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The origin of the 4G magnetic fields observed in galaxies is unknown. One promising scenario is that
magnetic fields generated during inflation, larger than 0.1 nG on Mpc scales, were adiabatically
compressed to uG strengths in galaxies during structure formation. Thus, detecting a scale-invariant
primordial magnetic field (PMF) above 0.1 nG on Mpc scales just after recombination would indicate an
inflationary origin of galactic magnetic fields. This would also provide compelling evidence that inflation
occurred since only an inflationary mechanism could generate such a strong, scale-invariant magnetic field
on Mpc scales. In contrast, constraining the scale-invariant PMF strength to be below 0.1 nG would imply
an inflationary scenario is not the primary origin, since such weak PMFs cannot be amplified enough via
adiabatic compression to produce the strength of the galactic fields we observe today. We find that
measurements of anisotropic birefringence by future CMB surveys will be able to improve the sensitivity to
Mpc-scale inflationary PMFs by an order of magnitude, and, in particular, that CMB-HD would lower the
upper bound to 0.072 nG at the 95% C.L., which is below the critical 0.1 nG threshold for ruling out a
purely inflationary origin. If inflationary PMFs exist, we find that a CMB-HD survey would be able to

detect them with about 3¢ significance or higher, providing evidence for inflation itself.
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I. INTRODUCTION

Magnetic fields observed in galaxies today are of order
G, and their origin is an outstanding unsolved problem in
astrophysics [1,2]. It is believed that these magnetic fields
can originate in either of three processes: (i) during
inflation or related processes such as reheating or preheat-
ing, (i) during early Universe phase transitions, e.g., the
electroweak (EW) or quantum chromodynamics (QCD)
phase transitions, or (iii) from weak seed fields or local
plasma mechanisms in galaxies which are amplified by
galactic dynamo processes [3]. The first two options above
comprise the primordial origin scenario, and the magnetic
fields generated in this way are called primordial magnetic
fields (PMFs) [4]. In this scenario, Mpc-scale magnetic
fields of order nG at the time of recombination are
adiabatically compressed during the process of structure
formation to uG strengths today in kpc-scale galaxies. A
feature in favor of the PMF scenario is that it can explain
the observed presence of weak magnetic fields today, of at
least 10~ nG on Mpc scales, outside of galaxies as well as
in the empty voids between galaxy clusters [5-7]. Given
that these weak fields are observed to be relatively uniform,
irrespective of galaxy proximity, generating these fields
with a galactic dynamo scenario is challenging.

PMFs can be generated during inflation from the
amplification of quantum vacuum fluctuations. Note that

2470-0010,/2022,/105(6)/063537(7)

063537-1

by inflation we are referring to any process that involves the
shrinking of the comoving Hubble horizon before the onset
of the standard cosmological phase of the Universe, and we
are agnostic with regards to the microphysics that causes
this phase which can be produced via a number of
mechanisms [8—17]. The rapid stretching of the magnetic
field due to the exponential expansion of the Universe is a
natural way to explain the large correlation scales (~Mpc)
of the magnetic fields observed today [1,18]. PMFs
generated during inflation have a scale-invariant (or a
nearly scale-invariant) spectrum. To generate the magnetic
fields observed today via the inflation scenario, the electro-
magnetic fields must be coupled to other fields in a way that
slows down its energy density dilution during the infla-
tionary expansion; these can be couplings with the inflaton
field responsible for inflation, some other scalar field in
operation at that time, or the curvature of the spacetime (see
Ref. [4] for a detailed review).

PMFs can also be generated from phase transitions in the
early Universe, and there are two phase transitions of
interest: the EW which occurred when the Universe had a
temperature of about 7' ~ 100 GeV, and the QCD which
happened around 7' ~ 150 MeV. Magnetic fields generated
via this process are causal, and their correlation length is
limited by the Hubble radius at the time of generation. In
addition, the PMF generation mechanisms need to have
very strong first-order phase transitions that can generate
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significant turbulence in the primordial plasma, amplifying
the fields [19,20]. Within the standard model of particle
physics, however, these transitions are crossovers (i.e.,
smooth transitions) rather than being of the first order (i.e.,
involving discontinuities) [21,22]. Much research has been
devoted to extending the standard model in a way that
allows for first-order phase transitions [23-25], but there is
no evidence so far to favor these models. Thus the infla-
tionary scenario is a more natural way to produce PMFs.

