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Primordial magnetic fields (PMFs), which were generated in the early Universe before recombination,

affect the motion of plasma and then the cosmic microwave background and the matter power spectrum.

We consider constraints on PMFs with a characteristic correlation length from the observations of the

anisotropies of the cosmic microwave background and matter power spectrum. The spectrum of PMFs is

modeled with multi-lognormal distributions rather than power-law distribution, and we derive constraints

on the strength jBkj at each wave number k along with the standard cosmological parameters in the flat

Universe and the foreground sources. We obtain upper bounds on the field strengths at k ¼ 10�1, 10�2,

10�4 and 10�5 Mpc�1 as 4.7 nG, 2.1 nG, 5.3 nG, and 10.9 nG (2� C.L.) respectively, while the field

strength at k ¼ 10�3 Mpc�1 turns out to have a finite value as jBk¼10�3 j ¼ 6:2� 1:3 nG (1� C.L.). This

finite value is attributed to the finite values of the polarization with negative parity (BB mode) data at

‘ > 300 obtained from the QUAD experiment. If we do not include the BB mode data, we obtain only the

upper bound on Bk¼10�3 .
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I. INTRODUCTION

From discoveries of magnetic fields in clusters of
galaxies [1–4], many authors have studied cosmological
magnetic fields. The origins of primordial magnetic fields
(PMFs) have been studied by many authors [5–15]. PMFs
may manifest themselves in the temperature and polariza-
tion anisotropies of the cosmic microwave background
(CMB) [16–44], the large-scale structure [45–48], and
other physical phenomena [49–57]. The effects of PMFs
on physics in the early Universe and constraints on the
PMFs from the cosmological observations are well-
investigated topics.

A power-law spectrum has often been considered for
the study of PMFs in the literature (see Refs. [15,43,53,57]
and references therein) because it is expected for PMFs
generated by inflation. On the other hand, causal processes
such as bubble collisions during phase transition would
generate PMFs with a characteristic scale. To study such
PMFs, in our previous work [58], we considered PMFs
with a lognormal distribution (LND), which is parame-
trized by the characteristic wave number k, the field
strength at the wave number jBkj, and the width �M of
the spectrum. We derived constraints on the parameters
from the observations of anisotropies of the CMB fixing
cosmological parameters to the WMAP best-fit values.
This type of PMF spectrum is also useful to study which
scale of PMFs mainly affects the CMB.

Recently, ACT [59] and SPT [60] projects published
more precise results of the CMB observations on small
scales with ‘ > 1000. Because the effect of PMFs is rela-
tively strong at smaller scales (see Refs. [15,43,53,57] and
references therein), constraints on PMFs are expected to
become stronger with these data. However, since the
Sunyaev–Zel’dovich (SZ) effect by galaxy clusters and
emissions from radio galaxies also contributes to the anisot-
ropies of the CMB on these scales, the PMF parameters
would have degeneracies with the amplitudes of these fore-
ground effects. Therefore, in this paper, extending our pre-
vious work, we derive constraints on the PMF parameters,
varying cosmological and foreground parameters as well, to
obtain more reliable constraints from the CMB and the
matter power spectrum (MPS) observations. We also con-
sider, as the spectrum of the PMFs, a multi-lognormal
distribution with five characteristic wave numbers.
We introduce the effects of the PMFs on the CMB and

the MPS in Sec. II. In Sec. III, we illustrate the constraint
on jBk¼10n j at each kM from the CMB and the MPS and
discuss the degeneracies between the constrained jBk¼10n j
and cosmological parameters. We summarize our results
and describe future plans in Sec. IV.

II. MODEL AND METHOD

In this section, we show how to consider the effects of
the PMF on the CMB and MPS. Before the recombination
of protons and electrons, ionized baryons are directly
affected by the PMF through the Lorentz force. Since the
photons and the baryons are tightly coupled before the last*yamazaki.dai@nao.ac.jp
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scattering of photons, the PMF indirectly affects the
photons. Also, the PMFs indirectly affect the cold dark
matter (CDM) through gravitational interaction. We have
an assumption that the PMF is produced at some time
during the radiation-dominated era. Since the cosmologi-
cal magnetic fields are observed with amplitudes of the
orders of 1–10 nG, we also assume that the field strengths
of the PMFs, jBk¼10n j, are less than 10 nG. In this case,
since jBk¼10n j are the average strength of the PMFs and the
energy density of the PMFs ðjBk¼10n j ¼ 10 nGÞ2=
ð8�Þ � 10�5 � ��Þ is much smaller than that of the

background photons, we can treat the PMF energy density
as a first-order perturbation with the flat Friedmann–
Robertson–Walker as the background spacetime, and all
of the back reactions from the fluid to the PMF can be
neglected (see Ref. [18] for details).

