fixed,
as previous work and the texts [55,56] indicate so far. In
statistical cosmological study, we are interested not in local
magnetic effects but in global ones, which are average
universe-wide. We also assume that the background PMF is
stochastic isotropic and homogenous. In this case, the
ensemble average of the magnetic strength is zero, while
the ensemble average of the energy density of the magnetic
field has a finite value. Therefore, the relation between the
mean square of the background PMF amplitude (BZ.) =
BSI o pyr and each spatial component (BZ), (B3), and (B%)
is (B?) = (B2) = (B%) =1 B%,. From these interpretations,
in Eq. (19), the average of k - B = kB cos @ per 6 becomes
zero, and the average of (k-B)? = k*B*(cos6)* per 6
becomes k?B3;/6. Then, we obtain

2

26 2L .
w-6u = ci(k - Su)k + T2

k25u + (k-suk|. (20)

From the inner product of Eq. (20) and k, the effective
sound speed with the background PMF is derived by

1
2y =ct+ zci, (21)

where c3 is the Alfven speed from the background PMF,

_ (B
4ﬂp

defined by ¢ =

III. EQUATIONS WITH THE PRIMORDIAL
MAGNETIC FIELD

In this section, we will introduce the essential evolution
equations with the PMF for each mode. For details, see
Refs. [42,57]. In this paper, we choose the conformal
Newtonian gauge that is defined by Refs. [57-59]. After
this section, we also use the conformal time, which is
defined by [!df'/a(t'), instead of physical time, 7. In the
linear approximation, we should consider the zeroth-order
factor, e.g. radiation, matter, and background PMF
energy densities, for solving all equations as mentioned
in Sec. II B, while solutions of perturbations can be divided
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into those with and without PMF as the first-order pertur-
bation by Green’s function method as

f(k) = fiey (k) + fipme (k). (22)

In this paper, we assume that there is no correlation
between the PMF and the primary perturbations. In this
case, we do not have to consider the correlation term
between the PMF and primary in Eq. (22). Since the
equations for fip (k) are equal to the equations for
fpmr (k) which are removed the PMF terms as the first
order perturbation source except the background PMF, we
do not write down the equations for fz (k) in this paper.

From Refs. [42,46,57-62], the evolution equations of the
scalar mode with the PMF are

k2¢ + 3H(¢ + Hl//) = 4ﬂGa2{E[EMZS] (k, T) — 5,0}7 (23)

k2(¢ - W) = _lzﬂGaz{Z[EM:S] (k’ T) - (pzz + Pl/)al/

~(p, + P,)o}. (24)
Seom = —vom + 34, (25)
o = — g vip + K2, (26)
5 = - ‘3—‘ v + 44, 27)

&Y =~ ;—‘ v + 4, (28)

. 1
v}('S) =K <_ 5’(’5) - 67) + aneUT(Ul()S) - ”58)) + Ky, (29)

4
S = k2 G s — ay) + Ky, (30)
5 = v + 34, (31)

i}](js) = —gvt()s) + c%Akzét()S) + %aneoT(v,(,S) — 11,(35)) + Ky
gL HEm:s) (k,7) , 32)

Pb
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where y is the perturbation of gravitational potential in the
Newtonian limit; ¢ is the perturbation of the spatial
curvature; R is (3/4)(pp/p,); o, and o, are the sheas}r
stresses of the photons and the neutrino, respectively; vy
and 55(5) are the velocity and density perturbations for
each component; X, n, is the free electron number
density; and o7 is the Thomson scattering cross section.
Here ¢, = ¢ + ¢} /2 is the magnetosonic speed in baryon
fluid [see Eq. (21)], where c% is the sound speed of the
baryon fluid without the background PMF and is defined
by Ref. [58].

The evolution equations of the vector mode with the
PMF are

k<V + 2§V> = —87ra2G[2H[EM;V](k, 7) + p,m, + p,7,),

(33)
. 3
o) -V = -k (é @ﬁ’), (34)
vﬁv) -V4+ TC(U}(,V> - vg)v)) =—k <? G)](,;/)), (35)
.(V -a, 1. A A H[EM:V](kﬂ')
i )_V+E(U§’ )—V)—Efc(11£ '} )):kT’
(36)
where V(z, k) is the vector potential; py, 7y, vﬁf) are the

pressure, the anisotropic stress, and velocity for each
14 14
component X; and ©," and O,  are quadrupole
moments of the neutrino and photon angular distributions,
respectively [59,61].
The evolution equations of the tensor mode with the
PMF are

§ . 8
H+ 2%7{ + I*H = 872G (H[EM;T] + 5@9’) . (37

where H is the tensor potential and ®§T> is the quadrupole

moment of the photon angular distribution [59,61].

