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Motivation for primordial magnetic fields



~10−12 G on EGMF strength (19, 20). Bounds
on the EGMF strength depend on the field
correlation length, lB, which is also unknown.
A lower limit on lB is set by the requirement
that the resistive magnetic diffusion time scale
has to be larger than the age of the Universe (2),
whereas an upper limit is set only by the size of
the visible part of the Universe, RH.

Here, we report a lower bound for the
EGMF strength, derived from the data of
Fermi and High Energy Stereoscopic System
(HESS) gamma-ray telescopes. Similarly to
the existing upper bounds, the lower bound
depends on the unknown EGMF configura-
tion parameters, such as the typical correlation
length and spectrum.

Gamma rays with energies above ~1 TeV
cannot propagate over cosmological distances be-
cause of absorption resulting from interactionswith
diffuse extragalactic background light (EBL)
(21–24). The mean free path of gamma rays
of energy Eg0 through EBL is Dg ≃ 80k
ðEg0=10 TeVÞ−1 Mpc, where k ~ 1 is a numerical
factor that accounts for uncertainties of the mea-
surements and modeling of the EBL (25). Inter-
actions of multi-TeV gamma rays with the EBL
lead to the deposition of electron-positron pairs in
the intergalactic space. These e+e− pairs emit sec-
ondary cascade gamma rays via inverse Compton
(IC) scattering of CMB photons. Typical energies
for the IC photons emitted by electrons of energy
Ee ≃ Eg0=2 are Eg ¼ ð4=3Þ&CMBðEe=mec2Þ2 ≃
88ðEg0=10 TeVÞ2 GeV,where &CMB=6× 10

−4 eV
is the typical energy of CMB photons and Ee

and me are the energy and mass, respectively, of
an electron. Pairs lose energy on IC scattering on
the distance scale De ≃ 1023ðEe=10 TeVÞ−1 cm,
which is much smaller than the gamma ray mean
free path Dg. Power removed from the primary
gamma-ray beam is transferred to the cascade
gamma-ray emission.

If magnetic fields, which deviate electron and
positron trajectories, are negligibly small, the IC
emission from the electromagnetic cascade
contributes to the primary point gamma-ray
source flux (26–29). Otherwise, if magnetic
fields along the path of development of the
cascade are strong enough to deviate the tra-
jectories of the pairs, the cascade emission
appears as extended emission around the initial
point source (25, 30–33).

The deflection angle d depends on the cor-
relation length of the magnetic field. If lB ≫ De,
the motion of electrons or positrons can be ap-
proximated by the motion in a homogeneous
magnetic field. In this case d ≃ De=RL ≃ 3$
10−4ðB=10−16GÞðEe=10 TeVÞ−2 is a ratio ofDe to
the Larmor radius,RL. IflB ≪ De, electron deflec-
tions are describable by diffusion in angle, so that
the deflection angle is d ¼

ffiffiffiffiffiffiffiffiffiffi

DelB
p

=RL ≃ 5$
10−5ðEe=10 TeVÞ−3=2ðB=10−16 GÞðlB=1 kpcÞ

1=2 .
The size of the extended cascade source is esti-
mated asQext ≃ d=t, where t =D/Dg is the optical
depth for gamma rays from a source at a distance
D with respect to absorption on EBL (25).

Because lower energy electrons are deviated
by larger angles, the size of the extended cascade
source Qext is larger at low energies. The energy
of cascade photons, Eg,min, below which the ex-
tended source size becomes larger than the point
spread function (PSF) of a telescope, depends
on the EGMF strength and correlation length. In
the case of the Fermi telescope, the PSF depends
on the photon energy, decreasing as QPSF ≃
2°ðEg=1 GeVÞ−0:8 (95% of the signal) below
Eg ≅ 1 GeVand improving from ∼2° at 1 GeV to
QPSF ≃ 0:2° at Eg ∼ 10 GeV (34). Taking the

photon energyEg ∼ 10 GeV as a reference, one
finds that Qext ≥ QPSF if

B ≥ BPSF ≃

6$ 10−17tðEg,min=10 GeVÞ
$ G,lB > De

8$ 10−16tðEg,min=10 GeVÞ3=4

$ ðlB=1 kpcÞ−1=2G,lB < De

8
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To constrain the presence of a cascade con-
tribution in the spectra of distant TeV blazars, we
have analyzed Fermi/LAT (Large Area Tele-

Fig. 1. A comparison of
models of cascade emis-
sion from TeV blazars
(thick solid black curves)
with Fermi upper limits
(gray curves) and HESS
data (gray data points).
Thin dashed curves show
the primary (unabsorbed)
source spectra. Dotted
curves show the overall
(cascade plus direct)
spectra after propagation
through the EBL. Vertical
lines with arrows show
the energies below which
the cascade emission
should be suppressed.
HESS data points (with
SEM error bars) are
taken from (23, 36, 37).

Fig. 2. Light, medium,
and dark gray: known ob-
servational bounds on the
strength and correlation
length of EGMF, summa-
rized in (25). The bound
fromBig Bangnucleosyn-
thesis (BBN) is from (2).
The black hatched region
shows the lower bound
on the EGMF derived
from observations of 1ES
0347-121(cross-hatching)
and 1ES 0229+200 (sin-
gle diagonal hatching) in
this paper.Orangehatched
regions show the allowed
ranges of B and lB for
magnetic fields generated
at the epoch of inflation
(horizontal hatching), the
electroweak phase tran-
sition (denseverticalhatch-
ing), QCD phase transition
(medium vertical hatch-
ing), and epoch of recombination (light vertical hatching) (25). White ellipses show the range of mea-
sured magnetic field strengths and correlation lengths in galaxies and galaxy clusters.
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‣ Magnetic fields of ~µGauss 
observed in galaxies, 
clusters & regions around 
high-z quasars

‣ CMB bounds: B < 10-9 G

‣ Constrained cluster 
simulations: B < 10-10 G

‣ Missing secondary GeV 
gamma-rays from TeV 
blazars: B > 10-15 G

Observations

from: Neronov & Vovk, Science 328 (2010) 73



Why (helical) primordial magnetic fields?

‣ Primordial magnetic fields (from inflation)

... can produce the observed weak fields on very large scales, even in the 
intergalactic medium.

... would explain why there are magnetic fields everywhere.

‣ Helicity is a conserved quantity and leads to

... an inverse cascade in the turbulent plasma era, that can move power from 
small to large scales.

... distinct signatures in CMB, such as TE- and EB-cross-correlations.

‣ In many inflation scenarios helical magnetic fields are generated naturally
(see Neil Barnaby and Lorenzo Sorbo’s talks)



Helical magnetic field generation during inflation



‣ Standard EM is conformally invariant        fluctuations do not grow in 
conformally flat space-times such as Friedmann-Lemaître.

‣ Modifications could be introduced to break conformal invariance:

where I(...), M(...), f(...) are possible couplings to (pseudo-)scalar fields (inflaton 
or not) or curvature invariants.

‣ As a consequence the evolution of the Fourier modes of quantum fluctuations 
in the photon field is modified.

