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Into slide for this crowd

Inflation is great

Natural / axion inflation is even greater
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Allowed couplings

A field with a shift symmetry can only couple derivatively

E/M field electrons, neutrinos, ...
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From a EFT perspective, we expect these terms to be present.
(see Valerie’s talk)
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Gauge field production

We work with an abelian gauge field (e.g. U(1)Y ) & decompose in
two polarizations (+,−).
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For non-zero coupling each polarization (+,−) exhibit different
exponential enhancement.
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Backreaction

Gauge fields source density fluctuations by back-reacting on the
inflaton through the usual axion-photon interaction

[
∂2t + 3H∂t +

(
k2

a2
+ Vϕϕ

)]
δϕ =

α
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|A| = eπ
α
f

|ϕ̇|
H

Constraints on the coupling through:

non-Gaussianity at the CMB

Primordial Black Hole production

⇒ α

f
≲ 110m−1

Pl

=⇒ Lattice simulations are needed to compute
strong back-reaction effects for large coupling (Dani’s talk)
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Reheating Efficiency

Coupling the axion to gauge fields can lead to explosive transfer of
energy from the inflaton.
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Reheating occurs after a single axion oscillation for α
f mPl > 45.
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Re-Scattering and Polarization
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Strong re-scattering suppresses polarization on sub-horizon
scales for large couplings.
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Observables

Magnetic fields are observed at all scales. We focus on large scales

Galactic magnetic fields at kpc
scales of 10−6G

Intergalactic magnetic fields with
correlation length of λ

B ≳ 10−17G
(
or 10−15G

)
for λ ≥ 1Mpc

B ≳
√

1Mpc

λ
10−17G for λ < 1Mpc

define Beff ≡ B
√
λ/1Mpc > 10−17G

8 A. M. Taylor, I. Vovk and A. Neronov: EGMF Constraints from Simultaneous GeV-TeV Observations of Blazars

Fig. 9. Bounds on magnetic field derived from the simultaneous
GeV-TeV data. Blue shaded regions show the previously known
bounds on B and λB, summarized by Neronov & Semikoz
(2009). Orange shading shows the upper bound on B, λB which
could be generated before the epoch of recombination, derived
by Banerjee & Jedamzik (2004).

For the case of suppression due to extended nature of the
cascade source, the presence of magnetic field modifies the
cascade spectrum at GeV energies only if the magnetic field
strength is B ! 10−16 G, for the case of RGB J0710+591,
1ES 0229+200, and 1ES 1218+304. The minimal magnetic field
strengths needed to make the model source spectra consistent
with the data can vary between 10−16 and 10−15 G, depend-
ing on the adopted model source (from “minimal” to “maxi-
mal”, through all the “intermediate” possibilities) and the model
of the EBL. The tighest bound is derived from the data on
1ES 0229+200, at the level of 10−15 G, which is consistent
with the bounds found under similar assumptions about the
cascade suppression mechanism by Neronov & Vovk (2010);
Dolag et al. (2010); Tavecchio (2010). We stress that the bound
should be considered only as an order-of-magnitude estimate,
due to the significant uncertainty of the shape and overall nor-
malization of the cascade introduced by the uncertainty of the
normalization and spectral shape of the EBL.

For the case of suppression of cascade emission due to the
time delay of the cascade signal, one assumes that the primary
source is active only during a limited period of time, just about
the time span of gamma-ray observations (tsource ∼ 1 yr). Time
delay of the cascade signal by tdelay > tsource would lead to the
suppression of the cascade flux by a factor tsource/tdelay. Figs. 6,
7, and 8 show that time delay of the cascade signal starts to in-
fluence the cascade emission signal at GeV energies when the
magnetic field strength reaches ∼ 10−18 G. Similar to the case of
suppression due to the extended emission, the precise value of
B necessary to suppress the cascade emission depends on the
adopted source and EBL models. The tighest lower bound is
again derived from the data on 1ES 0229+200, at the level of
10−17 G. This bound should also be considered as an order-of-

magnitude estimate because of the remaining uncertainty in the
measurements of the spectrum of EBL.

Note that the bound B ≥ 10−17 G derived assuming sup-
pression of cascade emission due to the time delay of the cas-
cade signal in the case of 1ES 0229+200 is by 1.5 orders of
magnitude stronger than the bound derived from a similar anal-
ysis of the same source by Dermer et al. (2010). We believe that
the main source of discrepancy between the result obtained in
the present work and that of Dermer et al. (2010) is the sim-
plified analytical treatment of the cascade emission adopted by
Dermer et al. (2010). The simplified treatment of the cascade
has led to an under-estimate of the cascade flux at high ener-
gies Eγ ! 10 GeV and an over-estimate of the strength of sup-
pression of the cascade emission due to the time delay at low
energies Eγ " 10 GeV.