We modify the CAMB code [61], taking into considera-
tion the PMF effects. We use the adiabatic initial condition
for the time evolution of the CMB and the MPS with the
PMFs. Details of these are summarized in Ref. [58]. We
use the spectrum of the PMFs as

fLNDðk; kM; �MÞ ¼ 1

k�M

ffiffiffiffiffiffiffi

2�
p exp

�

�½ln ðkÞ � ln ðkMÞ�2
2�2

M

�

;

(1)

where kM is the characteristic scale depending on the PMF
generation model and �M is the scale parameter. The de-
tailed mathematical description of this spectrum is also
defined in Ref. [58]. Since our goal is qualitatively under-
standing how the PMFs are limited scale by scale, for
simplicity, we fix the scale parameter at �M ¼ 1.

In this paper, we limit the PMF strengths for each
characteristic scale together with the other cosmological
parameters from the CMB and the MPS using a Markov
chain Monte Carlo (MCMC) method [62]. We constrain
five strengths of the PMF at log 10ðkM½Mpc�1�Þ ¼ �1,�2,
�3,�4, and�5, which we denote as jBk¼10�1 j, jBk¼10�2 j,
jBk¼10�3 j, jBk¼10�4 j, and jBk¼10�5 j, respectively, and 15
cosmological parameters, i.e., [�bh

2, �ch
2, �, �C, ns,

log ð1010AsÞ, At=As, A
LEN, ACL, APS, ASZ

MAP, A
SZ
ACB, A

SZ
QUD,

ASZ
ACT, A

SZ
SPT], where �ch

2 and �bh
2 are the CDM and

baryon densities in units of the critical density, h denotes
the Hubble parameter in units of 100 km s�1 Mpc�1, � is
the ratio of the sound horizon to the angular diameter
distance, �C is the optical depth for Compton scattering,
ns is the spectral index of the primordial scalar fluctua-
tions, As is the amplitude of primordial scalar fluctuations,
At is the amplitude of the primordial tensor fluctuations,
ALEN is the amplitude of the weak lensing, ACL and APS are
the amplitudes of cluster point sources and Poisson point
sources at ‘ ¼ 3000, and ASZ

X is the SZ effect amplitudes in
observations (X), which are denoted with subscriptsWMAP
(MAP) [63], ACBAR (ACB) [64], QUAD (QUD) [65], ACT
[59], and SPT [60]. Note that each SZ spectrum model is

published in LAMBDA [66], which is the spectrum based
on Ref. [67]. We fix the spectral index of the primordial
tensor fluctuations as nt ¼ �ðAs=AtÞ=8. For all the cosmo-
logical parameters, we use the same priors as those adopted
in the WMAP analysis [63]. We use the CMB and the MPS
observation data sets as follows: WMAP [63], ACBAR [64],
QUAD [65], ACT [59], SPT [60], SDSS [68].

III. RESULTS AND DISCUSSIONS

Our MCMC algorithm is performed until all of the
parameters including the PMF strengths are well con-
verged to the values listed in Table I. We find that the
minimum total �2 improves from 12563.2 to 12554.9 by
introducing the PMFs. As we see below, this improvement
mainly comes from the finite B mode spectrum at
k ¼ 10�3 Mpc�1 in the QUAD experiment.

TABLE I. Confidence intervals (1�) and upper bounds (2�)
on strengths of PMFs,�CDMmodel parameters, and foreground
parameters from a fit to WMAP [63], ACBAR [64], QUAD [65],
ACT [59], SPT [60], SDSS [68] data.