Electromagnetism & inflation

L ⊃ −1

4
I2(φ, R)FµνF

µν +M2(φ, R)AµA
µ +

1

4
f(φ, R)Fµν

�Fµν



‣ For an axial coupling to scalar inflaton:

Electromagnetism & inflation

JCAP03(2011)037

F to a curvature term. Here, we investigate the first possibility and study a helical coupling
given by the action

S[φ, Aµ] ≡
∫

d4x
√
−g {Lφ(φ) + Lem(Aµ) + LI(φ, Aµ)} . (2.1)

The Lagrangian densities of the free fields are

Lφ(φ) ≡ 1

2
gαβ(∂αφ)(∂βφ) + V (φ) (2.2)

Lem(Aµ) ≡ −1

4
FαβFαβ . (2.3)

and the axial interaction is given by

LI(φ, Aµ) ≡ 1

4
f(φ)FαβF̃αβ . (2.4)

It describes a coupling of the scalar field to the parity-violating term, FF̃ , where F̃ is the
dual of the EM field tensor and is defined as

F̃µν ≡ 1

2
ηµναβFαβ . (2.5)

Here ηµναβ is the totally anti-symmetric tensor in four dimensions with η0123 ≡ (−g)−1/2.
For an observer with 4-velocity uµ the electric and magnetic fields are Eµ = Fµαuα and

Bµ = F̃µαuα, respectively, and we have FαβF̃αβ = −4EαBα.
If the scale of inflation is above the electroweak scale then, in principle, one should

specify whether φ couples to U(1), SU(2) or both of the electroweak SU(2)L × U(1)Y . If
the coupling is to both, which seems simplest, the same process that leads to magnetic field
helicity also induces a non-zero baryon number which is related to the electroweak Chern-
Simons number [35]. The electromagnetic Chern-Simons number is equivalent to the helicity.
In this work we do not discuss this additional potentially interesting aspect, but concentrate
on the magnetic fields remaining after the end of the electroweak phase transition. We assume
the conversion from W 0 and Y into photons to be efficient and not to affect the resulting
magnetic field distribution significantly so that we may simply consider the coupling of φ to
the photon field.

The axial coupling is characterised by the scalar function f(φ). We will see later how this
function affects the evolution of the vector potential. Notice that if f(φ) was a constant, the
EM part of the action would still be conformally invariant and therefore, no EM fluctuations
could be amplified during inflation. Note also that the term LI either breaks parity explicitly
if φ is a normal scalar field or, if φ is a pseudo-scalar, parity is broken spontaneously by the
presence of a background field φ %≡ 0. For the discussion in this work, this distinction is not
relevant. However, in certain models, it might be relevant for the amount of parity violation
generated during reheating.

Varying the action with respect to φ leads to a sourced equation of motion for the
scalar field

∇α∂αφ − V ′(φ) =
1

4
f ′(φ)Fαβ F̃αβ . (2.6)

The primes in V ′(φ) and f ′(φ) denote derivatives with respect to φ. The field equations for
the EM field follow from varying the action with respect to Aµ:

∇αFµα = f ′(φ) (∂αφ) F̃µα . (2.7)
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‣ For an axial coupling to scalar inflaton:

Electromagnetism & inflation
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This is used in the following as initial condition for the solutions of the full mode equation.
Notice that the free plane wave solution only yields a valid initial condition if eq. (3.9)
is satisfied.

3.3 Power spectra and physical quantities

The statistical distribution of the EM fields as seen by an observer can now be quantified in
terms of a given solution for the helicity modes of the EM vector potential. We define the
magnetic power spectrum and relate it to the magnetic energy and helicity density.

If the magnetic field generated by some process is statistically homogeneous and
isotropic, its spectrum is determined by two scalar functions PS(k) and PA(k). Since the
magnetic field is a divergence-free vector field the two-point function of the Fourier compo-
nents of the magnetic field can be written as

〈B̃i(t,k)B̃∗
j (t,q)〉 =

(2π)3

2
δ(k − q)

{
(δij − k̂ik̂j)PS(t, k) (3.11)

−iεijnk̂nPA(t, k)
}

where PS and PA are the symmetric and anti-symmetric parts of the power spectrum, re-
spectively. The symmetric part of the spectrum determines the energy density while the
anti-symmetric part corresponds to the helicity density:

〈B̃i(t,k)B̃∗
i (t,q)〉 = (2π)3δ(k − q)PS(t, k) (3.12)

〈Ãi(t,k)B̃∗
i (t,q)〉 = ik−2〈(k ∧ B̃)i(t,k)B̃∗

i (t,q)〉
= k−1(2π)3δ(k − q)PA(t, k) . (3.13)

With respect to the helicity basis, see A, the spectra can directly be written as

PS/A(t, k) = k2
(
|A+(t, k)|2 ± |A−(t, k)|2

)
, (3.14)

where the upper sign corresponds to PS and the lower sign to PA. Here we use the non-trivial
result widely applied in inflationary cosmology that at late times, the vacuum expectation
values of the fields generated during inflation can be interpreted as stochastic power spectra.

We define the magnetic energy density per logarithmic wave number via

〈ρ̃B(t)〉 =

∫ ∞

0

dk

k

dρ̃B

d ln k
(t, k) , (3.15)

so that
dρ̃B

d ln k
(t, k) =

k3

(2π)2
PS(t, k) . (3.16)

Similarly, we define the magnetic helicity per logarithmic wave number as H̃ = AαB̃α,

dH̃

d ln k
(t, k) =

k2

2π2
PA(t, k) . (3.17)

Finally, the electric field is given by the time derivative of the vector-potential and thus
its contribution to the energy density, ρ̃E = ẼαẼα/2, is computed to be

dρ̃E

d ln k
(t, k) =

k3

(2π)2

(
|Ȧ+(t, k)|2 + |Ȧ−(t, k)|2

)
. (3.18)

Notice that any electric fields produced during inflation will be damped very rapidly after
inflation due to the huge conductivity of the primordial plasma.
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In this work we do not discuss this additional potentially interesting aspect, but concentrate
on the magnetic fields remaining after the end of the electroweak phase transition. We assume
the conversion from W 0 and Y into photons to be efficient and not to affect the resulting
magnetic field distribution significantly so that we may simply consider the coupling of φ to
the photon field.

The axial coupling is characterised by the scalar function f(φ). We will see later how this
function affects the evolution of the vector potential. Notice that if f(φ) was a constant, the
EM part of the action would still be conformally invariant and therefore, no EM fluctuations
could be amplified during inflation. Note also that the term LI either breaks parity explicitly
if φ is a normal scalar field or, if φ is a pseudo-scalar, parity is broken spontaneously by the
presence of a background field φ %≡ 0. For the discussion in this work, this distinction is not
relevant. However, in certain models, it might be relevant for the amount of parity violation
generated during reheating.

Varying the action with respect to φ leads to a sourced equation of motion for the
scalar field

∇α∂αφ − V ′(φ) =
1

4
f ′(φ)Fαβ F̃αβ . (2.6)

The primes in V ′(φ) and f ′(φ) denote derivatives with respect to φ. The field equations for
the EM field follow from varying the action with respect to Aµ:

∇αFµα = f ′(φ) (∂αφ) F̃µα . (2.7)
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√
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2
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4
FαβFαβ . (2.3)

and the axial interaction is given by

LI(φ, Aµ) ≡ 1

4
f(φ)FαβF̃αβ . (2.4)
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Simons number [35]. The electromagnetic Chern-Simons number is equivalent to the helicity.
In this work we do not discuss this additional potentially interesting aspect, but concentrate
on the magnetic fields remaining after the end of the electroweak phase transition. We assume
the conversion from W 0 and Y into photons to be efficient and not to affect the resulting
magnetic field distribution significantly so that we may simply consider the coupling of φ to
the photon field.

The axial coupling is characterised by the scalar function f(φ). We will see later how this
function affects the evolution of the vector potential. Notice that if f(φ) was a constant, the
EM part of the action would still be conformally invariant and therefore, no EM fluctuations
could be amplified during inflation. Note also that the term LI either breaks parity explicitly
if φ is a normal scalar field or, if φ is a pseudo-scalar, parity is broken spontaneously by the
presence of a background field φ %≡ 0. For the discussion in this work, this distinction is not
relevant. However, in certain models, it might be relevant for the amount of parity violation
generated during reheating.