Furthermore, we note that our limit of B > 10−17 G from
the time delay of the cascade signal is consistent with the results
of a similar analysis by Dolag et al. (2010), who found some-
what tighter bound B > 10−16 G, assuming a larger minimal
possible time delay, tdelay > 100 yr in the cascade emission from
1ES 0229+200.

A summary of the limits on magnetic fields in the inter-
galactic medium, which can be derived from the simultaneous
GeV-TeV band observations is shown in Fig. 9. In our analysis
we have considered the bound on the EGMF strength assum-
ing a fixed magnetic field correlation length λB = 1 Mpc. If
the EGMF correlation length is λB ! 1 Mpc, the lower bound
on EGMF strength does not depend on λB because the cooling
distance of e+e− pairs is much shorter than the typical size of
regions in which EGMF is correlated. We have explicitly ver-
ified this by making a control run of Monte-Carlo simulations
with λB = 30 Mpc and comparing the results with the case
λB = 1 Mpc shown above. On the other hand, if λB " 1 Mpc, the
inverse Compton cooling distance becomes larger than the size
of the regions with correlated EGMF. This means that electrons
and positrons pass through regions with different magnetic field
orientations during their cooling. As a result, the deflection an-
gle scales proportionally to the square root, rather than linearly
with the propagation distance on the distance scales comparable
to the inverse Compton cooling length. This explains the im-
provement of the lower bound on the EGMF strength B ∼ λ−1/2B
at λB " 1 Mpc: stronger magnetic field is required to deviate
electron trajectories by a given angle.

5. Conclusion
In this paper we have derived constraints on the strength of mag-
netic fields in the intergalacticmedium from simultaneous obser-
vations of blazars in the GeV band (by Fermi/LAT telescope) and
TeV band (by ground-based γ-ray telescopes). The constraints
stem from the requirement that the GeV band signal from elec-
tromagnetic cascade initiated by the absorption of the primary
TeV γ-rays in interactions with Extragalactic Background Light
should be suppressed by deflections of electron-positron pairs by
magnetic fields in the intergalactic medium. Non-observation of
the cascade emission by Fermi/LAT telescopes imposes a lower
bound on the cascade flux suppression factor which could be
converted to a correlation length dependent lower bound on the
strength of magnetic field.

We have found that constraints on the magnetic field
strength could be derived from the γ-ray data on three blazars,
1ES 0229+200, RGB J0710+591 and 1ES 1218+304 (out of
seven, for which simultaneous GeV-TeV data are available). For
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ABSTRACT

Context. Attenuation of the TeV γ-ray flux from distant blazars through pair production with extragalactic background light leads
to the development of electromagnetic cascades and subsequent, lower energy, GeV secondary γ-ray emission. Due to the deflection
of VHE cascade electrons by extragalactic magnetic fields (EGMF), the spectral shape of this arriving cascade γ-ray emission is
dependent on the strength of the EGMF. Thus, the spectral shape of the GeV-TeV emission from blazars has the potential to probe the
EGMF strength along the line of sight to the object. Constraints on EGMF previously derived from the gamma-ray data suffer from
an uncertainty related to the non-simultaneity of GeV and TeV band observations.
Aims. We investigate constraints on the EGMF derived from observations of blazars for which TeV observations simultaneous with
those by Fermi telescope were reported. We study the dependence of the EGMF bound on the hidden assumptions it rests upon.
Methods. We select blazar objects for which simultaneous Fermi/LAT GeV and Veritas, MAGIC or HESS TeV emission have been
published. We model the development of electromagnetic cascades along the gamma-ray beams from these sources using Monte
Carlo simulations, including the calculation of the temporal delay incurred by cascade photons, relative to the light propagation time
of direct γ-rays from the source.
Results. Constraints on EGMF could be derived from the simultaneous GeV-TeV data on the blazars RGB J0710+591,
1ES 0229+200, and 1ES 1218+304. The measured source flux level in the GeV band is lower than the flux of the expected cascade
component calculated under the assumption of zero EGMF. Assuming that the reason for the suppression of the cascade component is
the extended nature of the cascade emission, we find that B ! 10−15 G (assuming EGMF correlation length of ≥ 1 Mpc) is consistent
with the data. Alternatively, the assumption that the suppression of the cascade emission is caused by the time delay of the cascade
photons the data are consistent with B ! 10−17 G for the same correlation length.

Key words. Gamma rays: galaxies – Galaxies: active – BL Lacertae objects: general

1. Introduction

The presence of magnetic fields in galaxies and galaxy clus-
ters plays a key role in present day astrophysical studies.
However, the origin of these fields remains largely uncertain (see
Kronberg (1994); Grasso & Rubinstein (2001); Widrow (2002);
Beck (2009) for reviews). A commonly accepted hypothesis is
that relatively strong galactic and cluster magnetic fields re-
sult from the amplification of much weaker pre-existing “seed”
fields via compression and turbulence/dynamo amplification in
the course of structure formation processes (Kulsrud & Zweibel
2008).

