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Placing constraints on the neutrino mass is an importartigesaodern physics. One important

limit on the neutrino mass can be deduced from the cosmabganstraint on the formation of

large scale structure as the neutrinos become nonretatiaislate times. On the other hand we
have shown that the development of large scale structur¢heniimits on the neutrino mass are
also affected by the existence of the primordial magnetid.fid/e have made an analysis of limits
on the neutrino mass which includes the formation of largdesstructure in the presence of the
primordial magnetic field. We find that the combined constriiom the formation of large-scale

structure and the limits on the primordial magnetic field iyngn upper limit on the mass of the

neutrino ofm, < 0.8 eV(N, = 3).
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1. Introduction

Magnetic fields have been observed [1, 2, 3, 4] in clustersatdxies with a strength of
0.1—-1.0 u G. One possible explanation for such magnetic fields in galatusters is the ex-
istence of a primordial magnetic field (PMF) of order 1 nG wdéisld lines collapse as structure
forms. The origin and detection of the PMF is, hence, a stilgieconsiderable interest in modern
cosmology[5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, @p, 2

If dynamically significant large-scale magnetic fields wpresent in the early universe, they
would have affected the formation and evolution of the oleeistructure. Thus, some signatures
of the existence of a PMF should be apparent in the presebdlgreed cosmic structure.

In this regard, the alternative normalization parameigis of particular interest. It is defined
[21] as the root-mean-square of the matter density flucinatin a comoving sphere of radius 8
Mpc. It is determined by a weighted integral of the matter pogpectrum. Observations which
determinegg provide information about the physical processes affgdie evolution of density-
field fluctuations and the formation of structure on the cdsigioal scales. The mechanisms by
which a PMF can affect the density field fluctuations on cosgiokl scales has been described in
our previous work [14]. The upper limit of mass of neutrings @lso, expected orders of0.1
eV[22, 23]. In this case, since velocity distributions ofitrénos become very large, a growth of
density fluctuations in the free-streaming scale of neagriwill be interfered by such neutrinos.
Therefore,og is affected by the presence of the PMF and neutrinos. In thideawe show that
by considering the effect of the PMF and neutrinosagrand comparing theoretically estimated
values forog with the observed range, we can obtain constraints on tremters of the PMF and
mass of the neutrino.

2. Modd

Since the trajectories of plasma particles are bent by linffences in a magnetic field, photons
are indirectly influenced by the magnetic field through Thomscattering. The energy density of
the magnetic field can be treated as a first order perturbaipamm a flat Friedmann-Robertson-
Walker (FRW) background metric. In the linear approximagithe magnetic field evolves as a stiff
source. Therefore, we can discard all back reactions freamthgnetohydrodynamic (MHD) fluid
onto the field itself. The conductivity of the primordial plaa is very large, so that the magnetic
field is "frozen-in" [6]. Furthermore, we can neglect theottie field, i.e.E ~ 0, and can decouple
the time evolution of the magnetic field from its spatial degence, i.eB(,x) = B(x)/a? for very
large scales , whera is the scale factor. We assume that the PMF is statisticallgdgeneous,
isotropic and random. For such a magnetic field, the fluatngtiower spectrum can be taken as a
power-lawS(k) =< B(k)B*(k) > k" [6] whereng is the power-law spectral index of the PMF.
The indexng can be either negative or positive depending upon the phlysiocesses of magnetic
field creation. From Ref. [6], a two-point correlation fuioct for the PMF can be defined by

(BB (K)) = U

20573 T () K®P(k)S(k—K), k<ke , (2.1)
A 2

whereP'l (k) = &'/ — % Here, B, is the magnetic comoving mean-field amplitude obtained by

smoothing over a Gaussian sphere of comoving ratljendk, = 211/A (A =1 Mpc in this paper).
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The cutoff wave numbeéic in the magnetic power spectrum is defined by [24],

5 BiLnBisfrdT"—V T<T
ks® (1) = { arprpy Jo AT, T < Taee (2.2)
ke

_nB(Tdec)a T > Tdec,

wherel, is the mean free path of photons, and. is the conformal time of the decoupling of
photons from baryons.