We shall explain the effects of the vector and tensor
modes with the background PMF on the CMB. The vector
and tensor modes do not have terms which are directly
dependent on the oscillatory propagations, as the second
term on the left side of Eq. (32). These modes also do not
have terms which are directly dependent on energy-density
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perturbations. Since it is difficult for the radiation-like
energy densities including the PMF to contribute to the
expansion rate of the Universe around the epoch of the
recombination, the effect of the PMF energy density on H
is subdominant. Thus, the background PMF effects on the
vector and tensor mode are relatively small.

Since the sonic speed of the baryon fluid with the
background PMF is not an effective factor for the men-
tioned equations at the subhorizon and superhorizon, for
deriving initial conditions, we do not have to consider ¢y,
and it is only necessary to consider the background PMF
for Egs. (6) and (7). Therefore, the values of the initial
conditions are dependent on the total energy density and
Egs. (6) and (7), which are affected by the background
PMF, and we just have to change p and p without the
background PMF to their values with the background PMF.
Finally, we do not have to change the expression of the
initial conditions in Refs. [42,57].

IV. RESULTS AND DISCUSSIONS

As mentioned in Sec. II, since there is no density
perturbation term in the equations of the vector and tensor
modes, we have no need to consider the sonic speed term
for these modes as the second term on the left side of
Eq. (32). Therefore, at first, to understand the pure
background PMF effect on the CMB from the scalar
mode, we derive the analytical solution from the adiabatic
initial condition for the acoustic oscillation of the photon-
baryon fluid without the PMF term as the first-order
perturbation, which is the last term of Eq. (32), in the
scalar mode.

From Egs. (23), (24), (27), (29), (31), and (32) without
the last term, we obtain

5 R 59 o5 _5_ R .. K

0 H——5 kicsdy =¢p———ap——wy.

yo T 1+ R + kocsoy ¢ 1+Ra¢ 3V
(38)

Here c§=cp, +ci/2, where ¢ =sqig is the

sound speed of the photon-baryon fluid without the back-
ground PMF, and c3 is derived using the cutoff scale
derived by the nonlinear dispersion model [53,54]. On the
right side of Eq. (38), the first term is a time delay from
the Universe expansion, the second term is an effect
of the Universe expansion, and the third term is a blue
(or red) shift from the gravity potential. Since we are
interested in phenomena of the photon-baryon fluid around
the epoch of the recombination, we consider the matter-
dominant era. In the matter-dominant era, the potential
terms are not dependent on time before the cosmological
constant dominates the Universe. Therefore, we can neglect
the first and second terms of the right side of Eq. (38), and
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the third term also is not dependent on time. Finally, we
obtain

2

) : k
8+ H 8 + K38 ~—Zw. (39)

1+R

The special solution of Eq. (39) is

() 1
o) = -y, 40
14 3C§ W ( )

In case of the adiabatic condition, the homogeneous
solution of Eq. (39) is

5% = Acos (kds), 1)

where dg is the sound horizon as [ c¢s(1')dy’. From the
large-scale limit of the Boltzmann equation, the initial
condition of 6,(,5) in the matter-dominant epoch is
—2y(0)/3. Therefore, from Egs. (40) and (41), the general

solution of Eq. (39) is

&, [1 2 1
& (n) = [ﬂ —5}4/005 (kds) —EW- (42)
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FIG. 1 (color online). The effects of the background
magnetic field on the CMB. The dotted curve is the theoretical
result from the WMAP nine-year best-fit parameter in ACDM
and the tensor mode [64]. (The main papers of the Planck
project are under review, so we refrain from using their
results.) These standard cosmological parameters are
(Qy, Qcpms 1y, 10°A%, Hy, 7, 1) = (0.0442,0.210, 0.992, 2.26,
72.6,0.091, 0.38), where Q,/? is the baryon density, Qcpyh is
the CDM density, n, is the scalar spectral index, 10°A% is the
amplitude of the initial fluctuation, H, is the Hubble parameter, =
is the optical depth, and r is the tensor-to-scalar ratio. The bold
curve is the theoretical result with the background PMF effects of
(0.0, 3 nG) (without the first-order perturbation of the PMF). In
this case, pyir/p, = 0.0161.
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An observable which we can obtain from the CMB is sound speed increases, and the peak positions are shifted to

6}(,S> (1) + w, because the temperature fluctuations of the @ larger scale.. .
CMB are affected by the gravitational redshift from the If we consider the energy density of the background