Detecting scale-invariant PMFs above ~0.1 nG on Mpc
scales just after recombination would indicate that the seed
magnetic fields responsible for the 4G magnetic fields we
see in galaxies have an inflationary origin [26-28]. The uG
field would arise due to conservation of magnetic flux
during adiabatic compression, which necessitates that the
magnetic field increase inversely with the square of the size
of the system [26], i.e., 0.1 nG = 1 uG(10 kpc/1 Mpc)?,
where 10 kpc is a conservative lower limit for the radius of
baryonic matter in galaxies. Moreover, PMFs from early
Universe phase transitions would not be scale invariant.
Such a detection would also be compelling evidence that
inflation in fact occurred, since only an inflationary
mechanism could generate such a strong, scale-invariant
magnetic field on Mpc scales [2,29]. If scale-invariant
PMFs are constrained to be below 0.1 nG on Mpc scales
just after recombination, then the inflationary scenario can
be ruled out as the primary source of magnetic fields in
galaxies. This is because such weak PMFs cannot be
amplified enough during adiabatic compression to produce
the strength of the fields we observe today.

We can constrain the strength of PMFs on Mpc scales by
looking for their imprints on the cosmic microwave back-
ground (CMB) [30]. PMFs are imprinted on the CMB in at
least two ways. (i) PMFs induce perturbations in the
spacetime metric, as well as a Lorentz force on the ions
in the primordial plasma prior to recombination; these
induce temperature and polarization anisotropies in the
CMB [29,31-34], which can be probed by CMB power
spectra measurements. In addition, (ii)) PMFs present just
after recombination rotate the polarization of CMB pho-
tons, causing anisotropic birefringence [35-37]; this is also
referred to as Faraday rotation in the literature. Since
the impact of PMFs on the CMB power spectra scales
as the fourth power of the magnetic field strength, while the
impact on anisotropic birefringence scales as the square of
the magnetic field strength [2,29], as future CMB surveys
improve their sensitivity, we expect to obtain tighter bounds
on the PMF strength from CMB anisotropic birefringence,
as opposed to CMB temperature and polarization spectra.

It has been suggested that PMFs present prior to
recombination may generate small-scale baryonic clump-
ing [38,39], which may alter the large-scale CMB anisot-
ropies and interestingly may relieve the Hubble tension
[40-42]. We note that the prediction of baryon clumps due
to the presence of PMFs depends on the details of the

magnetohydrodynamic (MHD) simulation used [39].
Birefringence measurements provide a way to constrain
PMFs in a simulation-independent way.

In this paper, we forecast constraints on the strength of a
scale-invariant PMF from the measurement of anisotropic
birefringence expected from the SO [43], CMB-S4 [44],
and CMB-HD [45,46] surveys. We use a realistic power
spectrum of inflationary PMFs that incorporates the effect
of magnetohydrodynamic turbulence in the primordial
plasma prior to recombination, and is scale-invariant at
large scales. This realistic PMF spectrum tightens con-
straints compared to the traditionally used spectrum of prior
works [36,47,48].

Throughout this work, we use natural units, setting
h = ¢ = kg = 1; we also set the permeability of free space
to unity, i.e., 4y = 1, and thereby express all electromag-
netic quantities in Lorentz-Heaviside units.