For this article we have constructed a numerical programME: Program for primordial
Magnetic Effects”, with which we can evaluate the PMF soy@eer spectrum using the numer-
ical method described in Refs. [14, 15, 25]. Using this, we gaantitatively evaluate the time
evolution of the cut off scale and thereby reliably caloaltite effects of the PMF.

We use an adiabatic initial conditions for the evolution ahyary density perturbations and
when estimating the CMB anisotropy in the presence of the RM&ix the best fit cosmological
parameters of the flat Universe CDM model[26] as giveh365.7,Q,=0.0523,Q.,=0.2627,ns=
0.95, 7c= 0.084, wheréh denotes the Hubble parameter in units of 100 krhipc1, Q, andQ,
are the baryon and cold dark matter densities in units of tiieal density,ns is the spectral index
of the primordial scalar fluctuations, amg is the optical depth for Compton scattering.

3. Resultsand Discussions

We can study the physical processes of density field flucnsitbn cosmological scales within
the linear regime to determings. Recentlyog has been constrained by observations [27, 28, 29,
30, 31] to be in the range. < og < 0.9. From this we can obtain strong constraint for the PMF
parameters by numerically calculatimg under the influence of PMF effects.

We expect that the discrepancy between theoretical essraid observational temperature
fluctuations of the CMB for higher multipolarity? > 1000) is solved by combining a PMF of
strength 2.0 nG&< |B, | < 3.0 nG and the SZ effects[15, 16]. In this casgderived by such a field
strength for the PMF is.07— 0.88. This is consistent with our assumed prior in the raogeas
0.7 < 03 < 0.9. Sincegs is affected by other cosmological paramet&dg, Qcpum, Ns, andAs, we
should consider the degeneracy between the PMF and otheotmgical parameters as mentioned
above. Fortunately, these cosmological parameters astredmed by recent CMB observations on
larger scales{(< 1000) [32, 33, 34], while, as it was shown in our previous b2 14, 15], the
effect of the PMF mainly affects the CMB anisotropies on denacales ¢ > 1000). Hence, we
expect that the degeneracy between the PMF parameters amdhr cosmological parameters
is small. For this reason in the present analysis we ardiggtin fixing the other cosmological
parameters at their best fit values.

Figure 1 shows the behavior of the PMF parameBgrand=m, for various constant values of
og as labeled. Since the PMF power spectrum dependg pRMF effects on density fluctuations
for small scales decrease with lower valuesrigr

The upper limit of mass of neutrinos is expected orders~00.1 eV[22, 23]. Neutrinos de-
crease matter density fluctuations[23], while the PMF iases matter density fluctuations[14].
Furthermore, the PMF of more than 1 nG faf, which is within ranges constrained by previous
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works[11, 12], effectively affects matter density flucioas(Fig. 1). Therefore, the mass of neu-
trinos constrained from matter density fluctuations in ad&stion of the PMF is larger than the
mass determined without including the PMF[23].

The expected parameters of the PMF from the CMB and magnelitsfin cluster of galaxies
are 2.0nGe B, <3.0nG andhg < —1.0[11, 12], and the value afg constrained by observations is
0.7< ogg <0.9 as mentioned above. In this case, the mass of neutricosstrained to

m, < 0.8eVfoN, = 3, (3.1)

which is larger than previous constrains on it because tleetedf the PMF cancels out the effect
of neutrinos on the density fluctuations.

If we constrain PMF parameters apg from the future cosmological observations, e.qg.
Quiet, Planck, SDSS, We will obtain not only the upper butltveer limits of the mass of the
neutrino from cosmology with the PMF.
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Figure 1: Curves of constant values fog in the parameter plane of PMF amplituBgvs. mass of neutrinos
>my (N, = 3). Thin-dotted-blue, thin-dashed-aqua, thin-green, lat@ld¢-green, bold-dashed-orange, and
bold-dotted-red curves show constant valueg£1.0, 0.9, 0.8, 0.7, 0.6 and 0.5, respectively. An aqua
region shows the allowed range for 2.0 a®, < 3.0nG, and a blue region shows the allowed range for 0.7
< 0g<0.9and 2.0 n& B, < 3.0nG.
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