The origin of these seed magnetic fields is unknown.
It is possible that the seed fields are produced locally in
(proto)galaxies via the so-called “Biermann battery” mech-
anism (Pudritz & Silk 1989; Gnedin et al. 2000). Otherwise,
the seed fields might be of primordial origin, i.e. produced
at the moments of phase transitions in the Early Universe
(Grasso & Rubinstein 2001; Widrow 2002). Constraints on the
nature of the seed fields could potentially be derived from
the measurements of weak magnetic fields in the intergalactic
medium which are not amplified by the action of different types
of dynamos.

The measurement of extremely weak magnetic fields in
the voids of the Large Scale Structure (LSS) is a challenging
task and up to now only upper bounds have been derived us-

ing various techniques. The tightest upper bounds come from
the search for the Faraday rotation of polarization of radio
emission from distant quasars (Kronberg & Simard-Normandin
1976; Kronberg & Perry 1982; Blasi et al. 1999) and from the
effect of magnetic fields on the anisotropy of Cosmic Microwave
Background radiation (Barrow et al. 1997; Durrer et al. 2000).

A new handle on the EGMF measure, using the cascade
emission from blazars, is now emerging as an alterna-
tive probe. In this method, multi-TeV γ-rays from distant
(> 100 Mpc) blazars attenuate through pair production
interactions on the extragalactic background light (EBL),
leading to the development of electromagnetic cascades
(Aharonian et al. 1994; Plaga 1995; Coppi & Aharonian
1996; Neronov & Semikoz 2007; d’Avezac et al. 2007;
Murase et al. 2008; Eungwanichayapant & Aharonian 2009;
Neronov & Semikoz 2009; Elyiv et al. 2009; Dolag et al. 2009).
The angular pattern of the secondary cascade emission from
e+e− pairs deposited in the intergalactic medium through
pair production interactions depends on the EGMF strength.
The detection (non-detection) of the cascade emission signal
from known TeV γ-ray emitting blazars could result in the
measurement of (lower bound on) the strength of the magnetic
field in intergalactic space along the line of sight toward these
blazars. The first application of this method for deriving lower
bounds on the EGMF have been carried out (Neronov & Vovk
2010; Tavecchio 2010; Dolag et al. 2010; Dermer et al. 2010),
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Lattice Results
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Photons → Charged Plasma

Instantaneous preheating efficiently generates gauge fields, but
we are not made of gauge fields...

=⇒ The “missing link” are Standard Model interactions

A

A

σAA→ΦΦ ∼ α2
Y

s

Γ

H
=

nσv

H
∼ α2

Y

(mPl

m

)2
≫ 1

Fast interactions lead to

Treh ∼ √
m ×mPl ∼ 10−3mPl

A

A f

� f
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Evolution of Helical Fields

In a turbulent plasma B−fields undergo inverse cascade :

helicity conservation

energy transfer from smaller to larger scales.
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Campanelli, arXiv:0705.2308

also Brandenburg & Kahniashvili

This protects magnetic fields from fast decay
=⇒ stronger magnetic fields today.
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Late Universe Magnetic Field
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Conversion of gauge fields to charged particles O(1)

Conversion of hypercharge to EM cos θW ∼ 0.9

Inverse cascade starts shortly after inflation

Beff ≳ 10−16 G ⇔ Bphys ∼ 10−13G & λphys ∼ 10 pc
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Connection with observations
8 A. M. Taylor, I. Vovk and A. Neronov: EGMF Constraints from Simultaneous GeV-TeV Observations of Blazars

Fig. 9. Bounds on magnetic field derived from the simultaneous
GeV-TeV data. Blue shaded regions show the previously known
bounds on B and λB, summarized by Neronov & Semikoz
(2009). Orange shading shows the upper bound on B, λB which
could be generated before the epoch of recombination, derived
by Banerjee & Jedamzik (2004).

For the case of suppression due to extended nature of the
cascade source, the presence of magnetic field modifies the
cascade spectrum at GeV energies only if the magnetic field
strength is B ! 10−16 G, for the case of RGB J0710+591,
1ES 0229+200, and 1ES 1218+304. The minimal magnetic field
strengths needed to make the model source spectra consistent
with the data can vary between 10−16 and 10−15 G, depend-
ing on the adopted model source (from “minimal” to “maxi-
mal”, through all the “intermediate” possibilities) and the model
of the EBL. The tighest bound is derived from the data on
1ES 0229+200, at the level of 10−15 G, which is consistent
with the bounds found under similar assumptions about the
cascade suppression mechanism by Neronov & Vovk (2010);
Dolag et al. (2010); Tavecchio (2010). We stress that the bound
should be considered only as an order-of-magnitude estimate,
due to the significant uncertainty of the shape and overall nor-
malization of the cascade introduced by the uncertainty of the
normalization and spectral shape of the EBL.