PMF, the total radiation-like energy density pp increase and
the epoch of equality occur closest to the recombination, so
that pp has to be accounted for in estimating the temper-
ature fluctuations of the CMB at the recombination. In this
case, the decaying potential by the radiation becomes
relatively strong on larger scales at the recombination,
and it provides a stronger driving force for the oscillations
and the stronger early ISW effect. Thus, the amplitude of
S ] 1 the CMB is larger than in a universe without the back-
|5,(, ) +y| = K— - —2> cos (kds) <—2 - 1>] . ground PMF. Since the decaying potentials occur in the
3 3¢ 3cs horizon, and the smaller scales enter the horizon earlier, the

(43)  potentials of larger scales decay more weakly. Therefore,

the increase in the amplitude from these effects is smaller

around the first peak, and this effect also cancels out the

From this equation, the amplitudes of odd peaks decrease  effects of cg on the odd peaks less than the third peak of the
when the sound speed increases, while the amplitudes of =~ CMB. Finally, the total changing amplitudes of the CMB
even peaks are not affected by the increased sound speed. from the pure effects of the background PMF around the
Furthermore, the wavelength of Eq. (43) increases when the  first peak are stronger than in smaller scales. Actually, these

gravitational potential. We also assume the gravitational
potential to be an external field, and a gravitational
potential has a negative value if a density fluctuation has
a positive value. Taking into account these considerations,
and from Eq. (42), we therefore show that the observable

S .
o () +w is

ACT = CMB without PMF -..ccc.ceo......
SPT—m—— CMB with PMF

WMAP 9yr —x—
6000 —— 6000
50001} 50001
< 4000} { < 4000
! !
S 3000} { 93000
< 2000} < 2000} i
1000 1000 4
(a) (n,, B,) = (-2.0, 15 nG) (b) (n,, B) = (-2.0, 20 nG)
0 200 400 600 800 1000 0 200 400 600 800 1000
) )
6000 — 6000 ——
Ty
5000 1 5000
2 4000 2 4000
) S
= 3000 = 3000
% %
~ 2000 2000
1000 H 1000 4
(©) (n,, B) = (0.0, 2.0 nG) (d) (n,, B,) = (0.0, 3.0 nG)
0 200 400 600 800 1000 0 200 400 600 800 1000
) )

FIG. 2 (color online). The effects of the PMF on the CMB. The dotted curve is the theoretical result from the WMAP nine-year best-fit
parameter in ACDM and the tensor mode [64]. (The main papers of the Planck project are under review, so we refrain from using their
results.) The bold curves in panels (a), (b), (c), and (d) are the theoretical results with the PMF effects of
(ng. B,, pyr/p,) = (=2.0,15 nG, 0.00116), (=2.0,20 nG, 0.00185), (0.0,2 nG, 0.00910), and (0.0,3 nG, 0.0161), respectively. The
dots with the error bars are the results of the CMB observations [64—66], as shown by the legend in this figure.
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FIG. 3 (color online). The ratio of the background magnetic
field to photon density. The bold, dotted, and dashed curves are
B, =10, 1, and 0.1 nG, respectively.

features are illustrated by theoretical computed results of
CMB temperature fluctuations with the background PMF
in Fig. 1 [63].

Considering these effects of the background PMF on the
CMB, we can effectively constrain them by the observation
results on lower Z. Therefore, next, we shall focus on the
effect of the background PMF on the CMB for £ < 1000.
Figure 2 shows the temperature fluctuations of the CMB
with total PMF effects (scalar + vector + tensor modes and
the background PMF). From Eq. (4) and Fig. 3, the energy
density of the background PMF is dependent on the
power-law index ng and becomes much smaller with lower
ng. Therefore, the effects of the PMF at lower ny are
dominated by the perturbation-like PMF as in previous
studies. Actually, in Figs. 2(a) and 2(b), the effects of the
background PMF on the CMB around the first peak are
very small, even if the B;’s are larger than the previous
constrained values. On the other hand, the effects of the
PMF of bigger ng on the CMB are not negligible around
the first peak [Figs. 2(c) and 2(d)]. Since the observational
result of the CMB around the first peak is much better than
at higher peaks, we expect that the PMF of the nonlinear
cutoff model on bigger ng can be constrained more
strongly.