Varying the action with respect to φ leads to a sourced equation of motion for the
scalar field
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The primes in V ′(φ) and f ′(φ) denote derivatives with respect to φ. The field equations for
the EM field follow from varying the action with respect to Aµ:
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Non-helical case:

Helical case:

‣ The two helicity modes
evolve differently.

‣ The coupling term is scale-
dependent & only active around
horizon-crossing. On large scales: JCAP03(2011)037
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Figure 1. The evolution of the two helicity modes (+ solid red, − dashed blue) for wavenumber
k = 10/Mpc is shown as a function of the number of e-foldings, N , during inflation. Here we consider
an axial coupling function f ∝ ϕp, as discussed in detail in section 4.2. Both modes feel the axial
coupling only around horizon crossing, at Ncross # 10, while the evolution ceases and the modes
saturate quickly after crossing. Here inflation ends at N # 60.

The second term is small by definition and the coupling term can be important on super-
Hubble scales only if f is a rapidly varying function of time, i.e. fN = ḟ/H $ 1 and then only
for as long as fN > H/k. On sub-Hubble scales, for k $ H, we may approximate Äh ∼ k2Ah.
As long as k $ fNH the first and second terms in eq. (3.4) dominate. Hence the coupling
term is typically relevant only at Hubble crossing k ∼ H during a few Hubble times at best.
In figure 1, we show the evolution of the two helicity modes for a given wavenumber in case of
a power law coupling, f ∝ ϕp. Clearly, the modes only feel the axial coupling around horizon
crossing. This fact turns out to be relevant for the resulting spectrum. We will discuss this
issue in more detail in section 4.2.

3.2 Vacuum solutions and initial conditions

To study the generation of perturbations during inflation, we need to set the initial conditions
when the mass term ± kHfN in eq. (3.4) can be neglected, i.e. well inside the Hubble horizon
at early times. This condition is usually formulated in terms of the variable x ≡ −kt which
approaches infinity in this limit. During slow roll inflation H # −1/t, so that x = −kt #
k/H $ 1 if the mode with wavenumber k is well inside the Hubble horizon.

From the mode equation (3.4), we see that if initially

fN (ϕin) = f ′(ϕin)ϕ̇in/Hin ' k/Hin (3.9)

the axial coupling term can be neglected with respect to the k2 term and the mode equation
becomes a free wave equation. Its solutions are plane waves. We match to the incoming
vacuum solution described in A,

Ah(t, k) = Afree(t, k) = (2k)−1/2e−ikt , for −kt $ 1 . (3.10)
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‣ Slowly rolling inflaton: 
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can be solved analytically:
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for h = ±1. This solution of the mode equation has also been found in ref. [42] for N -flation.
Below we shall argue that it is very general.

To understand the effect of the axial coupling on the growth of EM quantum fluctuations
and to compute the magnetic power spectra at the end of inflation, we analyse the late time
limit of this solution, i.e. when x → 0. Using the approximate expressions derived in C, we
find the asymptotic limit at late times as

Ah(x) −→
x→0

(2k)−1/2

[
exp(−hπfN/2) sinh(πfN/2)

πfN/2

]1/2

. (4.20)

The late time behaviour of both helicity modes is independent of x, and therefore of t, and the
scale-dependence is not changed with respect to the free solution. The modes are coherently
amplified while crossing the horizon, before they saturate outside the horizon. Notice also
that we did not use the asymptotic limit given in 14.6.9 − 10 of ref. [49] because it is not
correct. (In this context, see discussion in C.)

Given the late time behaviour of the helicity mode functions, it is easy to compute
the magnetic field power spectra produced at the end of inflation. The symmetric power
spectrum is

PS(k) = k
sinh(πfN )

πfN
(4.21)

while the antisymmetric one is

PA(k) = k
cosh(πfN ) − 1

πfN
(4.22)

Notice that both spectra are proportional to k and only their amplitude changes with the
coupling strength fN . In figure 2, we illustrate the k-independent amplification factors of PS

and PA as a function of fN . The larger |fN | the smaller the difference between PS and PA,
i.e. the more helical the magnetic fields become. As one infers from eqs. (4.21) and (4.22),
both amplification factors tend to (2πfN )−1 exp(πfN ) for large values of fN .

The magnetic energy density per logarithmic wave number at the end of inflation can
directly be computed to be

dρB

d ln k
(tend, k) =

k4

a4
end

sinh(πfN )

4π3fN
≡ k4

a4
end

S2(fN ) . (4.23)

Here, we define S2(fN ) to be the amplitude of magnetic energy density spectrum. Since its
spectrum is blue, the magnetic energy density is dominated by the cut-off scale, which is set
by the last scale that exits the horizon before the end of inflation, kc = Hend = (aH)end.
With this we obtain

ρB(tend) $ 1

4
H4

end S2(fN ) . (4.24)

By means of the Friedmann equation, we have

ΩB(tend) ≡ ρB

ρtot
$ S2(fN )

12

(
Hend

mP

)2

. (4.25)

The generic condition for backreaction to be negligible then is

S(fN ) !
mP

Hend
. (4.26)
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Figure 2. The symmetric (solid, red) and antisymmetric (dashed, blue) power spectra of the magnetic

fields, PS,A/k, are plotted as a function of the effective coupling constant |fN |. For vanishing coupling,

the vacuum solution, PS/k = 1 and PA/k = 0 is recovered, while the larger the coupling, the smaller

the difference between PS and PA. As discussed in the main text, for the theory to be perturbative

we must require |fN | < 1 and therefore, the amplification of the magnetic fields is small.

If we assume that the reheating phase is short so that 3m2
P H2

end = ρtot ! T 4
∗ , where T∗ is the

reheating temperature, we can write the above bound from backreaction as

S(fN ) !
m2

P

T 2
∗

. (4.27)

For couplings that are perturbative in the naive sense discussed above, |fN | < 1, S(fN ) is

of order unity and, therefore, no backreaction on the background evolution is expected if

inflation ends well below the Planck scale. However, the results above hold for any constant

value of fN , even if it was larger than unity. Since we cannot prove that perturbativity is

strictly required, we shall therefore not restrict ourselves to this case in the following. For

instance, if the EM field was coupled to a large number, N , of pseudo-scalar fields then

fN →
√
N fN , a situation where the effective coupling term can be large without spoiling the

perturbativity of the interactions with the individual scalar fields, see ref. [42].

In the more general case where fN is time dependent, in principle we have to evaluate

fN at horizon crossing. This would lead to a slight modification of the spectrum but would

not spoil the discussion of backreaction above. In the following we neglect this effect, as it is

quite irrelevant for the few orders of magnitude in k which we are interested in, see figure 4.

At the end of inflation and after reheating, we expect the universe to be filled with

relativistic standard model particles, a relativistic highly conducting plasma. In this medium,

the MHD approximation is valid and electric fields are rapidly damped away. We therefore

do not discuss the electric field spectrum which will not survive reheating.

The helicity density per logarithmic wave number at the end of inflation is simply
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Conditions on the coupling function

‣ Is constant       a good approximation? (reminder:                                        ) 

‣ The coupling is only active around horizon crossing (a few e-foldings):
            can be taken constant for each mode, at least.

‣ The inflaton only varies slowly during inflation:
if          is not an extremely rapidly varying function (double exponential),
then       constant throughout is a good approximation.