Cosmological Parameters

Parameter Mean Best fit

�bh
2 0:02279� 0:00052 0.02258

�ch
2 0:1104� 0:0046 0.1118

� 1:042� 0:0015 1.043

�C 0:08687� 0:0132 0.08126

ns 0:9597� 0:0120 0.9592

ln ð1010AsÞ 3:172� 0:047 3.174

At=As <0:06047ð68%C:L:Þ,
<0:1528ð95%C:L:Þ

0.01106

ALEN 0:9141� 0:228 0.874

APS 15:24� 2:01 16.37

ACL <7:254ð68%C:L:Þ,
<11:94ð95%C:L:Þ

7.535

ASZ
MAP <2:762ð68%C:L:Þ,

<5:114ð95%C:L:Þ
0.3509

ASZ
ACB <3:468ð68%C:L:Þ,

<6:644ð95%C:L:Þ
1.447

ASZ
QUD <2:550ð68%C:L:Þ,

<5:448ð95%C:L:Þ
0.7729

ASZ
ACT <0:2943ð68%C:L:Þ,

<0:7207ð95%C:L:Þ
0.09135

ASZ
SPT <8:405ð68%C:L:Þ,

<12:78ð95%C:L:Þ
6.102

jBk¼10�1 j (nG) <2:921ð68%C:L:Þ,
<4:685ð95%C:L:Þ

1.300

jBk¼10�2 j (nG) <1:257ð68%C:L:Þ,
<2:090ð95%C:L:Þ

0.410

jBk¼10�3 j (nG) 6:179� 1:312 6.728

jBk¼10�4 j (nG) <3:253ð68%C:L:Þ,
<5:310ð95%C:L:Þ

0.465

jBk¼10�5 j (nG) <6:992ð68%C:L:Þ,
<10:91ð95%C:L:Þ

1.766
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Figure 1 shows the probability distribution functions of
PMF strengths obtained by our MCMC analysis. For the
strengths except the one at k ¼ 10�3 Mpc�1, upper bounds
are obtained at 2� as follows:

jBk¼10�1 j< 4:685 nG at k ¼ 10�1 Mpc�1; (2)

jBk¼10�2 j< 2:090 nG at k ¼ 10�2 Mpc�1; (3)

jBk¼10�4 j< 5:310 nG at k ¼ 10�4 Mpc�1 and (4)

jBk¼10�5 j< 10:91 nG at k ¼ 10�5 Mpc�1: (5)

On the other hand, for the strength at k ¼ 10�3 Mpc�1, a
nonzero value is favored at more than 2:5�:

4:867 nG< jBk¼10�3 j< 7:491 nG ð1�Þ: (6)

In Fig. 1, the probability distribution functions obtained
without CMB BB modes (curl-type polarization fluctua-
tions) are also shown. We can see, in this case, that the
lower bound of the PMF strength at k ¼ 10�3 Mpc�1

disappears. Thus, the nonzero value is favored by the BB
mode data. We shall explain and discuss these results
below.

Figures 2 and 3 show the CMB temperature spectra and
the MPS calculated with the best-fit parameters obtained
above. We find the CMB temperature anisotropies due to
the PMFs is a few percent of the primary fluctuations with
foreground sources (lensing, cluster point sources, Poisson
point sources, and SZ effects) around the peaks and are
comparable with the primary and foreground spectrum on
‘ < 1700. On the other hand, the contribution of PMFs to
MPS is at most 0.05% of the primary fluctuations. Actually,

constraints on the PMF strengths mainly come from the
CMB data.
If the amplitudes of CMB spectra from the PMFs except

k ¼ 10�3 Mpc�1 are comparable to the amplitude of the
primary spectrum, the shape of the total spectrum of CMB
(LNDþ primary) differs substantially from the observation
results [58]. On the other hand, from Fig. 2 and Ref. [58],
the peak of the CMB spectrum from the PMFs at k ¼
10�3 Mpc�1 is located on 200< ‘< 300, and this spec-
trum around the peak has a similar slope to the observed one.
Therefore, only the PMFs at k ¼ 10�3 Mpc�1 can refine the
temperature fluctuations of CMB spectrum (TT mode).
The margins of errors of the observation on 300< ‘<

1700 are comparable in the differences between the

FIG. 1 (color online). Probability distributions of the PMF strengths at kM ¼ 10�5, 10�4, 10�3, 10�2, and 10�1 Mpc�1 from the
CMB and MPS data with the BB mode (solid) and without (dotted).

FIG. 2 (color online). CMB temperature spectra from the
primary fluctuations (with foreground sources) and PMF with
the best-fit parameters and �M ¼ 1:0.
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theoretical CMB with the PMFs and the primary
ones (without the PMFs). Therefore, the amplitude of the
PMF is mainly constrained by the observational data on
300< ‘< 1700.
From Fig. 4, the effect of the PMFs, which is dominated

by the LND-PMF spectrum at k ¼ 10�3 Mpc�1, is not
dominant on ‘ > 2000, while the SZ effects and the point
source contribution from clusters and radio galaxies
dominant on these scale. Therefore, the PMFs do not
have degeneracies with foreground components [67,69].
The most striking effect of PMFs can be seen in the BB

mode spectrum. Figure 5 illustrates a comparison between
the BB mode spectra with and without the best-fit LND-
PMF spectrum. From this figure, we find that the BB mode
spectrum with best-fit parameters is dominated by the
PMF at small scales, and the BB mode data obtained by
the QUAD experiment is fitted better with the PMF than

FIG. 4 (color online). Comparison of the best-fit total CMB power spectrum of the TT mode including the PMF with the primary
one. Plots show various multipole ranges for (a) 100< ‘< 600, (b) 400< ‘< 1100, (c) 1000< ‘< 1700, and (d) 1000< ‘< 3000.
Curves and dots with error bars in all panels are the theoretical lines and observation results as indicated in the legend box on the figure.
The best fit from WMAP 9 year data does includes neither the LND nor foreground contributions.

