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Primordial magnetic fields lead to non-Gaussian signalkeérnGosmic Microwave Background (CMB) even
at the lowest order, as magnetic stresses, and the temygesatisotropy they induce, depend quadratically on
the magnetic field. In contrast, CMB non-Gaussianity duenfaiionary scalar perturbations arise only as a
higher order effect. We propose here a novel probe of sttichasmordial magnetic fields that exploits the
characteristic CMB non-Gaussianity that they induce. Intipalar, we compute the CMB bispectrut (i, )
induced by stochastic primordial fields on large angulatescaWe find a typical value dfi (11 + 1)is(l3 +
1)b1112l3 ~ 10722, for magnetic fields of strengtBy ~ 3 nano Gauss and with a nearly scale invariant
magnetic spectrum. Current observational limits on thedmgrum allow us to set upper limits d8y ~ 35
nano Gauss, which can be improved by including other maggibtinduced contributions to the bispectrum.

PACS numbers: 98.62.En, 98.70.Vc, 98.80.Cq, 98.80.Jk

Magnetic fields are ubiquitous in the universe but their ori-even at the lowest order. This will naturally lead to non-
gin and evolution is still not fully understood. A popular Gaussianity in the CMB anisotropies induced by primordial
paradigm is that the observed magnetic fields result from théelds. Thus bounds on CMB non-Gaussianity can strongly
dynamo amplification of small seed fields. Astrophysical dy-constrain primordial magnetic fields, or lead to their detec
namos have been extensively studigd [1] but are not withtion.
out their difficulties. Another interesting alternativetisat The CMB bispectrum or the 3-point function of the CMB
the observed large-scale magnetic fields have their origin ianisotropies, if non-zero, provides an important and usefu
the early Universe, arising perhaps during inflation or someharacterization of CMB non-Gaussianity. It contains more
other phase transition![2]. If a primordial magnetic fieldtwi information, for example, than the single point probapitiis-

a present-day strength of a few nano Gauss is generated fribution function (PDF). We compute here the simplest con-
the early universe, it would strongly affect the tempemtur tribution to the CMB bispectrum, namely that due to the mag-
and polarization anisotropies of the Cosmic Microwave Back netically induced Sachs-Wolfe type effects.

ground Radiation. Such anisotropies arise both due to met- The magnetic field is assumed to be a Gaussian random
ric perturbations induced by magnetic stresses as welligs flufield. On galactic scales and above, any velocity induced by
motions due to the Lorentz force [3, 4, 5]. We study here d_orentz forces is generally so small that it does not lead to
new probe of primordial magnetic fields, namely, the possibl appreciable distortion of the initial field![7]. So, the magjn
non-Gaussian signals they induce in the CMB. field simply redshifts away aB(x,t) = bg(x)/a?, where,

Previous work on non-Gaussian signals from a cosmolog]-OO is the magnetic field at the present epoch (i.e: &t 0 or

ical magnetic field has focused on a homogeneous magnetfc . ) . . oo
field [6]. Such a field can result in correlations breaking-spa The magnehcally_mduce_d Sa_chs-WoIfe type cqntrlbqtlon to
tial isotropy and also possibly result in north-south atrisoy the temperature anisotropies givenlin([8, 9], which ariges o
on the CMB sky. We focus here on stochastic primordial ﬁeldéarge-angular scales, can be expressed as,

which are statistically isotropic and homogeneous, and con AT
sider the non-Gaussian signals they induce. T

Non-Gaussianity of the temperature anisotropy of the CMBHereQ 5(x) = B?(x,t)/(87p,(t)) = bi(x)/(87po), Where
has recently aroused considerable interest in the contexto p,(¢) and py are respectively the CMB energy densities at
flationary models. In such models, linearized quantum fluctutimest and at the present epoch. (Note that &€/7T" given
ations of the inflaton on sub-Hubble scales lead eventually tabove is obtained for on large-angular scales, just as thed us
classical long wavelength curvature perturbations. Thesca Sachs-Wolfe effect.) Refl [8] gives an analytic estinfRte-
sian statistics of the initial quantum fluctuations lead tu& R, /20 as the Sachs-Wolfe contribution, whelg ~ 0.6 is
sian statistics for the curvature perturbations and thedad  the fractional contribution of radiation energy densityéods
CMB anisotropies. Non-Gaussianity can come in these modthe total energy density of the relativistic component tikerr,
els only through higher order effects. The magnetic steessethe unit vectom gives the direction of observation ardd*
on the other hand, depend quadratically on the field. Hences the (angular diameter) distance to the surface of lagt sca
even for the field with Gaussian probability distributiohet ter. We have assumed an instantaneous recombination which
magnetic stresses have necessarily a non-Gaussian @naraés a good approximation for large angular scales. Note that

(n) =R Qp(xg —nD"). 1)
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there could also be additional integrated Sachs-Wolfe jISWon a vector denotes its unit vector. This result has also been

contributions toR [8]. obtained in Ref.[[10].