‣ Naïve bound from pertubativity of the modified electromagnetism:

fN

fN

f(φ)
fN
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4 Analytic solutions during slow roll inflation

In this section, we first derive a condition on the coupling function f(ϕ) such that the theory
can be treated perturbatively. Even though we cannot prove that the theory does not make
sense otherwise, our treatment is perturbative and so we can really trust it only if interactions
are small. In our subsequent analysis in section 6 we shall, however, analyse the results also if
this condition is not satisfied. We then investigate two different forms of the coupling function
and obtain upper bounds on its parameters without specifying a model of inflation. Finally,
we solve the mode equation in slow roll for a constant fN analytically, derive the resulting
magnetic field power spectrum at the end of inflation and discuss the issue of backreaction
on the background evolution of the inflaton.

4.1 Condition on the coupling function

In order to derive a condition on the coupling function such that the theory can be treated
perturbatively, the interaction between the scalar field and the EM field should be small at
all times. For this we demand that the ratio of the actions for the interaction term to the
free EM term should be less than unity, i.e.

∣∣∣∣
SI [φ, Aµ]

Sem[Aµ]

∣∣∣∣ < 1. (4.1)

In B we show that in a FL background the free EM action can be written as

Sem[Aµ] = V

∫
dt 〈ρ̃E(t) − ρ̃B(t)〉V (4.2)

where 〈. . .〉V denotes the average over volume V in coordinate space and is assumed to be
equivalent to the expectation value defined in eq. (3.15). Similarly, the interaction part of
the action can be expressed in terms of the magnetic helicity as (see B)

SI [φ, Aµ] =
1

2
V

∫
dt ḟ 〈H̃(t)〉V . (4.3)

To compare the two parts of the action, one has to evaluate the time integrals for a given
scenario. For the case of a maximally helical magnetic field, e.g. |A+| = |A| with |A−| = 0
and assuming a power law form for the spectrum given by

PS = PA = k2|A|2 = B2
0 kn , (4.4)

we find that

〈ρ̃B(t)〉V $ B2
0

(2π)2
kn+3
max(t)

(n + 3)
(4.5)

〈H̃(t)〉V $ 2B2
0

(2π)2
kn+2
max(t)

(n + 2)
(4.6)

where kmax(t) is the cut-off scale which is the smallest scale crossing the Hubble scale at time
t when the volume average is computed, hence kmax $ H(t). To estimate the energy density
for the electric field, we can approximate |Ȧ| $ H|A| at large scales which then leads to

〈ρ̃E(t)〉V $ B2
0

(2π)2
kn+1
max(t)

(n + 1)
H2 (4.7)
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|fN | < 1

fN ≡ ḟ/H = 2ξSorbo
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Backreaction & other bounds

‣ Bound from backreaction: demanding the generated electromagnetic fields 
not to affect the inflaton background evolution, yields

  
                                                        where

‣ For                     feedback on the evolution of inflaton perturbations leads to 
detectable non-Gaussianity in the primordial curvature perturbation or to a 
“large” scalar-to-tensor ratio. See Barnaby & Peloso 2010, Barnaby et al 2011 
and Sorbo 2011 for helical GW from this scenario. Bound:

S(fN ) ≡

�
sinh(πfN )

4π3fN

 reheating 
temperature

|fN | � O(1)

S(fN ) � mP

Hend
� m

2
P

T 2
�

� 1.5× 1010
�
1014 GeV

T�

�2

fN � 17
1014 GeV

T�

ξ � 2.5 ⇒ |fN | < 5



Deviations from slow roll

‣ Numerical comparison of the
slow roll result with real model

‣ A short interruption of slow roll
inflation is allowed by the CMB
data, though already strongly
constrained. 
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Figure 4. The relative deviation of the magnetic field power spectrum from an exact k-spectrum

is plotted as a function of the wave number k for the power law coupling with p = 2, f0 = 1/5.

The dashed black line indicates the numerical solution for slow roll inflation (β = 0) while the solid

red line is the spectrum resulting from a deviation from slow roll. The horizontal dotted blue line is

the magnetic field spectrum from the slow roll approximation, fN = 4/5. The deviation from this

approximated spectrum is always small. Only the scales which exit the Hubble radius around the

time when a deviation from slow roll or equivalently a bump in the coupling term occurs are affected

more strongly.

from slow roll leads to a bump in the coupling term as compared to the slow roll case and

therefore, one can expect an effect in the magnetic field power spectrum on the scales which

exit the Hubble radius around the time when the bump in the coupling term occurs.

In figure 4, we plot the relative deviation of the magnetic field power spectrum over an

exact k-spectrum as a function of k for the power law coupling. The exact numerical solution

for slow roll deviates slightly from the PS ∝ k spectrum due to the slight scale dependence

of S2
(fN ). Modulations in the spectrum arise as a result of a deviation from slow roll. We

find that for the best fit values of the parameters of the potential (5.1), the spectrum of the

magnetic field is not strongly modified. Indeed, we conclude that even the deviation from

slow roll, within the limits required by CMB data, does not significantly modify the magnetic

field spectrum. We find that the exponential coupling leads to a similar behaviour for the

coupling term and the magnetic field spectrum.

6 The magnetic field at the end of inflation and its further evolution

Our main results are eqs. (4.23) and (4.28) which determine the magnetic energy density and

helicity density at the end of inflation. Note, however, that we do not renormalise the energy
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given by
dH

d ln k
(tend, k) =

k3

a3
end

cosh(πfN ) − 1

2π3fN
. (4.28)

Note that H̃ ∝ ρ̃B/kc, which therefore has to be constant when helicity is conserved.
We believe that this result is more general than the particular cases studied here: when-

ever the function fN is rapidly varying so that fN (t) = constant during slow roll is no longer
a good approximation, the fact that we require |fN | < 1 during the entire period of inflation
means that fN must be oscillating. Though, because the coupling is active only for the small
number of e-foldings during which a mode crosses the Hubble scale, resonant amplification
of modes at horizon-crossing is not likely to be efficient. We have checked this statement
numerically using different forms of oscillating coupling terms. We, therefore, conclude that
as long as the slow roll approximation is valid and the theory can be treated perturbatively,
the amplification of helical magnetic fields is always mode independent and consequently
leads to a n = 1 spectrum for both the magnetic field and the helicity.

Note that this result differs significantly from the non-helical case. There, the source
term in the mode equation is of the form f̈/f which is typically ∝ 1/t2. The solutions are
then Bessel functions and the Bessel function index, which determines the spectral index at
late times, is related to the (nearly arbitrary) pre-factor. The difference comes from the fact
that a term of order 1/t2 is relevant during all the time when the mode is super-Hubble,
−kt < 1, while a term of order (k/t)Ah is relevant only around horizon crossing. On super-
Hubble scales, it is dominated by the Äh ∼ Ah/t2 term while on sub-Hubble scales, the k2Ah

term becomes dominant.

5 Deviations from slow roll

In the previous section, we discuss two different functional forms of the axial coupling of
the inflaton to the EM field, namely a power law and an exponential. Within the slow
roll approximation we find that fN can safely be considered constant. This always leads
to a magnetic field power spectrum proportional to k. In this section, we first confirm our
analytical findings numerically. Second, we explore the possibility of obtaining a different
magnetic field spectrum by introducing a short deviation from slow roll, motivated by the
fact that such deviations can provide a considerably better fit to the angular power spectrum
of the CMB anisotropies than the predictions from typical single field inflation models, see
for instance refs. [50–55].

To compare the analytical result, eq. (4.21), to a full numerical solution, we solve the
background evolution of ϕ with a quadratic potential, V0(ϕ) ≡ 1

2m2ϕ2, and integrate the
evolution of the modes Ah(t, k) to compute the magnetic power spectrum PS(k) at the end
of inflation.