For the case of suppression of cascade emission due to the
time delay of the cascade signal, one assumes that the primary
source is active only during a limited period of time, just about
the time span of gamma-ray observations (tsource ∼ 1 yr). Time
delay of the cascade signal by tdelay > tsource would lead to the
suppression of the cascade flux by a factor tsource/tdelay. Figs. 6,
7, and 8 show that time delay of the cascade signal starts to in-
fluence the cascade emission signal at GeV energies when the
magnetic field strength reaches ∼ 10−18 G. Similar to the case of
suppression due to the extended emission, the precise value of
B necessary to suppress the cascade emission depends on the
adopted source and EBL models. The tighest lower bound is
again derived from the data on 1ES 0229+200, at the level of
10−17 G. This bound should also be considered as an order-of-

magnitude estimate because of the remaining uncertainty in the
measurements of the spectrum of EBL.

Note that the bound B ≥ 10−17 G derived assuming sup-
pression of cascade emission due to the time delay of the cas-
cade signal in the case of 1ES 0229+200 is by 1.5 orders of
magnitude stronger than the bound derived from a similar anal-
ysis of the same source by Dermer et al. (2010). We believe that
the main source of discrepancy between the result obtained in
the present work and that of Dermer et al. (2010) is the sim-
plified analytical treatment of the cascade emission adopted by
Dermer et al. (2010). The simplified treatment of the cascade
has led to an under-estimate of the cascade flux at high ener-
gies Eγ ! 10 GeV and an over-estimate of the strength of sup-
pression of the cascade emission due to the time delay at low
energies Eγ " 10 GeV.

Furthermore, we note that our limit of B > 10−17 G from
the time delay of the cascade signal is consistent with the results
of a similar analysis by Dolag et al. (2010), who found some-
what tighter bound B > 10−16 G, assuming a larger minimal
possible time delay, tdelay > 100 yr in the cascade emission from
1ES 0229+200.

A summary of the limits on magnetic fields in the inter-
galactic medium, which can be derived from the simultaneous
GeV-TeV band observations is shown in Fig. 9. In our analysis
we have considered the bound on the EGMF strength assum-
ing a fixed magnetic field correlation length λB = 1 Mpc. If
the EGMF correlation length is λB ! 1 Mpc, the lower bound
on EGMF strength does not depend on λB because the cooling
distance of e+e− pairs is much shorter than the typical size of
regions in which EGMF is correlated. We have explicitly ver-
ified this by making a control run of Monte-Carlo simulations
with λB = 30 Mpc and comparing the results with the case
λB = 1 Mpc shown above. On the other hand, if λB " 1 Mpc, the
inverse Compton cooling distance becomes larger than the size
of the regions with correlated EGMF. This means that electrons
and positrons pass through regions with different magnetic field
orientations during their cooling. As a result, the deflection an-
gle scales proportionally to the square root, rather than linearly
with the propagation distance on the distance scales comparable
to the inverse Compton cooling length. This explains the im-
provement of the lower bound on the EGMF strength B ∼ λ−1/2B
at λB " 1 Mpc: stronger magnetic field is required to deviate
electron trajectories by a given angle.

5. Conclusion
In this paper we have derived constraints on the strength of mag-
netic fields in the intergalacticmedium from simultaneous obser-
vations of blazars in the GeV band (by Fermi/LAT telescope) and
TeV band (by ground-based γ-ray telescopes). The constraints
stem from the requirement that the GeV band signal from elec-
tromagnetic cascade initiated by the absorption of the primary
TeV γ-rays in interactions with Extragalactic Background Light
should be suppressed by deflections of electron-positron pairs by
magnetic fields in the intergalactic medium. Non-observation of
the cascade emission by Fermi/LAT telescopes imposes a lower
bound on the cascade flux suppression factor which could be
converted to a correlation length dependent lower bound on the
strength of magnetic field.

We have found that constraints on the magnetic field
strength could be derived from the γ-ray data on three blazars,
1ES 0229+200, RGB J0710+591 and 1ES 1218+304 (out of
seven, for which simultaneous GeV-TeV data are available). For
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Gauge fields and baryons

The chiral anomaly in the Standard model for a fermion species f is

∂µJ
µ
f = C f

y

αy

16π
YµνỸ

µν + C f
w

αy

8π
WµνW̃

µν + C f
s

αs

8π
GµνG̃

µν

Integrating this equation gives

∆Nf = −C f
y

αy

4π

∫
d4xE⃗ · B⃗ = C f

y

αy

8π
∆H

where

∆Nf is the change in baryon number

∆H is the change in helicity

see Kohei’s talk
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Who ordered that?
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Strong back-reaction from the gauge-field traps the inflaton.