The temperature fluctuations can be expressed in Wwe calculate the bispectrum in two limits: (i) the ‘equilat-
terms of the spherical harmonics to givT'(n)/T" =  eral case for which the thrdgs are equal, and, (ii) the ‘local
> i @mYim(n), where isosceles’ case for which = I3 > ;. In the former case,

5 the presence of,_(k;D*) in Eq. (2), predominantly picks out
Al = 4”-11 / &k R Qp(k) (kDY (k).  (2) cqnfigurations in wave-number space, in fhg bispgctrum,
¢ (2m) with all the k’s are almost equal. In the latter case, it picks out
configurations irk values withky ~ k3 > k.

The mode coupling integral can be usefully approximated
in these two limits following methods discussed in earlier
works [4,/5]. In case (i), whek; = ko = k3, we split the
bo(x). o s-integral into the sub-rang@s< s < k; ands > k1. Ineach

A measure of non-Gaussianity in the CMB temperaturé,¢ \hage sub-ranges we approximate the mode-coupling inte-
anisotropy is its 3-point correlation function and is cdltee grand in EqLY by assuming that< k; ands > ki, respec-

. m,m,m 1 gt .
blspectrumBllllzl; *. Interms of thew;y,'s it is given by, tively. Similarly, in the second case, whén = k3 > ki,
the s-integral is now split into sub-ranges, < s < ki,

HereQp (k) is the Fourier transform d2 5 (x). SinceQp(x)
is quadratic irby (x), we haveQp (k) = oy [ d*s bi(k +
$)bi(s)/(8mpo), where nowb; (k) is the Fourier transform of

m.,m.,m
Lty =< Glhmy Qlamy Algmg > - () % < s < ks ands > ks, and again in each of these sub-
e ranges, we approximate the mode coupling integrand ilEq. 7
From Eq[2 we can expred3 |, *"* as by assuming that < ki, k1 < s < ks ands > ks,
respectively. We also restrict ourselves to spectral eslic
3
d3k; . -3 < n < —=3/2. In fact blue spectra are strongly con-
mymymg 3 N\ T . * *
311112132 *=R / [H(_Z) 272 Ju, (k. D) Y, (k)| Cuag strained by a number of observations, particularly the igrav
=1

(4) tational wave limits of Ref..[11]. For numerical estimates w
will focus on nearly scale invariant spectra, thahis—» —3.

with ¢, ,., defined as, )
; For case (i) we then get

<123 =< QB(kl)QB(k2)QB(k2) > (5)
The magnetic field itself is assumed to be non-helical and AN 7 (n+3)2(7—n) [k 2n+3 ks \ ™
to have a Gaussian probability distribution. Hence it is eom Y123 = (g) [ YIS T (—> <—) V3,
e . & (In+1J) kg ka
pletely specified by its energy power spectrum sdyk). (8)

This spectrum is defined by the relatien b;(k)b%(q) >=
(271')35(1( — q)Pz] (k)M(k), WherePZ-j (k) = (513 —kzkj/kQ)
is the projection operator ensuring - b = 0. This gives
< b3 >=2 [(dk/k)A3(k), whereA? (k) = kM (k) /(2r) NS T ()2 g N2
is the power per logarithmic interval inspace residinginthe . — (_) W_M <_1> (_3) VS, (9)
stochastic magnetic field. 3) kg |2n+3] \k¢ ka

As in [E], we assume a power-law magnetic spectra,
M(k) = Ak" that has a cutoff ak = k., wherek. is the Here we have defineldy,, the Alfvén velocity in the radiation
Alfvén-wave damping length-scale [7]. We fikby demand- €raas
ing that the variance of the magnetic field smoothed over a

while for case (ii) we have

‘galactic’ scalekg = 1hMpc ™, (using a sharg-space fil- Vi = __ B0 ~3.8%x 10 *B_o, (10)
ter) is By. This gives, (fom > —3 and fork < k.) (167po/3)1/2
KM(k) B2 kP i = ~9Causs).
A2(k) = 2{ ) _ 56 (4 3) (_) ) with B_g = (By/10~°Gauss) o
27 2 ka We now express the delta function in its integral form

. §(k) = (1/(2m)3) [ d*zexp(ik - ), use the spherical wave
The 3-point correlation function of2z(k) involves a6-  expansion of the exponential terms, substitute it into By. (
point correlation function of the fields. A long but tedious and integrate over the angular parts(&f, ks, ks, z). This
calculation giveg,,, = (k1 + k2 + k3) ,,,, Where algebra is very similar to what is done for calculating the
1 primordial bispectrum/[12]. After this algebra we can write
T /d3sM(|k1+s|)M(s)M(|s—k3|)F. (7)  the bispectrumB,”} =™, in terms of a reduced bispectrum
bll Ll as