We shall discuss k,,,, being assumed as a free parameter
as an academic interest. Mathematically, in this case, the
energy density of the PMF is dependent on the wave-
number upper limit k,,,,, [Eq. (2)], and &, is dependent on
a generation mechanism of the PMF. Using this property,
we can obtain the prior limits of k., and constrain PMF
generation models indirectly from the CMB. Figure 4
shows the contribution of k., to the CMB. A larger
kmax induces larger pyr and cg. Thus, the locations of the
peaks and troughs of the CMB are shifted to smaller Z, and
the amplitude of the CMB around the first peak is sup-
pressed. This change is very unique, and we expect that
knax can be constrained by the CMB of lower . The
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CMB without PMF ...

(ny B, k) =(-2.0, 15 nG, 1000 Mpc™')
(n, B, k_)=(-2.0,15nG, 500 Mpc') -~
(ng, B, k_ )=(-2.0,15nG, 50 Mpc™)
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FIG. 4 (color online). The contribution of the upper-limit
wave number of the PMF to the CMB. The dotted curve is
the theoretical result from the WMAP nine-year best-fit
parameter in ACDM and the tensor mode [64]. The bold, dashed,
and thin curves are the theoretical results with the PMF effects
of (nB,B,l,kmax,pMp/py):(—2.0,15nG,1000Mpc‘1,0.0240),
(=2.0,15nG,500 Mpc~',0.0120), and (—2.0, 15 nG, 50 Mpc~!,
0.00120), respectively.

constraint on k,,,, also helps to determine whether or not
the diffusion model of the PMF on the nonlinear region is
plausible. If the large-k,,,, model has a better likelihood,
we should construct a new physical model for the PMF
time evolution in the nonlinear region; on the other hand,
we will be able to confirm that the previous model that
derives k. is suitable.

Finally, we discuss degeneracies between the back-
ground PMF, the baryon, and CDM. Considering the
fundamental understanding of the baryon and matter-
density effects on the CMB [46], we expect a positive
correlation between €, and the background PMF, and a
negative correlation between €, and the background
PME. In fact, the affected CMB by the PMF can be
adjusted by changing Q, and Qcpy, as shown in Fig. 5.
In previous constraints on the PMF without the background
effects, the degeneracy between the PMF and the
standard cosmological parameters is negligibly small. If
ng and k,,, are sufficiently small, the py is too small to
affect the CMB, and the previous result is no problem.
However, a lot remains to be established about the PMF; it
is too early to discuss the PMF effects and generation
mechanisms in such a narrow parameter range. To under-
stand the PMF correctly, we should constrain the back-
ground PMF and the standard cosmological parameters
simultaneously.
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The contribution of the PMF and the standard cosmological parameters to the CMB. The dotted curves
The bold curves are the theoretical results with PMF effects of

(ng. By kyax. Pvir/p,) = (—2.0,10 nG, 1500 Mpc~',0.0160). The standard cosmological parameters of all curves in this figure
except the bold curves of panel (b) are the WMAP nine-year best-fit parameters in ACDM and the tensor mode [64]. These
standard cosmological parameters are (Q;,, Qcpym, 72;, 109A%,H0,T, r) = (0.0442,0.210,0.992,2.26,72.6,0.091, 0.38). The different
standard cosmological parameters of the bold curve in the right panel (b) are the baryon density and the CDM density. These parameter

values are (Q,, Qcpy) = (0.0461,0.195).

V. SUMMARY

We consider the background PMF effects on the CMB
for the first time. The background PMF increases the sound
speed of the tightly coupled photon-baryon fluid and causes
a stronger decaying potential. The overall effect of the
background PMF changes amplitudes of the CMB around
the first peak more strongly than in smaller scales. Since the
observational result of the CMB around the first peak is
much better than at higher peaks, we expect that the PMF of
bigger ng’s can be constrained more strongly. We report the
case in which k,,,, is assumed to be a free parameter. The
energy density of the background PMF is dependent on
kmax> and k. 1s dependent on a PMF generation model.
Hence, if one determines the k,,, by constraining the
magnetic energy density from the CMB, we obtain infor-
mation about the PMF generation mechanisms. We also
discuss the constraint on the k,,,, as being an examination
for the nonlinear evolution of the PMF.

Finally, we discuss the possibility of degeneracies
between the background PMF, the baryon, and the CDM.