Inflation ends momentarily.

Once the gauge fields red-shift enough, inflation re-starts.

see Dani’s tak
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Diverse Observables from Gauge Fields

Axion inflation naturally has a Chern-Simons coupling to U(1)
⇓

Lattice simulations needed for large coupling

⇓
Instantaneous preheating &
efficient scattering to the SM
=⇒ high reheat temperature

⇓
Largely helical magnetic fields &

inverse cascade

⇓
Possible origin of

intergalactic magnetic fields

⇓
Large backreaction effects
=⇒ Inflaton trapping

can mimic potential feature

⇓
Possible enhanced PBH

production

⇓
Coupling constraints must be

updated
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Anatomy of single field inflation
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Hubble patches during inflation

Random

=⇒

Walk

During inflation the Higgs field performs
a random walk on super-horizon scales,

acquiring a different value in each Hubble patch.√
⟨h2⟩ = 0.36λ

−1/4
I HI
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Single field inflation with a spectator
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Higgs modulation

Perturbative decays to fermions

Γϕ = Γ0

(
1− 2y2h2

m2
ϕ

)3/2

Θ(m2
ϕ − 2y2h2)

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

e-folding number N

Γ
/Γ
0

Even for m2
ϕ > 2y2h2, Γϕ still

depends on the Higgs field,
which is space-depenent
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Space-dependent reheat temperature

PERTURBATIVE REHEATING

SPACE-DEPENDENT REHEAT TEMPERATURE
▸ Reheating at each Hubble patch happens at a different 

temperature           Ti
reh

h1, m1
f , Γ1

ϕ, T1
reh

hn, mn
f , Γn

ϕ, Tn
reh

δΓ

9/23

Adapted from D. Baumann, Lectures on Cosmology
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Higgs blocking for gauge bosons 1/2

The effective Lagrangian is

L = −1

2
∂µϕ∂

µϕ− V (ϕ)− 1

4
FµνF

µν +
1

4f
ϕFµν F̃µν +

M2

2
AµAµ

where M = g |h|/2 is the gauge field mass.

The linearized equations of motion for A±
k are

Ä±
k + HȦ±

k +

(
k2

a2
∓ k

a

ϕ̇

H
+M2

)
A±
k = 0
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Higgs blocking for gauge bosons 2/2

��� ��� ��� ��� ��� ��� ���

���

���

��-�

��-�

��-�

��-�

��-�

Increasing the gauge boson
mass suppressed parametric

resonance, delaying preheating
or even making it impossible
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The Higgs & the gauge mass
are stochastic variables.

The reheat temperature
depends on the Higgs RMS
value.

��� ��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

��� ��� ��� ���

���

�

��

��� The universe reheats into patches
of different temperatures.

For incomplete preheating, the
PDF has a δ-function-like
component at the perturbative
decay temperature.
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Results

g = 0.1 ⇒ ∆T

T
≃ 10−4 g = 0.8 ⇒ ∆T

T
≃ 8× 10−3

Preheating solely to massive gauge bosons is
observationally ruled out
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Diverse observables from the Higgs condensate

The reheat temperature depends
on the Higgs behavior during / after inflation.

Temperature fluctuations from reheating must be bound with
respect to the CMB (Dvali, Gruzinov & Zaldarriaga, 2004)

Leptogenesis & Baryogenesis models must be computed using
the Higgs rms effects
⇒ variable washout ⇒ baryon abundance ⇒ CIB fluct.

⇓

Reheating effects can help us
probe the Higgs potential during inflation!
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Fermion Fields

LInt ⊂ α
8f ϕϵ

µναβFµνFαβ +
C

f
∂µϕψ̄γ5γ

µψ

xy

−α
f ϵ
µναβ∂µϕAν∂αAβ

A detailed analysis can be found in:

P. Adshead and EIS, Phys. Rev. Lett. 116, no. 9, 091301 (2016)
[arXiv:1508.00881 [hep-ph]]

P. Adshead and EIS, JCAP 1511, no. 11, 021 (2015)
[arXiv:1508.00891 [hep-ph]].

Evangelos Sfakianakis Magnetogenesis and beyond 27/48



Fermion Summary – due to time constraints

Coupling to fermions leads to the asymmetric production of
helicity states.

One helicity state is produced during inflation.

The other helicity state, which is produced only after inflation,
is produced for a smaller range of wavenumbers.

The difference in the range of produced wavenumbers can lead
to an asymmetric production

The peak asymmetry has a very simple expression

∆n ∼
(
C
f

)3
, with a model-dependent O(1) factor.

