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Hypermagnetic fields and baryon asymmetry from pseudoscalar inflation
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We show that maximally helical hypermagnetic fields produced during pseudoscalar inflation can
generate the observed baryon asymmetry of the Universe via the B + L anomaly in the Standard Model. We
find that most of the parameter space of pseudoscalar inflation that explains the cosmological data leads to
baryon overproduction; hence, the models of natural inflation are severely constrained. We also point out a
connection between the baryon number and topology of the relic magnetic fields. Both the magnitude and
sign of magnetic helicity can be detected in future diffuse gamma ray data. This could hint to a link between
inflation and the baryon asymmetry of the Universe.
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I. INTRODUCTION

Baryon asymmetry of the Universe (BAU) remains one
of the greatest puzzles of cosmology. As was pointed out by
Sakharov, any model that explains BAU has to satisfy three
conditions: (1) baryon number nonconservation, (2) charge
(C) and charge parity (CP) violations, and (3) departure
from thermal equilibrium [1]. In fact, many of the early
Universe problems were resolved within the inflationary
paradigm. In this regard, one may wonder if BAU can also
find its resolution within inflation.

Since their proposal as a dynamical solution to the strong
CP problem [2], axions provided a playground for rich
phenomenology. These pseudo-Nambu-Goldstone bosons
(pseudoscalars) appear as a result of a broken global
symmetry. Besides, axionlike particles are abundant in
string theory and are perfect candidates to build UV-
complete models of inflation thanks to their radiatively
stable properties. This stability is attributed to the existence
of a flat direction that is protected by a shift symmetry.
The symmetry eventually gets broken by nonperturbative
effects; hence, the desired small values of the slow roll
parameters arise in a technically natural way [3].

Pseudoscalars are naturally coupled to U(1) gauge fields
through the dimension-five operator (®/f)Y,, Y*, which is
inevitable from the effective field theory point of view. This
term breaks the conformal invariance of the theory and leads
to the production of cosmologically relevant magnetic fields'
[8]. The fields produced via this mechanism are coherent
over the horizon scale and have maximal helicity [9]. Hence,
they carry a nonzero Chern-Simons (CS) density, which
breaks the macroscopic CP invariance of the Universe.

In this paper, we point out that the change in the CS
density of the hypercharge field, s, produced during
inflation feeds into the baryon and lepton number anomaly

“mohamed.anber @epfl.ch

eray.sabancilar@epfl.ch

'See also Refs. [4—7] for various mechanisms for generating
primordial magnetic fields.
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in the Standard Model, which eventually gets converted

into the BAU. C invariance is broken since / enters the
anomaly equation with opposite signs for different chir-
alities (see Eq. (8) and Table I). In addition, h provides the
nonequilibrium condition required by Sakharov’s criteria
and sustains the BAU. We find that natural inflation leads to
overproduction of baryons for most of the parameter space
compatible with the cosmological data, hence this class of
inflation models are severely constrained. In what follows,
we use the metric 7, = diag(1,—1,—1,—1) and set ¢ = 1,
h=1, kg=1.

II. GENERATION OF THE HYPERCHARGE FIELD

We consider a pseudoscalar inflaton ® coupled to the
U(1)y hypercharge gauge field A, with field strength Y,

_l 2 _ _l /w_i
£=30u8) =V (@) =3V, 1 —

oy, ", (1)
where V(®) is the inflaton potential, f is the axion
constant, and a is the dimensionless coupling constant
between the axion and hypercharge field. The equation of
motion of the gauge potential A, reads’

2 !
(% -V2- a%Vx)A =0, (2)

where 7 is the conformal time and the prime denotes
the derivative with respect to it. The generation of the
hypercharge field can be envisaged by promoting the

classical field A to an operator A, and then decomposing

A into annihilation and creation operators &k as:

A=, fﬁ [e,A,0%e™* + H.c.], where the circular

’Here, we use the radiation gauge setting A° =0 and
V-A = 0. In this gauge, the electric and magnetic fields are
E = —-A'/a? and B = V x A/a?, where a is the scale factor in the
Friedman-Robertson-Walker universe.
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TABLEL Coefficients C/ in Eq. (7). The multiplicities N, = 3
and N, = 2 take into account the color and weak isospin states of
a given family of leptons and quarks, and the hypercharges are
Yo = ]/37 yo=-1, Vg :4/3’ Ya, = _2/3’ Yer = —2. The
charge conjugates Q°, L¢, ufj, di and ej have the same
coefficients, C/, with all the signs flipped.