FIG. 3 (color online). Matter power spectra from the primary
fluctuations and PMF with the best-fit parameters and �M ¼ 1:0.
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without it. This is why the nonzero PMF strength is favored
when adding BB mode data as seen in Fig. 1. However, it
should be noted that the current BB mode observations
would have relatively large systematic and observational
errors. Thus, although we need more precise observations
of BB modes by future projects such as Planck and
POLARBEAR to obtain a more solid conclusion, the cur-
rent data imply the excess amplitude in BB mode, which
can be well explained by the existence of PMF with a
characteristic wave number of k ¼ 10�3 Mpc�1.
Finally, let us argue the degeneracies between the PMF

strength and other parameters. Figure 6 shows that the
PMF strength at k ¼ 10�3 Mpc�1 has small degeneracies
with �b and �. The amplitude around the second peak of
the temperature fluctuations of the CMB decreases with
increasing �b. The amplitude on ‘ < 300 also decreases
with increasing �. On the other hand, the PMFs increase
the amplitude of the temperature fluctuations of the CMB.
Therefore, the effects of �b and � compensate for the
effects of the PMF on the temperature fluctuations of the
CMB on ‘ < 300.
We also find that the PMF strength has small negative

correlations with the weak lensing effects (Alen) and the
scalar amplitude (As) as shown in Fig. 6. The amplitude of
the temperature fluctuations of the CMB increases with
increasing As and the PMF strength. In fact, from Fig. 4, we

FIG. 5 (color online). Comparison of the best-fit total CMB
power spectrum of the BB mode including the PMF with the
observed one. Curves and dots with error bars are the theoretical
lines and observation results as indicated in the legend box on
the figure. Downward arrows for the error bars in this figure
indicate that the data points are upper limits. The tensor-to-scalar
ratio (At=As) of the primary BB mode is 0.01106.

FIG. 6 (color online). Contours of 1� and 2� confidence limits for ð�b; �; As; AlensÞ vs the PMF field strength Bk¼10�3 . Red and
orange contours show the constraint with the BB mode of the CMB, and blue and sky blue contours show the constraint without the BB
mode. Red and blue contours show 1� (68%) confidence limits, and orange and sky blue contours show 2� (95%) confidence limits.
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find that the contributions of the PMFs to the temperature
fluctuations of the CMB on ‘ < 1000 are comparable in
magnitude to the contributions of the scalar amplitude (As).
The polarization isotropies of the CMB (the BBmode) also
increase with increasing Alen and the PMF strength. We
find that the contributions of the PMF to the BB mode of
the CMB on ‘ < 1000 (Fig. 5) are comparable in magni-
tude to the contributions of the weak lensing effects (Alen).

IV. SUMMARY

In this paper, we put constraints on PMFs with character-
istic scales, which could be generated by causal mecha-
nisms in the early Universe. Extending our previous work
[58], we vary the PMF strengths of five wave numbers
simultaneously with standard cosmological and fore-
ground parameters to fit the CMB and MPS data. We
obtained upper bounds on the PMF strengths as

jBk¼10�1 j< 4:685 nG at k ¼ 10�1 Mpc�1; (7)

jBk¼10�2 j< 2:090 nG at k ¼ 10�2 Mpc�1; (8)

jBk¼10�4 j< 5:310 nG at k ¼ 10�4 Mpc�1 and (9)

jBk¼10�5 j< 10:91 nG at k ¼ 10�5 Mpc�1: (10)

Also, we obtained a finite value for the PMF with
k ¼ 10�3 Mpc�1 as

4:867 nG< jBk¼10�3 j< 7:491 nG ð1�Þ
at k ¼ 10�3 Mpc�1: (11)

The value of jBk¼10�3 j is nonzero at more than 2:5�
significance. This is attributed to the BB mode data from
the QUAD experiment, and adding the PMF at this scale
reduces the total chi-squared value by about 8.3.
Since the current BB mode data have relatively large

errors, we must wait for the future observations to obtain
more robust conclusion. The non-Gaussianity in the fluc-
tuations is another way to identify the PMFs. The predic-
tion of non-Gaussianity generated by the PMF indicated in
this paper will be presented elsewhere in near future.
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