A short deviation from slow roll can, for example, be achieved by introducing a step in
the quadratic inflaton potential as follows [50–52, 56]

Vβ(ϕ) =
1

2
m2ϕ2

[
1 + β tanh

(
ϕ − ϕ0

∆ϕ

)]
. (5.1)

Here β, ϕ0 and ∆ϕ characterise the height, the location and the width of the step, respectively.
Such a deviation from slow roll, in general, leads to a burst of oscillations in the primordial
power spectrum of curvature perturbations. In what follows, we turn our attention to the
possible effects of such a deviation from slow roll on the magnetic field power spectrum.
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Further evolution: inverse cascade



Evolution in a dense turbulent 
plasma (after inflation):

‣ Viscosity damping on small 
scales

‣ Selective decay of non-helical 
magnetic field spectrum

‣ Inverse cascade of helical 
magnetic field spectra due to 
helicity conservation

Inverse cascade

from: Campanelli, PRL 98 (2007) 251302
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where 1F1!a; b; z" is the Kummer confluent hypergeomet-
ric function, and we have defined !diss # ‘diss=‘B, !# #
‘#=‘B, and " # !#=!1$ !2diss"1=2. Equations (11) and (12)
are integral equations for the magnetic energy and helicity.
They can be solved once the explicit expression for the
drag time is given. This can be done if we consider the
scaling properties of the induction equation. It is well
known that the full MHD equations (neglecting dissipative
terms) are invariant under the scaling transformations x !
‘x, t! ‘1%rt, v ! ‘rv, B ! ‘rB, where ‘ > 0 is the
‘‘scaling factor’’ and r is an arbitrary real parameter [11].
Now, imposing that also the ‘‘reduced’’ MHD equa-
tions (2) and (4) are invariant under these scaling trans-
formations, we get that the drag time is linear in time.
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time is asymptotically linear in time. This allow us to write
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value is inessential for the following discussion.
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where EB andHB, as a function of !diss and !#, are given by
Eqs. (11) and (12). For large magnetic Reynolds numbers,
the first term in the left-hand side of Eq. (13) can be
neglected with respect to the second one.

In the nonhelical case, hB # 0, the solution of Eqs. (13)
and (14) is !# # 0, that is HB!t" # 0 for all times, and
!2diss # '1$ (diss!2$$ $2"(2=!3$p" % 1, where (diss #
%!3$ p"!2B=6. This, in turn, gives for $ ) 1

 EB!$" ’ (EEB!0"$%2!1$p"=!3$p"; (15)

 &B!$" ’ (&&B!0"$2=!3$p"; (16)

where (E # (%!1$p"=!3$p"
diss and (& # (1=!1$p"

diss .
It is interesting to observe that, starting from self-

similarity of MHD equations, Olesen obtained the follow-

ing expression for the magnetic energy spectrum [11]:
EB!k; t" # )Bkp B!kt2=3$p", where )B is a constant,  B
is an unknown scaling-invariant function, and p is the
power-law exponent of the initial magnetic energy spec-
trum. Our approach to MHD equations fixes the expression
of the scaling-invariant function to  B!x" #
exp'%2!x=xs"2(, with xs # (%1

& ‘%1
B '$eddy!0"(2=!3$p".

In Fig. 1, we plot the spectrum of the magnetic energy
for the case p # 4 at different times. It is clear that, in the
nonhelical case, the decay of the magnetic field and the
growth of the correlation length proceed through the so-
called selective decay discussed by Son in Ref. [12]: there
is no direct transfer of magnetic energy from small scales
(large wave numbers) to large scales (small wave numbers)
but, simply, modes with larger wave numbers decay faster
than those whose wave numbers are small. Consequently,
as the turbulence operates, the magnetic field survives only
on larger and larger scales.

In the helical case, the evolution of the system goes
through two different regimes depending on the value of
"!t" which is an increasing function of time. Until " * 1
the system behaves as if the magnetic helicity were zero:
the system evolves by selective decay and, consequently,
the asymptotic solutions are the same as obtained previ-
ously. Afterwards, when " ) 1, the system enters and
persists in a phase characterized by a transfer of magnetic
energy from small to large scales, a mechanism known as
inverse cascade [5]. The asymptotic ($ ! 1) solutions in
this latter phase are !diss!$" ’ cdiss!ln$"1=6$2=3 and !#!$" ’
c#!ln$"2=3$2=3, where cdiss # !%2p=12"1=6!Bh1=3B and c# #
!4p=3"1=2cdiss. Consequently, we have

 EB!$" ’ cEEB!0"!ln$"1=3$%2=3; (17)

 &B!$" ’ c&&B!0"!ln$"%1=3$2=3; (18)

with cE # !2p=3%"1=3h2=3B and c& # hBc%1
E . From the

above equations, we directly obtain the relation EB&B ’
HB=2. This means that a magnetic field with initial frac-
tional helicity becomes maximally helical approximatively
after the system enters into the inverse-cascade regime.
More accurately, we can find the time when this happens,
$h, matching the product of asymptotic solutions (15)–
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FIG. 1. Magnetic energy spectrum in the nonhelical case for
p # 4, with % # 1. The dotted line corresponds to the initial
spectrum, while continuous lines correspond, from left to right,
to t=$eddy!0" # 1; 10; 102; . . . ; 107.
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(18). It results in !h ’ "!1=2
diss h!"3#p$=2p

B . In Fig. 2 we
present the result of a numerical integration of Eqs. (13)
and (14) for ReB"0$ % 1015, p % 4, and h % 10!3. It is
evident from the figure that the analytical expansions [non-
helical solution for ! & !h and Eqs. (17) and (18) for ! *
!h] fit very well the numerical solution. Because of quasi-
conservation of magnetic helicity, small-scale modes are
not dissipated during the decay, but their energy is trans-
ferred to larger scales: this process of inverse cascade is
manifest in the magnetic energy spectrum shown in Fig. 2.

It is worth noting that our final results, Eqs. (15)–(18),
apart from logarithmic factors, agree very well both with
scaling arguments and results of a numerical integration of
full MHD equations presented in Ref. [2].

In conclusion, we have studied the evolution of statisti-
cally homogeneous and isotropic magnetic fields in the
context of freely decaying magnetohydrodynamic turbu-
lence. By quasilinearizing the Navier-Stokes equation, we
have solved analytically the induction equation in quasi-
normal approximation. We have found that, if the initial
magnetic field is not helical, the evolution of the magnetic
field proceeds through selective decay of magnetic modes:
magnetic power on small scales is washed out by turbu-
lence effects more effectively than on large scales. During
this process, the correlation length grows as #B / t2="3#p$,

while the magnetic energy decays in time as EB /
t!2"1#p$="3#p$, where p is the index of the initial power-
law spectrum. In the helical case, the evolution of the
system goes through two different phases: the selective-
decay phase in which the system evolves as if the magnetic
helicity were zero and the inverse-cascade phase. The first
phase ends when quasiconservation of magnetic helicity
starts to trigger an inverse cascade of the magnetic field:
small-scale modes are no more completely dissipated dur-
ing turbulence but their energy is partially transferred to
larger scales. This causes a faster growth of the correlation
length and a slower dissipation of the magnetic energy with
respect to the nonhelical case. The time when the system
enters into the inverse-cascade regime is proportional to
h!"3#p$=2p
B times the initial eddy turnover time, where hB is

the fraction of the maximal initial magnetic helicity. More-
over, the process of inverse cascade erases any information
about the initial structure of the magnetic field, so that the
evolution laws of energy and correlation length are EB /
"logt$1=3t!2=3 and #B / "logt$!1=3t2=3, for all p.