Helicity asymmetry in SM neutrinos can be converted to an
observable baryon asymmetry through the sphaleron process.
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Inflationary Leptogenesis & Neutrinos

The observed baryon number can be connected to inflation
through generating a lepton helicity asymmetry

Direct coupling during axion inflation:
The lepton number depends on the coupling constant and
inflaton velocity

Gravitational leptogenesis:

∂µ
(√−gJµB−L

)
= −NL−R

24

1

16π2
RR̃

where the lepton number density is

NB−L ∝
(

He

MPl

)2

HGW
R−L

while we parametrize the GW power asymmetry with

HGW
R−L ≡

∫
d ln k

[
k3

H3
e

(∆2
R −∆2

L)

H2
e /M

2
Pl

− k

He

(∆′2
R −∆′2

L )

H4
e /M

4
Pl

]
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Origin of helical GW’s

U(1) gauge fields can effectively source GW’s through

h′′ij −∇2hij + 2Hh′ij = 16πSTT
ij
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FIG. 6. The energy density in gravitational wave polarizations today produced by an axially coupled gauge field with
couplings ↵ = 45 (left) and ↵ = 60 (right). The top panels correspond to the first time � crosses zero, the middle to the second
zero-crossing, and the bottom panels to the end of the simulation (a = 15). Each frame plots the minus (red) and plus (blue)
polarization and their sum (dotted black).

minus-lepton number per unit Hubble volume

NB�L(t) = � 1

64⇡2

✓
He

mpl

◆2 �
HGW

R�L(t) � HGW
R�L(ti)

�
.

(46)

Generating a baryon asymmetry of the right order of
magnitude requires a large topological charge HGW

R�L ⇠
1014 [56]. We plot this variable for several values of the
coupling ↵ in Fig. 7.

These results demonstrate that the topological charge
per Hubble volume generated during our simulations in-

deed reaches the correct order of magnitude required to
achieve appreciable lepton asymmetry (HGW

R�L ⇠ 1014).
However, note that the topological charge, and therefore
the net lepton number, evolves during the simulation. Ac-
curately determining the net baryon number produced in
this scenario requires solving the kinetic transport equa-
tions of the standard model of particle physics, as well
as a detailed model of the neutrino mass sector [56]. We
leave this study to future work.
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FIG. 7. The evolution of HGW
R�L over the course of the simu-

lations for various couplings. In the top panel are simulations
with ↵ = 40 (red), 45 (green), and 50 (blue). In the bottom
panel are simulations with ↵ = 55 (red), 60 (green), and
65 (blue). In all curves, dotted sections denote those with
HGW

R�L < 0.

VI. CONCLUSIONS

In this work we have computed the spectrum of gravi-
tational waves produced during gauge preheating follow-
ing inflation. Dilatonic and axial couplings between a
scalar (or pseudoscalar) inflaton and Abelian gauge fields
produce significant gravitational radiation for coupling
strengths that nearly or completely reheat the Universe.
The signals produced are remarkably loud, strong enough

to be detectable by interferometers like LIGO, given an
inflationary energy scale which produces gravitational
waves of appropriate frequency. Next-generation CMB
experiments will be sensitive enough to Ne↵ to provide
significant constraints on the couplings between the infla-
ton and gauge sectors. In particular, the limit ↵ . 50�55
would be by far the strongest constraint on the axion-
gauge coupling to date; prior constraints from primordial
black hole production limit ↵ . 110�125 (for the inflaton
potential considered here) [50, 51].

In the dilatonic model, the resulting gravitational wave
spectra are unpolarized, with no preferred handedness for
the resulting spectrum. In the axion model, the produc-
tion of helical gauge bosons results in a similarly polarized,
parity-violating spectrum of gravitational waves, which
could in principle be observed by a network of detec-
tors [55]. Furthermore, in the axion model the chiral
gravitational waves induce a topological charge that is
large enough to potentially explain the baryon asymmetry
of the Universe via gravitational leptogenesis, i.e., through
the gravitational anomaly in the standard model lepton
current. However, we find that the topological charge
is not constant, even after preheating has completed. A
detailed study that includes the standard model kinetic
transport is required to accurately track the baryon asym-
metry.
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Reheating and Asymmetry
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P. Adshead, A. J. Long and EIS, “Gravitational Leptogenesis,
Reheating, and Models of Neutrino Mass,” Phys. Rev. D 97,
no. 4, 043511 (2018) [arXiv:1711.04800 [hep-ph]].
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Reheating and Washout

Massive Dirac neutrinos: No net lepton number arises, BUT
the lepton number of right-handed neutrinos is sequestered
from the SM ⇒ effective (axial) SM lepton number with no
washout.