II. ANISOTROPIC BIREFRINGENCE FROM PMFs

The presence of PMFs in the Universe induces aniso-
tropic birefringence of the plane of polarization of the CMB
[35-37,49]. The anisotropic birefringence also converts E
modes of the CMB into B modes, and induces cross
correlations among the E, B, and 7 modes [49-51]. The
observed rotation angle « along a given direction, fi, to the
CMB is given in terms of the comoving magnetic field
B(x) by

a(f) = — /”"dn%(n)B(x)-ﬁ, (1)

167t2v%q e

where x is the comoving position, ¢ is the electron charge,
agm = ¢° is the fine-structure constant, v, is the frequency
of observation, and 7 = x,n,07a is the differential optical
depth along the line of sight. In addition, a is the scale
factor of the Universe, o7 = 8zagy,/3m? is the Thomson
scattering cross section, m, is the electron mass, and the
inhomogeneities in 7 have been neglected. Here, # is the
conformal time, defined in terms of the physical time ¢ as
dn = dt/a, and the comoving magnetic field B is defined
in terms of the physical magnetic field By as
B = Bphysaz. We note that the rotation angle depends on

the observed frequency as a « vy 2. In Eq. (1), #4e. denotes
the time of photon decoupling, while 7, signifies the
present time.

We assume the magnetic field B(x) to be a Gaussian
random field in three dimensions. Thus information about
the energy and helicity of the magnetic field is encapsulated
in the two-point correlation function. We define
B(k) = [d’xe™*B(x), and write
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where Pg(k) and Py(k) are the symmetric and antisym-
metric parts of the magnetic field power spectrum respec-
tively. We are interested in the former quantity Pg(k),
which is related to the energy density in the magnetic fields;
the other term, Py (k), encodes the amount of magnetic
helicity and does not contribute to birefringence [36,49].
The magnetic field power spectrum from PMFs is tradi-
tionally written as

PB(k) — ABk”B’ k S kD (3)
for some damping scale kp, above which wavenumber the
spectrum cuts off because of small-scale viscous dissipation
of the magnetic energy [2,36]. For inflationary PMFs,
which are scale invariant on large scales, the PMF power-
law index is nz = —3.

We define B; as the PMF strength smoothed over a
region of comoving size 4 with a Gaussian kernel such that
B} = [ dkk2e™ % Py(k) /%
then be expressed as

The PMF spectrum can

(27)tS B2 f

Py(k) = 5 K
B( ) 2 F(nBTH)k;’R

k<kp, (4)

where k; =2xz/4 is the smoothing-scale wave number.
Based on the results of numerical simulations, the damping
scale kp can be expressed as [52-54]
ng+3
)"

k ng+5 B -2 k
D_ 229 x 104 —— L
Mpc 107 G Mpc
(5)

From this, the damping length scale, 1/kp, for 1 nG
PMFs on Mpc scales, is much smaller than the Silk
damping scale (i.e., the thickness of the last scattering
surface). However, magnetic field components with
characteristic wavelengths smaller than the thickness of
the last scattering surface will generate polarization
rotation at different optical depths; these rotations will
nearly cancel one another, resulting in negligible net
rotation [36]. Thus, we set a value of kp =2 Mpc‘l,
which is approximately the Silk damping scale. We set A
to 1 Mpc since we are interested in constraining the PMF
strength on these scales; we will henceforth refer to
B A=1 Mpc as B.

We follow Refs. [36,51] to construct a two-point
correlation function of the rotation angle, which can be
expressed in terms of the PMF power spectrum as

21+ 1
12871'5 qzuf‘) Z

x [ aury (k) (%) . (6)

(a(f)a(d)) ~

1)P;(fh - 1)

The power spectrum C7* corresponding to this correla-
tion function, defined as (a(f)a(i’))=>,(21+1)x
C?*P,(fi - n')/4z, can be written from Eqs. (4) and (6) as

9l(l + B? Mpc) 7513 Xp )
C =~ ( 3 2>4 3 P X/ dxx"s j}(x),
(47) g vy T (") \ o 0

(7)

where x;, = kpn, and we assume np is a constant over all k
scales of interest. From C7* above, the amplitude of
anisotropic birefringence, A,, is given by

1)Ce B2
M x—. (8)

A
“ 27 vy

We highlight that the frequency dependence shown in
Eq. (8) is unique to the birefringence signal caused by
magnetic fields, helping to distinguish it from other sources
of cosmic birefringence, including primordial gravitational
waves [55], Lorentz- and parity-violating physics [56], and
pseudoscalar fields coupled to electromagnetism [57,58].
We also note that since the PMF is a Gaussian random field
with zero mean, i.e., (B(x)) = 0, we can see from Eq. (1)
that the isotropic birefringence vanishes, i.e., (a(fi)) = 0.