In a cosmological context, these results are of interest
when studying the evolution of primordial magnetic fields
before neutrino decoupling. Indeed, during the period of
neutrino (or photon) free streaming, as well as after re-
combination, the equations governing the evolution of
magnetic fields differ from those studied here [2] and
then our results do not apply. Nevertheless, our approach
to MHD equations can be suitably extended to these last
cases and an appropriate analysis is in progress.
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Reynolds number & correlation scale

‣ After inflation we deal
with “ideal MHD”.

‣ Reynolds number
characterises the
turbulence

‣ Correlation scale
evolves as

as found numerically by Campanelli, PRL 98 (2007) 251302.
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Figure 5. The Reynolds number Re(T ) (black solid) and the comoving correlation scale kc(T )/kfin

(red dashed) are shown in log scale as a function of log(T∗/T ) with T∗ = 1014 GeV. Turbulence and
with it the inverse cascade terminate at Tfin ! 1 GeV and kfin = kc(tfin) ! (10−12 Mpc)−1.

Let us assume that the inverse cascade starts at t∗. In ref. [33] it was found that during
the inverse cascade of a maximally helical magnetic field the total rescaled energy density
scales like

ρ̃B(t) ∝ (t/t∗)
−2/3

and the comoving correlation scale evolves in the same way

kc(t) = kc(t∗) (t/t∗)
−2/3

such that the ratio ρ̃B/kc which is proportional to the rescaled helicity density remains
constant. This continues until tfin, the time when the damping scale has grown up to the
correlation scale, kdiss(tfin) = kc(tfin). After tfin the inverse cascade and turbulence cease and
the magnetic field evolves solely by flux conservation on large scales

dρ̃B

d ln k
(k, t) =

dρ̃B

d ln k
(k, tfin) for t > tfin , k < kdiss(t)

and viscosity damping on small scales, k > kdiss(t). At the end of the inverse cascade, the
correlation scale of magnetic field spectrum has moved to

kfin ≡ kc(tfin) = k∗ (Tfin/T∗)
2/3

and the total energy density is reduced by the same factor.
To compute the ratio Tfin/T∗ we need to determine the temperature at which the

Reynolds number becomes unity. In appendix A of ref. [34] the Reynolds number at very
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Re =
vLL

ν

kc ∝
�T�

T

�2/3

Re(T )

kc(T )

kc(Tfin)

see Caprini et al,  JCAP 11 (2009) 001



Magnetic power spectrum after turbulence

‣ On large scales the shape of 
the spectrum stays 
unchanged.

‣ The amplitude increases 
because the correlation scale 
grows and the total helicity is 
conserved

JCAP03(2011)037

Figure 6. The process of inverse cascade is depicted. We show deρB

d ln k
(kc(t), t) as a function of kc(t)

(dashed line) as well as deρB

d ln k
(k, t∗),

deρB

d ln k
(k, t1) and deρB

d ln k
(k, tfin) as functions of k (thick solid lines). We

choose t1/t∗ = 106. The parts of the curves to the right of the maximum are not reliable. The vertical
line indicates the total amplification factor which is constant for k < k0 = k(tfin). The horizontal line
indicates the amount by which the correlation scale increases during the inverse cascade. The energy
density is in units of Gauss2 for S(fN ) = 1 and k is in units of Mpc−1.

Let us investigate how large this field can become in the best case in which our treatment
may apply. Certainly we want to require backreaction to be unimportant, but we do not
insist that fN be small. Using (4.27) this requires S(fN ) < (mP /T∗)2 and hence

B̃(k = 10/Mpc) ≤ 10−32 Gauss

(
1014 GeV

T∗

)13/11

(6.11)

To achieve a minimal necessary field for dynamo amplification of B ∼ 10−20 Gauss we would
need T∗ ≤ 104 GeV, a somewhat low inflation scale, but not excluded.

Until recombination, fields on scales smaller than about 0.1(B/10−9Gauss)Mpc are
damped by viscosity [58]. The scales k >∼ 10(10−9Gauss/B)/Mpc therefore do not survive
the linear regime and will not be amplified before being damped. But even on these
smallest “surviving scales” the magnetic field generated is in most cases too weak for
dynamo amplification.

7 Conclusions

In this work, we have studied the generation of helical magnetic fields during inflation by
adding a parity-violating term of the form f(φ)FF̃ to the action. For two specific choices
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H ∝ ρB/kc



‣ In terms of the final correlation scale:

‣ And at scales of 0.1 Mpc:

‣ With the bound from backreaction, we get at most

‣ NOT ENOUGH to seed subsequent astrophysical amplification.

Final magnetic field strength

JCAP03(2011)037

For a generic spectral index n, eq. (6.5) is replaced by, see [34],

dρ̃B

d ln k
(t, k) !






dρ̃B

d ln k
(t∗, k∗)

(
k

k∗

)n+3 (
T∗

Tfin

)2(n+2)/3

for k < kfin , t > tfin

0 else.

(6.6)

Clearly, the smaller n the less significant is the amplification by the inverse cascade and for
n = −2 there is no amplification at all. For n < −2 the above result does not apply, see [34].

In our case, where n = 1, eq. (4.23) can be written as

dρ̃B

d ln k
(t∗, k∗) ! 4 × 10−68 GeV4 S2(fN )

( g∗
200

)2/3
(

T∗

1014 GeV

)4

with which we arrive at

dρ̃B

d ln k
(tfin, kfin) ! 2 × 10−77 GeV4 S2(fN )

(
T∗

1014 GeV

)38/11

where we assumed g∗ ! 200. This determines the final strength of the magnetic field on large
scales,3

B̃(k) ! 3 × 10−19 Gauss S(fN )

(
k

kfin

)2 (
T∗

1014 GeV

)19/11

(6.7)

for k ≤ kfin. With the help of eq. (6.4) this can also be written as

B̃(k) ! 3 × 10−19 Gauss S(fN )

(
k

1012/Mpc

)2 (
T∗

1014 GeV

)9/11

(6.8)

for k ≤ kfin.
After the end of the turbulent phase, magnetic fields are damped on small scales by

viscosity and evolve by flux conservation, so that B̃ = const. on large scales. For our typical
value of T∗ ! 1014 GeV hence kfin ! 1012/Mpc, for cosmologically interesting scales of k ∼
10/Mpc the magnetic field is of the order of B̃(k = 10/Mpc) ! 10−40 Gauss. This is much
too small for dynamo amplification. For smaller reheating temperatures, T∗, the Reynolds
number grows less strongly and turbulence and the associated inverse cascade are of shorter
duration. Therefore the value of B̃(k) at fixed k < kfin is actually smaller for T∗ < 1014 GeV
even though k∗ is larger for a smaller reheating temperature, see eq. (6.8). Considering the
lowest value for which our treatment is valid, T∗ ! Tew ! 100GeV we arrive at Tfin ! 8MeV
and kfin ! 4 × 106/Mpc but the magnetic field is only

B̃(k) ! 6 × 10−40 Gauss S(fN )

(
k

kfin

)2

, for k ≤ kfin ! 106/Mpc . (6.9)

At scales of 0.1Mpc, this field is by far insufficient for subsequent dynamo amplification
which requires seed fields of the order of at least 10−20 Gauss [31]. For an arbitrary reheating
temperature T∗ we obtain from (6.8)

B̃(k = 10/Mpc) ! 3 × 10−41 Gauss S(fN )

(
T∗

1014 GeV

)9/11

(6.10)

3The magnetic field strength is B =
√

8πρB in Gauss units, where GeV2 " 1.4 × 1019 Gauss, while in
Heaviside-Lorentz units we have B =

√
2ρB and GeV2/

√
4π " 1.4 × 1019 Gauss.
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For a generic spectral index n, eq. (6.5) is replaced by, see [34],

dρ̃B

d ln k
(t, k) !
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

dρ̃B

d ln k
(t∗, k∗)

(
k

k∗

)n+3 (
T∗

Tfin

)2(n+2)/3

for k < kfin , t > tfin

0 else.