Massive Majorana neutrinos:

Φ

L

N

Φ

L

Φ

L

N

L

Φ

L

L

N

Φ

Φ

L

L

N

Φ

Φ
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10-1

100

Reheat Temperature: TRH [ GeV ]

W
as
ho
ut
F
ac
to
r:

ε w
o

assuming He = 1013 GeV
w = 1
w = 1/3
w = 0
w = -1/3
Eq. (16)
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Reheating and equation of state
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Matter-dominated reheating suppresses the asymmetry

For radiation-dominated reheating, suppresses can be avoided
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Neutrino mass and helicity sign

�� = -��-��

�� = -��-��

�� = -��-��

�� = -��-��

�� = -��-��

�� = ��-��

�� = ��-��

�� = ��-��

�� = ��-��

104 106 108 1010 1012 1014 1016

1010

1011

1012

1013

1014

1015

Heavy Majorana Neutrino Mass: mN [ GeV ]

R
eh
ea
t
T
em
pe
ra
tu
re
:
T
R
H
[
G
eV

]

assuming w = 0, HR-L
GW = -1014, & He = 1013 GeV

mN ≪ He

⇓
lepton asymmetry carried by the
left-chiral leptons is efficiently

washed out,

⇓
lepton asymmetry carried by the
e iR is eventually redistributed

when the corresponding Yukawa
interaction comes into

equilibrium.
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Diverse observables

GW helicity:
CMB, LIGO - LISA

⇑
||
||
⇓

Neutrino Nature:
Dirac or Majorana

⇐==⇒

⇐==⇒

Neutrino Mass:
mν < He or mν > He

⇑
||
||
⇓

Baryon Asymmetry:
Gravitational Leptogenesis

Right-chiral GW’s require Majorana neutrinos with
106 < mN < 1012 GeV.

Left-chiral GW’s require Dirac neutrinos, or Majorana
neutrinos with mN ≳ 1012 GeV.
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From U(1) to GW’s

Gauge field production leads to the helical GW’s.
12
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FIG. 5. Gravitational wave spectrum observed today for various inflationary energy scales. Each curve corresponds to a
di↵erent simulation of preheating in chaotic inflation, with coupling ↵/f and inflaton mass m� labeled in the legend. In each
case, the total amount of gravitational wave production ⌦gw,0 ⇠ 10�7.

which preheating is always complete (the latter of which
is slower than the former). In the first regime the gravi-
tational wave source (parametrized by ↵ in Eq. (31)) is
growing exponentially. In the second, while the simula-
tions all completely transition to radiation domination,
gravitational waves are continually sourced by the second
phase of slow tachyonic resonance at an e�ciency which
still increases with the coupling strength.

Last, we note that, despite the complicated trend of
⇢gauge/⇢ as ↵/f increases, the inflaton condensate always
ends up depleted as the coupling increases past the critical
value where e�cient preheating is first achieved (e.g.,
↵/f ⇠ 9.6 M�1

pl for m� = 6.16⇥10�6 Mpl). Thus, in these
cases the end state of the simulations is always radiation
domination. However, the proportion of that radiation
composed of axion fluctuations varies with coupling, as
depicted in Fig. 2. Ignoring any decay channels, the
axion’s fluctuations redshift after preheating until their
physical momenta drop below their mass, at which point
they become nonrelativistic. From this point on the axion
energy density redshifts as matter. If the axion’s lifetime
is su�ciently long, its energy eventually dominates over
the gauge fields (which, being radiationlike, decay faster
than matter). Any deviation from an equation of state
of radiation, w ⌘ p/⇢ = 1/3, suppresses the gravitational
wave density observed today, ⌦gw,0h

2, relative to what the
transfer function Eq. (A16) accounts for (which assumes
the Universe was radiation dominated from the time of
emission until matter-radiation equality). In Appendix C
we demonstrate that Bose enhancement resulting from
the larger occupation numbers from preheating ensures
that perturbative decays happen quickly enough that
the Universe remains radiation dominated. As such, we
expect little to no suppression of ⌦gw,0h

2 relative to the
values we report.

B. Dependence on the shape of the potential

We now explore the dependence of our results—in par-
ticular the amplitude of the resulting gravitational wave
spectrum—on the shape of the potential during the re-
heating phase. We simulate preheating in the inflationary
models detailed in Section II A and discuss the extent to
which the results of Section V A are modified.

In Fig. 6, we plot the e�ciency of preheating and cor-
responding gravitational wave production over a range of
axion–gauge-field couplings ↵/f . We first observe that
the relationship between max ⇢gauge/⇢ and ↵/f follows
the same general trend as presented in Section V A. That
is, once ↵/f is large enough for preheating to be e�cient,
max ⇢gauge/⇢ remains roughly 90% until backscattering
e↵ects become important, at which point we observe a dip
in e�ciency. Finally, even larger couplings lead again to
a regime of strong backreaction leading to slow tachyonic
resonance, resulting in near-completely e�cient preheat-
ing. Turning to the lower panel of Fig. 6, we see that i)
depending on the coupling strength, preheating in all mod-
els can yield a net production of gravitational waves that
would be probed by CMB-S4 measurements of Ne↵ , and ii)
models with r & 10�2 are already constrained by Planck
data. While all models we study here reach a regime of
gravitational wave production detectable by future ex-
periments such as CMB-S4, for those with r & 10�2 the
entire regime of e�cient preheating could be ruled out by
a null detection of �Ne↵ .