C, Cy C,
0 NN N N,
L Nyy? 1 0
Ug _NcygtR 0 -1
dg —Noyg, 0 -1
er -y 0 0

helicity vectors e, obey the relations k-¢, =0 and
k x e, =7 ilk|e,. Substituting A into (2), we find that
the mode functions A, satisfy the equation A’ +
(k* + ak®'/f)A, = 0 [10]. )

During the inflationary stage d®/dt = @ is constant,
where ¢ is the cosmic time. The scale factor is given by
a = —1/(Hyyt), where Hyy¢ = d’(r)/a*(t) is the Hubble
parameter during inflation. Hence, the equations of motion

of the modes A read d;ff + [k* F 2k %]Ai = 0, where we
defined the dimensionless parameter £ = a5 fq’HU_ - For k>

|2¢/7| the modes are in their vacuum. However, these
modes will develop an instability when k~ |E/z|.
Depending on the sign of &, either A, or A_ modes will
be amplified. For late times, |k7| < 2¢, it is found that [9]

AL x ( k >1/4eﬂ§—2\/2§k/[a(T)Hinr]. (3)
V2k \2¢a(7)Hins

Therefore, either A, or A_ will be amplified by a factor emt,
and thus the produced hypercharge field is maximally
helical. This feature is an essential ingredient of the
baryogenesis in pseudoscalar inflation. At this point, we
emphasize that all the modes produced during inflation get
diluted except the last mode that exits the horizon right
before the end of inflation. This is also the mode that enters
the horizon at the onset of reheating and is the source for
the BAU. In the above calculations, we neglected the
backreaction of the generated hypercharge field on the
inflaton. This is a good approximation as long as the energy
density stored in the generated field is less than the inflaton
energy density pi,s = 3m3H%/(8x). Using the mode
decomposition described above [see also footnote 2] we
find that the energy density stored in the hypercharge field
is given by (E* + B?),.; = 6!e*™ H} ./ (2"97%&). Thus, we
obtain an upper bound on the inflationary Hubble param-
eter Hipe < 641/n/158/2¢7m,,.

The  hypermagnetic  helicity is  defined as
H = f d*xA - B, which is proportional to the CS number.
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The rate of change of the helicity density is
W = =2limy_(1/V) [ d*xE - B. As we will show below,
the quantity of interest is (B - V x B). During inflation, the
mode decomposition described above yields

3 3
BV Bl =5 [ R 0P, @

where the integral is over the comoving wave vectors k.
Using Eq. (3), cutting off the integral at k. = 2&H;ca(7)
and setting one of the modes A to zero, as only one of the
two modes gets amplified, we find® (B-V x B), . =
L& Hiy, where 7 = 6.8 x 107,

As soon as reheating starts, the Universe becomes
filled with a plasma of relativistic particles. The
relevant magnetohydrodynamics (MHD) equations are
OE=VxB-J, J=0o(E+vxB), 0B=-VXE,
where v is the fluid velocity of the plasma and o =
100T [11] is its conductivity. Neglecting the 0,E term,
which remains small in the MHD approximation, we obtain
E=1VxB-vxB, B=Vx(vxB)+1V’B. From
these equations, we find [12] E-B = %B -V x B, where
we used B - v x B = 0. On the other hand, in a plasma with
a finite conductivity, the evolution of hypermagnetic field
as well as helicity are governed by a competition between
the dissipation, (1/6)V?B, and advection, V x (v x B),
terms. To this end, we recall the magnetic Reynolds number
(the ratio between the advection and dissipation terms)
R,, = vo/k, where k, is the physical wave vector of the

mode of interest, which is taken to be the last mode that
~ Hine T
PETE Ty

T,, is the reheating temperature. Assuming instant reheat-
ing, we have Tyy, & 0.25, /m,, H;, (We neglect the effect of
inflaton oscillations before reheating on the generation of
hypermagnetic fields and BAU). Hence, we obtain
R, = 4000&/m ,/ Hiye, which is much bigger than unity

exits the horizon at the end of inflation: k where

. -5 .
for velocities v =12 Hins In what follows, we

~7E \ 10% Geve
assume that the cosmic fluid velocity is large enough that
R,, > 1 will be unavoidable until the electroweak phase
transition. Hence, a turbulent flow will be generated, and
the hypermagnetic field will no longer diffuse (see, e.g.,
Ref. [13] for a review). In fact, in the presence of a chiral
chemical potential, the current J acquires an extra term due
to the chiral magnetic effect [14,15]. We checked that this
term is negligible in our scenario since all the chemical
potentials remain small throughout the history of the
Universe. Thus, 7 = —2(E - B) = —(2/6)(B -V x B) at a
given epoch after inflation redshifts as

Here, we choose the appropriate mode that results in a
positive (B - V x B);¢. This will ensure that we generate baryons
rather than antibaryons.
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. 2T (Hyp\S
== <f> (5)

o&° a

where we set a;;; = 1. In fact, it is this change in the
helicity density that plays a pivotal role in baryogenesis by
sourcing the B + L anomaly, as we show next.