For a scale-invariant PMF spectrum, A, will be inde-
pendent of / in the multipole region of interest. However,
A, depends on the frequency of observation. Since the
theoretically calculated A, is frequency dependent, and
CMB surveys generally observe at more than one fre-
quency, we can construct an effective frequency, v, based
on the frequency channels of the survey, at which to
calculate the predicted A,. Motivated by the v 4 depend-
ence of A,, we can construct an effective frequency Vege for
a two-frequency survey as

1 1/1 1
(=42, 9
Ver 2 <V‘1‘ i V‘i}) ©)

where v and v, are the two frequency channels for the
given experiment. This is equivalent to measuring A, at the
two frequency channels, and taking an arithmetic mean of
the measurements, i.e.,

A + A B> B B?
a,measured — % X I/_‘l‘ + V_g 4ff ’ (10)
Ve

A

under the assumption that the noise levels for the two
frequency channels are equal. Since CMB surveys usually
have the most weight in the 90 and 150 GHz channels, we
find an effective frequency of v = 103.8 GHz.

A. Effect of realistic PMF spectrum

To account for the effect of MHD turbulence on PMFs,
we modify the spectrum in Eq. (3) as
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FIG. 1. The power spectrum Pg(k) of inflationary PMFs used

in calculating the rotation spectra of anisotropic birefringence.
The black line shows the traditional spectrum of Eq. (3), while the
red line shows the more realistic spectrum of Eq. (11) used in this
work. We have set k;, = 2 Mpc™!, and assumed a value of k; =
kp/100 [59]. The y axis is in dimensionless units where the
energy spectrum is normalized with the initial energy density in
magnetic fields.

Ak 0 <k <k,

Pk) = 1
5(k) {Azk’“’ k; <k < kp, (1)

where np and kj, are as above, and ny is the spectral index
in the region k; < k < kj where turbulence impacts the
magnetic field. Turbulence, in general, yields a
Kolmogorov spectrum of ny = —11/3. Here A; and A,
are related by the continuity condition A, = A k;*™".
Figure 1 shows the realistic spectrum in comparison to
the traditional PMF spectrum in Eq. (3).

In terms of the smoothed magnetic field B = B)_; vy,
we can write the new rotation spectrum as

+ / dx <xﬁl> v ﬁ@)}, (12)

with xp, as before, x; = k;7,, and X defined in terms of the
lower incomplete gamma function y(s,y),

y (22, 2263)
(Aky)"e

(nr+3 /12](2 )
(Akp)"r

. /2 245)

(13)

The realistic power spectrum of PMFs leads to a redis-
tribution of magnetic energy at large scales, leading to a
larger C7* compared to that for the traditional spectrum for
a given B strength, and consequently a tighter bound on B
from A, measurements.

ITI. BIREFRINGENCE FORECASTS

A. Reconstruction of anisotropic birefringence

Anisotropic birefringence can be reconstructed by using
the fact that the anisotropic polarization rotation angle,
a(i), mixes CMB E and B modes of different scales,
leading to nonzero expectation values in the off-diagonal
(I,m #1I',—m') elements of the CMB covariance. Cross
correlating different angular scales of £ and B modes, we
can reconstruct the anisotropies of the cosmic birefringence
signal (see e.g., Refs. [60-62]).

Here, we describe how we compute the reconstruction
noise spectrum of the anisotropic birefringence and con-
straints on A,. We utilize an efficient algorithm to compute
the curved sky reconstruction noise spectrum given by
Eq. (A6) of Ref. [63], which requires the CMB polarization
noise spectra. For the CMB-HD experiment [46], we
assume a polarization white noise level of 0.7 uK’ which
is close to the noise level when combining the 90 and
150 GHz channels. We assume a 0.4’ Gaussian beam,
observed sky fraction of fg, = 0.5, and 90% removal of
the lensing B modes. For comparison, we also consider the
Simons Observatory (SO) [43] and CMB-S4 [44]. For SO,
we consider the small aperture telescope and 3 uK'’ white
noise in polarization, 17" Gaussian beam, Sy = 0.1, and
70% removal of the lensing B modes. For CMB-S4, we
consider the wide-area survey and assume a white noise in
polarization of 2 uK’, a 2" Gaussian beam, f, = 0.5, and
85% removal of the lensing B modes. We use CMB
multipoles within 100 < [ < 5000, since there is almost
no improvement in the reconstruction noise level by further
broadening this multipole range. The minimum multipole
of the reconstructed birefringence spectrum is [ = 2.