If we promote the effects of the background PMF on the
CMB, and constrain them by the latest and future obser-
vations, it will permit the development of better studies for
the generation and evolution of the PMF and provide new
insight into the early Universe with the PMF.
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APPENDIX A: A MINIMUM SCALE OF THE PMF

In this appendix, we mention briefly how to estimate a
minimum scale of the PMF in the early Universe. The
electrical resistance in the early Universe is defined by

corm,
2 b

_ e

cn,op =
ne* 7 ne

0, == (A1)
c

where o is the electric conductivity, m, is the electron mass,
n, is the electron number density, e is the charge of an
electron, c is the speed of light, n, is the photon number
density, oy is the Thomson scattering cross section, and 7 is
the baryon-to-photon ratio. From Eq. (A1), the magnetic
diffusivity is

— A2
4ro (A2)
Since statistically average motions of fluids are assumed to
be negligibly small in the early Universe, the induction
equation from Eq. (A2), Ohm’s law, and Maxwell’s
equations is [52]

OB

2
5, = (V’B.

(A3)

This equation indicates the magnetic field dissipating, and
that the magnetic field dissipates rapidly with time and
cannot survive on the scale length [47,52]

<t

E)
]1 b

o=

L < Lig(t) = \[Ctuge = 7.5046 x 10—2%

(A4)
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where 7,,. is the Universe’s age. The magnetic field on the
scale length L < Lg(T) is also difficult to produce. On the
other hand, the magnetic field on a scale length much
bigger than Ly is difficult to dissipate by time 7,4, and such
a magnetic field is “frozen in” in the dominant fluids [52].
For example, from Eq. (A4), the comoving minimum scale
length of the magnetic field at last scattering is of the order
of 107! Mpc.

APPENDIX B: A BACKGROUND ENERGY
DENSITY OF PMF IN THE UNIVERSE

In this appendix, we derive the background energy
density of the power-law PMF. A two-point correlation
function of the PMF strength [38,41,49] is defined by

(B'(k)B;*(K')) = (27)* Pppup (k) Pi(k)5(k — k'), (B1)
where
. kik;
Pi(k) = & — k2j (B2)
and
P[PMF] (k) == Ak"B . (B3)
We use the convention for the Fourier transform as
k) = / exp(ik - ) F (x)dx. (B4)
Equation (B1) gives
(B'(k)B;* (k")) = 2(27)* Ppyp (k) 5(k — k')
=22x)3Ak™5(k — k). (B5)
Next, we shall derive A. We define
(B(x)B;(x))|, = B, (B6)

where 4 is a comoving scale for a Gaussian sphere on the
present, and B; is a comoving strength of PMF, and it is
scaled to the present value on 4. From Egs. (B1)-(B3)
and (B6),

(B'(x)B;(x))|, = B
(Zn' 6/d2k/dgk'exp —ix-k+ix-k)
x (B'(k)B; (K')) x [W3(k)|. (B7)
where W,(k) is a Gauss window function as

W, (k) = exp(=42k?/2). So we finally have

PHYSICAL REVIEW D 89, 083528 (2014)
2 -1
( Z) (/ dkknB+26Xp<—/12k2>>
(27)?
2 T()
(271)"3+5 1

kﬁ;;l\zs]r(ng—ﬂ)

A=B;

ln3+3

2
A

=B}

(B8)

where T'(x) is the gamma function and A = 27/kjpp-
Substituting this into Eq. (B3) leads to

(271')23%/1’13 +3

k™. B9
() )

P[PMF] (k) =

From Egs. (B1)—(B5) and (B9), the PMF energy density is
derived by

(B 2 /k[mx dk k3

=—= ———P k
PMF Sz 87 -~ X 222 [PMF]( )

2 [kmw dk k* (27)2B2AmsH3

ng

N g k[min] 72—77:2 21—‘(%)
— L B% [(ﬂk )nB+3 _ (ﬂk . )nB+3] (BIO)
~ 8 r (%) [max] [min] :

Here kjqy) and k) are the maximum and minimum wave
numbers, respectively. They are dependent on PMF gen-
eration models. The main goal of this study is to research
the effects of the PMF energy density on the CMB and to
discuss the degeneracy between the PL-PMF parameters
and distribution models of the PMF. In order to effectively
proceed with such research and discussions, from
Eq. (B10), the scale-invariant (SI) strength of the PMF
is defined by

[(ﬂk[max] )nB - (Ak[min] )nB +3}
VPmF & Bs = B, F(M) (B11)
2
and
F(113+5)
B (ng, kjmax]» kjmin) = B =
l( B Mfmax]» *[ ]) SI (kl[/lrfl;;? _ kﬁlr%l;f)/ln3+'§
(B12)

where BZ; is directly proportional to the PMF energy, and
not dependent on other PMF parameters. Therefore, these
formulations are useful for directly understanding the PL-
PMF energy density effects on the CMB, and also make it
relatively easy to discuss the degeneracy of the PL-PMF
parameters.
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