(6.6)

Clearly, the smaller n the less significant is the amplification by the inverse cascade and for
n = −2 there is no amplification at all. For n < −2 the above result does not apply, see [34].

In our case, where n = 1, eq. (4.23) can be written as

dρ̃B

d ln k
(t∗, k∗) ! 4 × 10−68 GeV4 S2(fN )

( g∗
200

)2/3
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1014 GeV

)4

with which we arrive at

dρ̃B

d ln k
(tfin, kfin) ! 2 × 10−77 GeV4 S2(fN )

(
T∗

1014 GeV

)38/11

where we assumed g∗ ! 200. This determines the final strength of the magnetic field on large
scales,3

B̃(k) ! 3 × 10−19 Gauss S(fN )

(
k

kfin

)2 (
T∗

1014 GeV

)19/11

(6.7)

for k ≤ kfin. With the help of eq. (6.4) this can also be written as

B̃(k) ! 3 × 10−19 Gauss S(fN )

(
k

1012/Mpc

)2 (
T∗

1014 GeV

)9/11

(6.8)

for k ≤ kfin.
After the end of the turbulent phase, magnetic fields are damped on small scales by

viscosity and evolve by flux conservation, so that B̃ = const. on large scales. For our typical
value of T∗ ! 1014 GeV hence kfin ! 1012/Mpc, for cosmologically interesting scales of k ∼
10/Mpc the magnetic field is of the order of B̃(k = 10/Mpc) ! 10−40 Gauss. This is much
too small for dynamo amplification. For smaller reheating temperatures, T∗, the Reynolds
number grows less strongly and turbulence and the associated inverse cascade are of shorter
duration. Therefore the value of B̃(k) at fixed k < kfin is actually smaller for T∗ < 1014 GeV
even though k∗ is larger for a smaller reheating temperature, see eq. (6.8). Considering the
lowest value for which our treatment is valid, T∗ ! Tew ! 100GeV we arrive at Tfin ! 8MeV
and kfin ! 4 × 106/Mpc but the magnetic field is only

B̃(k) ! 6 × 10−40 Gauss S(fN )

(
k

kfin

)2

, for k ≤ kfin ! 106/Mpc . (6.9)

At scales of 0.1Mpc, this field is by far insufficient for subsequent dynamo amplification
which requires seed fields of the order of at least 10−20 Gauss [31]. For an arbitrary reheating
temperature T∗ we obtain from (6.8)

B̃(k = 10/Mpc) ! 3 × 10−41 Gauss S(fN )

(
T∗

1014 GeV

)9/11

(6.10)

3The magnetic field strength is B =
√

8πρB in Gauss units, where GeV2 " 1.4 × 1019 Gauss, while in
Heaviside-Lorentz units we have B =

√
2ρB and GeV2/

√
4π " 1.4 × 1019 Gauss.
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Figure 6. The process of inverse cascade is depicted. We show deρB

d ln k
(kc(t), t) as a function of kc(t)

(dashed line) as well as deρB

d ln k
(k, t∗),

deρB

d ln k
(k, t1) and deρB

d ln k
(k, tfin) as functions of k (thick solid lines). We

choose t1/t∗ = 106. The parts of the curves to the right of the maximum are not reliable. The vertical
line indicates the total amplification factor which is constant for k < k0 = k(tfin). The horizontal line
indicates the amount by which the correlation scale increases during the inverse cascade. The energy
density is in units of Gauss2 for S(fN ) = 1 and k is in units of Mpc−1.

Let us investigate how large this field can become in the best case in which our treatment
may apply. Certainly we want to require backreaction to be unimportant, but we do not
insist that fN be small. Using (4.27) this requires S(fN ) < (mP /T∗)2 and hence

B̃(k = 10/Mpc) ≤ 10−32 Gauss

(
1014 GeV

T∗

)13/11

(6.11)

To achieve a minimal necessary field for dynamo amplification of B ∼ 10−20 Gauss we would
need T∗ ≤ 104 GeV, a somewhat low inflation scale, but not excluded.

Until recombination, fields on scales smaller than about 0.1(B/10−9Gauss)Mpc are
damped by viscosity [58]. The scales k >∼ 10(10−9Gauss/B)/Mpc therefore do not survive
the linear regime and will not be amplified before being damped. But even on these
smallest “surviving scales” the magnetic field generated is in most cases too weak for
dynamo amplification.

7 Conclusions

In this work, we have studied the generation of helical magnetic fields during inflation by
adding a parity-violating term of the form f(φ)FF̃ to the action. For two specific choices

– 23 –



Conclusions

‣ Helical magnetic field generation is typical for inflation scenarios with pseudo-
scalars -> Neil and Lorenzo’s talks

‣ Typically, helical magnetic field are only produced with a blue spectrum ~ k.
(CMB data seems to prefer white or red spectra slightly.)

‣ Difficult to produce large amplitude without backreaction, large non-
Gaussianity, and other complications.

‣ Although the inverse cascade can move power from small to large scales, this 
is insufficient to account for the observed fields on large scales.



Observations: lower limit from gamma-rays

IGMFs and GeV emission of 1ES 0229+200 L73

Figure 2. SED of 1ES 0229+200 in the high-energy band and the expected reprocessed GeV emission. Red points show the observed H.E.S.S. spectrum
(Aharonian et al. 2007) and the green points the points after the correction for the absorption with the Low SFR EBL model of Kneiske et al. (2004). See
Tavecchio et al. (2009) for details. The short-dashed black line is an approximation of the intrinsic spectrum, modelled as a hard power law. The long-dashed
line is the corresponding absorbed spectrum following Kneiske et al. (2004). The shaded grey region between these two lines shows the absorbed flux. Note
that the total amount of absorbed power, that is the relevant quantity for the estimate of the level of the reprocessed GeV emission, is only slightly sensitive to
the assumed spectral shape, since it is dominated by the flux at the largest energies. The coloured lines report the approximation of the expected reprocessed
spectrum for different values of the IGMF, B = 10−15, 10−14, 10−13 G and two different values of the initial collimation angle (θc = 0.1 and 0.05 rad, solid
and dashed–dotted lines, respectively), determining the intrinsic beaming of the primary radiation. For comparison, we also report the curves (black dotted
lines) corresponding to the two extreme cases of (upper) B = 0 and (lower) completely isotropy of the reprocessed emission (extremely large B). Black points
show the Fermi/LAT upper limit to the flux in the 100 MeV–1 GeV, 1–10 GeV and 10–30 GeV bands obtained through the spectral parameters derived with
the standard analysis (see the text for more details). The black solid line shows the lowest possible reprocessed spectrum consistent with the upper limits,
corresponding to a magnetic field of B = 5 × 10−15 G (for θc = 0.1).

of 10 per cent at 100 MeV, 5 per cent at 500 MeV and 20 per cent
at 10 GeV (Rando et al. 2009).