We compute 6(A,) from (see e.g., Ref. [48])

204 1 (Cyehdy?
Zfsky N(m)Z ’ (14)

TABLE I. Constraints on the amplitude of anisotropic birefrin-
gence, A,, and the corresponding scale-invariant PMF strength,
Bg;, obtained from expected measurements of future CMB
surveys. These constraints assume delensing (see text for details).
The 1o uncertainties shown here assume a realistic PMF power
spectrum. For a traditional PMF power spectrum, these 68% C.L.
constraints become 0.53, 0.16, and 0.042 nG for SO, CMB-S4,
and CMB-HD, respectively. The last row shows the detection
significance (i.e., SNR = signal-to-noise ratio) for a scale-
invariant PMF of strength 0.1 nG for each experiment.

SO CMB-S4 CMB-HD
c(A,) (deg?) 24x107% 65x10° 1.4x107°
o(Bg;) (nG) 0.47 0.08 0.036
SNR for Bg; = 0.1 nG 0.2 1.25 3
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where C7*™ = 27/1(1 4 1) and N9 is the reconstruction
noise spectrum. Table I shows our forecasted o(A,)
constraints for each experiment. The current best upper
bound on the scale-invariant anisotropic birefringence
comes from ACTPol [63] and SPTpol [64] which roughly
corresponds to ~10 nG, while the tightest constraint on the
PMF comes from the CMB power spectrum [48,65,66].
However, we find that CMB-HD can improve the current
bound on the anisotropic birefringence by roughly 4 orders
of magnitude and will constrain the PMF much better than
the CMB power spectrum in the future.

B. Subtracting birefringence from the Milky Way

Magnetic fields in the Milky Way Galaxy can also
lead to anisotropic birefringence of the CMB of order
A, ~ 107 deg?, comparable to that expected from a
O(0.1 nG) PMF at Mpc scales [47,48,67]. Thus, in order
to lower the bound on PMFs below 0.1 nG, one would need
to subtract the anisotropic birefringence due to the
Milky Way. To do this, one can use an independent
measurement of the Galaxy-induced anisotropic birefrin-
gence obtained from measuring the polarization angle
rotation, a(fi), of extragalactic radio sources distributed
over the sky. Since this rotation is frequency dependent,
one can measure the polarization angle for each radio
source at multiple frequencies to isolate the amount of
angle rotation. This has been done for about 40000
extragalactic radio sources, taken from a compilation of
catalogs including the NRAO VLA Sky Survey [68]. From
this, a map of the frequency-independent rotation measure,
RM = v3a(fi) of the Milky Way was obtained, where a(f)
was measured for frequencies within the v, € (1,12) GHz
range [47,67]. It was found that the RM spectrum for the
Milky Way is nearly scale invariant, i.e., /(I + 1)CfM o
17017 for 1 <200, where Ay, = I(l + 1)CfM /27 ~ Ajy
and

A 2
A, =2363 x 1077 (ﬁ) deg?, (15)

at an effective observation frequency of v = 103.8 GHz.

The uncertainty in Ag,, arises both from sample
variance and the uncertainty in the individual RM mea-
surements of the radio sources. Figure 3 of Ref. [47] shows
the RM spectrum induced by the Milky Way, and shows
that for the cleanest 40% of the sky, the Galactic RM
contribution is roughly A, , ~ 70/~ (rad/m?)?, with an
associated error of roughly o, ~0.7A%, - Since the

amplitude Agy is related to the magnitude of the scale-
invariant magnetic field as Ay = 68 rad/m?(Bg;/1 nG),
a measurement of Agy; &~ v/70rad/m? ~ 8 rad/m? from the
Galaxy corresponds to an effective Galactic magnetic field
of Bgig~ 0.12 nG on Mpc scales.