7/)123 =

HereF:a2+ﬁ2+72—aﬂ'}/Witha:(§-s/—|—\kl), -
B=(3-5—ks) andy = (k1 + s - s — k3), where the hat BT = G 3, b, (11)
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where relative strengths of the bispectrum for the equilateral an
3 local case has its origin in the ratio @fj»3 for these two
b = (_) /(EQd(E cases. It can indeed be seen from equatidns 8[&nd 9 that
re us w123(local) = w123(equil) (96 | n+1 |)/(| 2n +3 | (7 - TL))
3 which forn ~ —3 comes out to be- 6.4v193(cquit)-
X 1_[/14;%1@Z gi, (k) g, (k,D*) ¥, (12) These values for the reduced bispectrum, should be com-
' pared with avalué, (11 +1)l3(l3 +1)bi, 1,1, ~ 4% 1078 fnr
at large angular scales, which arises due to nonlinear terms
the gravitational potential, characterized Jiy; (cf. [13]).
1L, Thus the magnetically induced n_on—Ga_ussian _signal, due to
My My My /dQ Yisma Yiams Yigms - (13)  the purely Sachs-Wolfe effect (witR as in [8]), is a factor
of about a few timeg0* smaller than the standard signal pre-
For case (i), we substitute EJ (8) into Elg.](12) for the re-dicted in inflationary models withfx;, ~ 1. Conversely if
duced bispectrum. Similarly for case (ii) we substitute@). observations constrai(ly +1)l3(I3+1)by 1,1, < 4x10719,
into Eq. [12). The integrals ovés can be immediately done assumingfy;, < 100 (for example say from WMAP exper|-
using [ k3dkaji, (k2x)ji, (ko D*) = (7/22%)6(x — D*),and  ment [14) 15]), then we have a limit &, < 35 nano Gauss
the delta function makes theintegral trivial. We are thenleft on the strength of any primordial field with a nearly scale in-
with integrals ovek; andks given by variant spectrum. Stronger limits would be obtained if we
were to use potentially larger contributions from the ISW ef

r (R\® dks o [ K3 fect.
buit, = 3 (P) Vi l/ &y , (kaD%) (E) ] We note that thé; dependence for the standard primor-
i i 2(n+3) dial contribution to the bispectrum on large angular scéitas
" [/ T 00 (52

and we have introduced the Gaunt integral

C(n). (14) scale invariant potential perturbations) is the same asiha
get here, in both cases (i) and (ii), for magnetically indlice
Sachs-Wolfe effect (for scale-invariant magnetic spécth

Here for case (i) [12,13]). Thatis in all these caségy + 1)ls(ls + 1)by, 1,1,
4 ) is independent of's (see Eq. (17) and (18) and Ref. [13])
C(n) = <§> m' (n+3)%(7—n) (15)  Thus the bounds oyiv, got from searching the WMAP data
3) 2 (n+1]) for the standard ‘local’ non-Gaussianity are indeed ustful

set constraints oB,. The WMAP limits use the much larger
range ofl values than the range for which the SW contribu-
16\ 3 ( 2 tion is important. However the limit oB, depends only very
_ 7(n+3) 1/6
C(n) = (g) ™ onta (16)  weakly (By o f1/) on the exact observational limit ofi .
Thus our limits onBo are expected to be reasonably robust.
Note that for anyn we can evaluate the integral in EG{14) A systematic, statistical study of limits 0B, from the
analytically in terms of Gamma functions. For power law CMB power spectrum alone, taking account of all the avail-
spectra, the form of the integrals is the same as the usu&ble data and comparing with the sum of scalar, vector and
Sachs-Wolfe term. We focus on the nearly scale invariantensor modes of the magnetically induced signals, although
case,n ~ —3. Such magnetic spectra are expected to arisghallenging, would be of great interest. Present works deal
in inflationary models for primordial magnetic field genera-with only a subset of the data or the signals: In typical medel
tion that we assume here [2]. Further, let us first consideg field By ~ 3 nG for scale invariant spectra, are not excluded
the purely Sachs-Wolfe contribution as [ [8], which givesby any current CMB data (cf. [3. 4/ 5| 9] and the reviews
R = R, /20 ~ 0.03. For the equilateral case we then have  [1€]), while By ~ 10 nG would seem to be excluded. In this
paper we have attempted to probe stochastic primordial mag-
n+3\2/B_o\° netic fields, arising from SW effect. The present constraint
0.2 ) (T) on B, derived above from the non-Gaussianity limits arises
(17)  fromthe magnetically induced SW contribution to the bispec
while for the local-isosceles case we get trum. Although the SW contribution above is weaker than
that expected from inflationary contribution, it is of intst as
n+3\°/B_y\° this is a novel probe of stochastic primordial magnetic field
W) (T) " This is of value for setting the stage for calculating the ful
(18)  contribution by including vector as well tensor modes. Vec-
Including an ISW contribution can lead to larger signals. Wetor modes are expected to contribute on small angular scales
remark that forn ~ —3, the numerical values df (I; + (largel). Tensor modes could contribute over the same range
Dis(ls + 1)b111213 is higher for the local isosceles case by of [-values considered here. Adding these contributions is ex-
a factor~ 6.4, compared to the the equilateral case. Thepected to lead to stronger limits dBy from limits on CMB

where as for case (ii)

ll(ll+1)13(l3+1)b111213 ~2.3x10723 (

ll(ll+1)l3(l3+1)blll2l3 ~ 1.5x10722 (
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