III. CHIRAL ANOMALY IN THE STANDARD
MODEL

The Standard Model fermions,

e
Q:<ML>7 L:(L) ug, dg. e, (6)
dL I/eL

exhibit chiral anomaly; namely, the baryon and lepton
numbers are anomalous in the Standard Model [16]. The
anomaly equation for a given fermion species f is

/‘_ f & W wa a
Ol = =Y, P 4 CL Wi, W

y16

+ Cé‘ ngbe;w’ (7)
where the coefficients Cy, C,, and C; are given in Table I,
and ay, ay, and a, are the hypercharge, weak, and strong
fine structure constants, respectively.

In the early Universe, the dominant contribution to the
anomalous processes is provided by weak and strong
sphalerons, whose rates can well exceed the expansion rate
of the Universe [17]. The effect of the hypercharge sector
U(1)y is absent when the vacuum is trivial, namely, when
both hyperelectric and hypermagnetic fields are zero; hence,
there is no change in the CS number of this sector (see,
however, Ref. [18]). However, a change in the Abelian CS
number, such as the creation of hypermagnetic field with net
helicity, contributes to the anomalous processes. If the
Universe during reheating were a poor conductor, then
the change in helicity, A, produced during inflation would
survive the reheating to source the change in the fermion
number, ANf. If, on the other hand, the Universe were a
perfect conductor, with infinite conductivity, then we would
have E = 0 and hence AH = AN, = 0. This can also be

seen from Eq. (5) as we find h=0 by sending ¢ — .
However, the Universe has a finite conductivity and, thus,

h#0. In fact, h is only suppressed by a factor %” =

1 m(
T002 compared to the poor conductor case.

In What follows, we study the effect of the maximally
helical hypercharge fields produced during inflation on the
evolution of the BAU taking into account the finite
conductivity of the Universe during reheating. To this
end, we define 77 as the asymmetry parameter for a given

ne—n T2 .
fermion f as r]f M =B where ny is the number

density, s =2x%g,T3/45 is the entropy density, g, =
106.75 is the number of the effective degrees of freedom
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in the primordial plasma for 7 > 10° GeV, and u ¢ is the
chemical potential. We define the asymmetry parameters
for each particle species in the Standard Model as
’7Q = éNWNc:“QTZ’ nL = éNWﬂLTz’ nuR = éNcﬂuRTz’
Nay = o Nepta, T, e, = =p., T2, and the baryon and

lepton asymmetry parameters are #;,,, z%(ng 1y + 14, )
Mep = Ny(n +1,,), where N, =3 is the number of
generations. By taking an ensemble average of the anomaly
equation (7) and taking the difference between the equa-
tions of the fields and their charge conjugates, we obtain the
Boltzmann equations4 for 5, (see for instance Ref. [24] for
the derivation of the Boltzmann equation for anomalous
charges),

ony s
B Cy4>h Colyw(ng +n1)

— ClT(ng =ty = Nay)- (8)

where ¢ is the cosmic time, and we used the relation
(Y,,Y*) = —4(E - B) = 2h. The rates I, ~25a,T [25]
and I’y ~ 10003 T [26] are the weak and strong sphaleron

rates, respectively, and the coefficients C/ are given
in Table I. In the radiation era we have H = 1 /(2t) or,

in terms of temperature 7, H = = —, where D = .In

8 g*
what follows, it will be more convenlent to use the
dimensionless variable x = Dm,/T instead of the
cosmic time 7. After making the appropriate change of
variables, the Boltzmann equation for the asymmetry
parameter 7, of a given fermion can be written as a
function of x,

Iny f f
e = Oy - Corwling +n)

— CLys(ng = My = Ny 9)

T a, ,H. . 5/2 5
Y (Zlinf —
100.}:6\/5(%) , Yw = 2503, and

¥s = 100a?. Having obtained the five Boltzmann equations
for the five asymmetry parameters, we can readily integrate
the system numerically starting from the reheating temper-
ature that corresponds to some inflation scale H,; all the
way down to 7 = 10 TeV when the weak sphalerons shut
off.” In Fig. 1 we show the results for a range of the
parameter space for 1 <& <5 taking zero initial values,

where we defined y, =

“The possibility that baryon asymmetry can be generated from
helical primordial hypermagnetic fields via chiral anomaly in the
Standard Model was pointed out in Refs. [12,19-22]. See also
Refs. [23] for generating BAU from gravitational anomaly.