Given our estimate of 042 » and neglecting the covari-
RM,

ance in the errors shown in Fig. 3 of Ref. [47], the signal-to-
noise ratio for the detection of the scale-invariant
Milky Way-induced ARy, is

S\? (Ajm)? (70170172
—) = =N L ~06%
(3) — T -y

! AéM,/ l

(16)

This value of the signal-to-noise ratio is likely opti-
mistic, as it ignores the covariance of the errors bars.
However, even if we conservatively consider a signal-to-
noise ratio of 10, one can detect Agyg With an
uncertainty of about 0.4 rad/m> and the effective
Galactic magnetic field on Mpc scales with an uncer-
tainty of op , ~0.006 nG. This current uncertainty is
subdominant to the oz, shown in Table I from future
CMB surveys, which suggests that anisotropic birefrin-
gence from the Galaxy can be subtracted. Moreover,
future CMB surveys will detect many more extragalactic
radio sources, and the error on the Galactic rotation
contribution will only improve.

In principle, non-Gaussian polarized synchrotron and
dust emission from the Milky Way could also contaminate
a measured birefringence spectrum. This can be mitigated
by removing multipoles below / = 100, as is done for the
forecasts here, as well as exploiting the full frequency range
of upcoming CMB experiments. We leave detailed inves-
tigation of this to future work.

IV. DISCUSSION

In Fig. 2, we show our forecasted 95% C.L. upper
limits on the strength of scale-invariant PMFs, here
denoted by Bg;, from measurements of anisotropic
birefringence for the CMB-S4 and CMB-HD experi-
ments. We also show the current 95% C.L. upper bound
on Bg; of 1.2 nG obtained from combining the TT, EE,
and TE spectra from Planck data and the BB spectrum
from SPT [48]. We see that anisotropic birefringence
measurements from CMB-S4 will tighten the bound on B
to 0.16 nG at 95% C.L., while that from CMB-HD will
tighten it further to 0.072 nG at 95% C.L. (see Table I).
We note that the forecasted upper bound for CMB-HD
lies below the 0.1 nG boundary that distinguishes
between inflationary and dynamo origins of the galactic
magnetic fields. If PMFs at the Mpc scale are ruled out
above 0.1 nG, then we can rule out the inflationary
scenario as the primary explanation for galactic magnetic
fields. Moreover, a detection of PMFs in the shaded
green region of Fig. 2 would suggest a galactic dynamo
origin of galactic magnetic fields. On the other hand, if
Bg; is detected to be above 0.1 nG, then it will be
compelling evidence that galactic magnetic fields have an
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Origin of magnetic fields in galaxies must

be from inflation if measure signal in this region.

Joint Planck 2015 + SPT 2015 (95% CL upper bound)

10%F
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Magnetic Field Strength for
Scale—Invariant PMF Spectrum [nG]
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FIG. 2. Forecasted 95% upper bounds on the strength of scale-invariant PMFs, Bg;, from measurements of the amplitude of
anisotropic birefringence A,, for CMB-S4 (thin-dashed) and CMB-HD (thick-dashed lines). The dotted black line denotes the current
95% C.L. upper bound on Bg; from a joint Planck and SPT analysis of CMB temperature and polarization spectra [65,66]. If By is
detected above 0.1 nG, then the origin of magnetic fields in galaxies must be from inflation; this would also be evidence for inflation
itself. If Bg; is detected below 0.1 nG, then the origin of magnetic fields in galaxies must be from galactic dynamo processes. An upper
limit below 0.1 nG would rule out an inflationary origin of galactic magnetic fields. A nondetection below 0.1 nG could still allow for

galactic dynamo or electroweak phase transition mechanisms.

inflationary origin, and that inflation in fact occurred. A
CMB-HD survey would have the capability of detecting
these inflationary PMFs at about the 3o level or higher.
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