3.2 Results

Fig. 2 shows the high-energy SED of 1ES 0229+200 including the
TeV data from H.E.S.S. (red) and the same points corrected for
the absorption (green) using the Low SFR model of Kneiske et al.
(2004). We assume that the intrinsic spectrum is well represented
(dashed line) by a hard power law, FE ∝ E1/3 (see Tavecchio et al.
2009 for the justification of this choice). The black dotted line is the
corresponding absorbed spectrum using the Kneiske et al. (2004)
model. The area in grey shows the flux absorbed and available for
reprocessing. As long as the intrinsic spectrum is hard, the amount
of absorbed energy depends only on the intrinsic luminosity of the
highest energy bin Emax. The most conservative limit on the IGMF
corresponds to the lowest amount of reprocessed radiation that in
turn corresponds to the smallest intrinsic luminosity. To this aim,
we use the EBL model providing the lowest opacity around 10 TeV.

We report the LAT upper limit in the 0.1–1, 1–10 and 10–30 GeV
bands (Table 1). The solid and dot–dashed lines report the expected
reprocessed emission assuming three different values of the IGMF
and two different beaming angles (0.05 and 0.1 rad, corresponding

to bulk Lorentz factors " = 20 and 10, respectively) for the intrinsic
blazar emission. The black line is calculated for the minimum value
of the magnetic field consistent with the upper limit, B = 5 ×
10−15 G. Note that, due to the very hard reprocessed spectrum, the
most stringent upper limit is that at the highest energies, 10–30 GeV.
Beaming angles θc smaller than those assumed here (corresponding
to larger bulk Lorentz factors of the jet) would result in lower values
for the upper limit on B (see equation 6).

We remark that unlike the methods based on the estimate of the
rotation measure in the radio band (e.g. Kronberg 2001), with which
it is possible to derive upper limits to the IGMF, this method allows
us to put a lower limit on B. If the hint of detection in the highest
energy bin is real, we have two possibilities: either it is the repro-
cessed radiation, and in this case it gives a measure of B, or it is still
primary emission from the blazar (even if belonging to a component
different than that observed at TeV energies; e.g. Tavecchio et al.
2009), and in this case our limit would still hold.

4 D ISCUSSION

The lower limit on the value of the magnetic field derived here,
B > 5 × 10−15 G, can be considered one of the most stringent
values ever derived for the IGMF. The value is mainly constrained

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, L70–L74

~10−12 G on EGMF strength (19, 20). Bounds
on the EGMF strength depend on the field
correlation length, lB, which is also unknown.
A lower limit on lB is set by the requirement
that the resistive magnetic diffusion time scale
has to be larger than the age of the Universe (2),
whereas an upper limit is set only by the size of
the visible part of the Universe, RH.

Here, we report a lower bound for the
EGMF strength, derived from the data of
Fermi and High Energy Stereoscopic System
(HESS) gamma-ray telescopes. Similarly to
the existing upper bounds, the lower bound
depends on the unknown EGMF configura-
tion parameters, such as the typical correlation
length and spectrum.

Gamma rays with energies above ~1 TeV
cannot propagate over cosmological distances be-
cause of absorption resulting from interactionswith
diffuse extragalactic background light (EBL)
(21–24). The mean free path of gamma rays
of energy Eg0 through EBL is Dg ≃ 80k
ðEg0=10 TeVÞ−1 Mpc, where k ~ 1 is a numerical
factor that accounts for uncertainties of the mea-
surements and modeling of the EBL (25). Inter-
actions of multi-TeV gamma rays with the EBL
lead to the deposition of electron-positron pairs in
the intergalactic space. These e+e− pairs emit sec-
ondary cascade gamma rays via inverse Compton
(IC) scattering of CMB photons. Typical energies
for the IC photons emitted by electrons of energy
Ee ≃ Eg0=2 are Eg ¼ ð4=3Þ&CMBðEe=mec2Þ2 ≃
88ðEg0=10 TeVÞ2 GeV,where &CMB=6× 10

−4 eV
is the typical energy of CMB photons and Ee

and me are the energy and mass, respectively, of
an electron. Pairs lose energy on IC scattering on
the distance scale De ≃ 1023ðEe=10 TeVÞ−1 cm,
which is much smaller than the gamma ray mean
free path Dg. Power removed from the primary
gamma-ray beam is transferred to the cascade
gamma-ray emission.

If magnetic fields, which deviate electron and
positron trajectories, are negligibly small, the IC
emission from the electromagnetic cascade
contributes to the primary point gamma-ray
source flux (26–29). Otherwise, if magnetic
fields along the path of development of the
cascade are strong enough to deviate the tra-
jectories of the pairs, the cascade emission
appears as extended emission around the initial
point source (25, 30–33).

The deflection angle d depends on the cor-
relation length of the magnetic field. If lB ≫ De,
the motion of electrons or positrons can be ap-
proximated by the motion in a homogeneous
magnetic field. In this case d ≃ De=RL ≃ 3$
10−4ðB=10−16GÞðEe=10 TeVÞ−2 is a ratio ofDe to
the Larmor radius,RL. IflB ≪ De, electron deflec-
tions are describable by diffusion in angle, so that
the deflection angle is d ¼

ffiffiffiffiffiffiffiffiffiffi

DelB
p

=RL ≃ 5$
10−5ðEe=10 TeVÞ−3=2ðB=10−16 GÞðlB=1 kpcÞ

1=2 .
The size of the extended cascade source is esti-
mated asQext ≃ d=t, where t =D/Dg is the optical
depth for gamma rays from a source at a distance
D with respect to absorption on EBL (25).

Because lower energy electrons are deviated
by larger angles, the size of the extended cascade
source Qext is larger at low energies. The energy
of cascade photons, Eg,min, below which the ex-
tended source size becomes larger than the point
spread function (PSF) of a telescope, depends
on the EGMF strength and correlation length. In
the case of the Fermi telescope, the PSF depends
on the photon energy, decreasing as QPSF ≃
2°ðEg=1 GeVÞ−0:8 (95% of the signal) below
Eg ≅ 1 GeVand improving from ∼2° at 1 GeV to
QPSF ≃ 0:2° at Eg ∼ 10 GeV (34). Taking the

photon energyEg ∼ 10 GeV as a reference, one
finds that Qext ≥ QPSF if

B ≥ BPSF ≃

6$ 10−17tðEg,min=10 GeVÞ
$ G,lB > De

8$ 10−16tðEg,min=10 GeVÞ3=4

$ ðlB=1 kpcÞ−1=2G,lB < De

8

>

>

<

>

>

:

ð1Þ

To constrain the presence of a cascade con-
tribution in the spectra of distant TeV blazars, we
have analyzed Fermi/LAT (Large Area Tele-

Fig. 1. A comparison of
models of cascade emis-
sion from TeV blazars
(thick solid black curves)
with Fermi upper limits
(gray curves) and HESS
data (gray data points).
Thin dashed curves show
the primary (unabsorbed)
source spectra. Dotted
curves show the overall
(cascade plus direct)
spectra after propagation
through the EBL. Vertical
lines with arrows show
the energies below which
the cascade emission
should be suppressed.
HESS data points (with
SEM error bars) are
taken from (23, 36, 37).

Fig. 2. Light, medium,
and dark gray: known ob-
servational bounds on the
strength and correlation
length of EGMF, summa-
rized in (25). The bound
fromBig Bangnucleosyn-
thesis (BBN) is from (2).
The black hatched region
shows the lower bound
on the EGMF derived
from observations of 1ES
0347-121(cross-hatching)
and 1ES 0229+200 (sin-
gle diagonal hatching) in
this paper.Orangehatched
regions show the allowed
ranges of B and lB for
magnetic fields generated
at the epoch of inflation
(horizontal hatching), the
electroweak phase tran-
sition (denseverticalhatch-
ing), QCD phase transition
(medium vertical hatch-
ing), and epoch of recombination (light vertical hatching) (25). White ellipses show the range of mea-
sured magnetic field strengths and correlation lengths in galaxies and galaxy clusters.
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