In fact, although the & term contributes to the evolution of 7,
until the electroweak phase transition, T, ~ 100 GeV, for
simplicity we assume that it shuts off at the same temperature
as the weak sphalerons. We also neglect the Yukawa terms in
Egq. (8), which can only have a minor effect on the final 7;.
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FIG. 1 (color online). Top panel n,,, vs &, the bottom panel H;,;
vs & for 7, = 107'%. For instance, the observed value of baryon
asymmetry 7, = 107'° can be obtained for £ = 1 and H;,; =
6.3 x 100 GeV.

n¢(Ty) = 0. It is important at this point to emphasize
that none of the above calculations are robust for
£ < 1, as in this case one can no longer trust the results
for the generated hypercharge field [Eq. (3)]. The plot in
Fig. 1 illustrates that the baryon asymmetry is over
produced for most of the parameter space. Note
also that one should not extrapolate our results for
values of 7y, =1 as the perturbative calculation
breaks down.

IV. DISCUSSION

A simple example of pseudoscalar inflation is natural
inflation [3] in which a shift symmetry & - ® 4 C is
broken down to a discrete subset & — ® + 2z f resulting in
the potential V = A*[1 + cos(®/f)]. We recall that the
slow-roll conditions are satisfied provided that m3 < H2,;.
Using Friedmann’s equation 3/my,H;, =V = A*, where
m, =m,/\/8x, and m} = A*/f%, we obtain f > \/3m,.
The scalar fluctuation power spectrum is given by
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7 H? .
P; =PIl +75x 10°P], where P2 = [27]

This power spectrum is probed by the CMB observations
with amplitude given by the Cosmic Background Explorer
(COBE) normalization P, =25 x 107'°. Using the equa-
tion of motion of the inflaton during the slow-roll regime
3Hjy® = OV/0® = A*/f, we find Hiyf = 10743,
Setting f ~ i, we obtain Hi,r = 10" GeV. Such a large
Hubble parameter during inflation will result in baryon
asymmetry overproduction for values of £ = 1. One way
out is that the coupling between the hypercharge gauge
field and the inflaton is very weak, @ < 1, such that no
hypercharge field can be produced during inflation. Such
fundamentally very small values of @ appear to be contrived
since one expects a 2 1 as a consequence of the “gravity as
the weakest force” conjecture [28] (see Ref. [29] for
gravitational effects on global symmetries). Moreover, a
consistent theory of quantum gravity disfavors values of the
axion constant f 2 m,. The latter problem can be solved
within the framework of N-flation [30]. In this scenario,
one assumes that there are N different axions with constants
fi = fsingle < m, and that all these axions couple equally to
the U(1)y hypercharge gauge field such that effectively we
have f = \/]stingle > m,, [9]. Demanding that f < m,, one
finds that N ~ O(100) removes the conflict with quantum
gravity. On the other hand, lowering the inflation scale,
Hir < 6.3 x 10'° GeV, guarantees the production of the
observed baryon asymmetry for £ 2 1. Such low infla-
tionary scales will require invoking curvatons in order to
respect the COBE normalization [31-33].

One of the key predictions of natural inflation, apart
from the cosmological data, is the maximally helical
hypermagnetic field generated via the dimension-five
operator of the form (®/f)Y Wf/’“’, which is expected
from effective field theory considerations. In this paper,
we show that the dramatic consequence of this coupling is
the overproduction of baryon asymmetry that severely
constrains models of natural inflation with large Hubble
parameter, H;; > 6.3 x 10'° GeV. Note, however, that we
assume the primordial plasma to be turbulent between
Tw 2T 2 10 TeV. If the plasma ceases to be turbulent
during the course of baryon number generation, the
contribution from the hypercharge sector might become
less efficient due to the diffusion of hypermagnetic field.
Meanwhile, weak sphalerons can wash out the excess
baryon number. However, we note that this scenario is not
likely as the magnetic Reynolds number tends to increase
after reheating [13]. To conclude, for parameters H;,; <
6.3 x 10'° GeV and &~ 1, the observed BAU can be
achieved. Yet another prediction in this case would be the
relic magnetic fields with right handed helicity (k2 > 0). It
was pointed out in Refs. [18,34,35] that the magnetic
helicity is proportional to the baryon number. In this work,
we explicitly showed this to be case. A recent analysis of
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the diffuse gamma ray data hints towards a global CP
violation, which could be due to primordial magnetic
fields with nonzero helicity [36]. It would be a boon to
find an observational correlation between the topology
of these primordial magnetic fields and the baryon
number. This can hint to a link between inflation and
the BAU.
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