In Fig. 7 we display the energy density in gravitational
waves today, ⌦gw,0h

2, as a function of the e�ciency of
gauge preheating, which, as above, we quantify by the
maximum fraction of energy in gauge field fluctuations
during the simulation. These results exhibit the sensi-

Adshead et al, 2020

However, the large frequency makes them
unobservable at interferometers.
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Hybrid Inflation

Multiple fields
⇓

qualitatively different behavior

Hybrid Inflation (Linde, 1994):

a slow rolling field triggers a
phase transition
⇒ destabilizes a second field
⇒ Inflation ends

1 (light) real timer scalar field

2 (heavy) complex waterfall
scalar field

V (ϕ, ψ) = V0 +m2
ψψ

2 −m2
0

[
1−

(
ψ

ψc

)r]
|ϕ|2

Result: Large Spike at Small Scales!!
(e.g. Guth & EIS, 2012, Garcia-Belido & Clesse, 2015)
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Timer field

ψ̈ + 3Hψ̇ − e−2Ht∇2ψ = −m2
ψψ

Spatially homogenous

purely classical

No back-reaction

Trivial solution for quadratic potential

ψ(t) = ψce
pt

where p = −H

(
3
2 −

√
9
4 − m2

ψ

H2

)
≈ −m2

ψ

3H

Non-Dimensionalize: N = Ht, µψ =
mψ
H , µϕ = m0

H , µ̃2ψ ≈ − rm2
ψ

3H
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Waterfall fields

We expand the waterfall fields in non-interacting Fourier modes

ϕi (x⃗ , t) =

∫
d3k

(2π)3

[
ck,ie

ik·xuk(t) + h.c .
]

where at early times uk(t) → e−ikt/a

a
√
2k

The power spectrum is Pϕ(k) = |uk |2 and ϕ2rms =
∫

d3k
(2π)3

Pϕ(k).
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A hybrid2 model

An attempt to combine hybrid and natural inflation

S =

∫
d4x

√−g

[
M2

Pl

2
R −

∑

i

1

2
∂µϕi∂

µϕi −
1

2
∂µψ∂

µψ

−V (ψ, ϕi )−
1

4
FµνF

µν − 1

4f

∑

i

ϕi
Λi

Fµν F̃
µν

]

where

V (ψ, ϕi ) = V0 + V1(ψ)−
m2

0(ϕi )
2

2

(
1− ψ2

ψ2
0

)
+

g

4
(ϕi )

4
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Waterfall Field Dynamics

ψ̈ + 3Hψ̇ +m2
ψψ = 0

ϕ̈i + 3Hϕ̇i +
[
k2

a2
+m2

ϕ(t)
]
ϕi = 0

where

m2
ϕ(t) = −m2

0

(
1− ψ2

ψ2
0

)

Waterfall field modes grow
exponentially
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Gauge field Dynamics

Peaked spectrum with
kpeak
aH ∼ λ

10H
H

Λi,min

MPl
H .
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Gauge field energy density ρA ∼ A2k4peak/a
4,

where A is the amplification factor.

Complete preheating requires ρinfl ≃ ρA, leading to

A ∼
(
MPl
H

)(
kpeak
aH

)2
.
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GW signals

A simple way to estimate GW production (Giblin & Thrace, 2014)

νpeakGW = 2.7× 1010
k∗√
MPlH

Hz ,

Ωpeak
GW = 2.3× 10−4 α2 β w

(
k∗
σ

)(
H∗
k∗

)2

.

α: fraction of the energy in the GW source relative to the
Universe’s total energy density

β:encodes the anisotropy of the source

w : EOS of the universe

k∗: peak wavenumber of the source spectrum

σ: width of the source spectrum
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Signals and experiments
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Primordial Black Holes & Parameter Dependence

The density perturbations spike leads to the formation of

PBH’s with M = (M2
Pl/H∗)e

2N∗ and probability

βBH(M) = erfc

(
ζc√
2σ

)
≃

√
2σ√
πζc

e−ζ
2
c /(2σ

2)

H/MPl m0 Λ/H Nwf νpeakGW Ωpeak
GW MBH

10−20 6H 1018 14.2 100Hz 10−10 10−5M⊙
10−20 15H 1018 6.2 100Hz 10−10 10−13M⊙
10−24 7H 1022 14 1Hz 10−10 0.1M⊙
10−30 8H 1027 14.5 10−3Hz 10−10 105M⊙
10−30 12H 1027 10 10−3Hz 10−10 10M⊙
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Summary

A rare way to probe low-scale inflation

A simple model leading to detectable GW signals from
preheating, using axions and dark photons in a hybrid
inflation setup

Helical GW’s provide a distinguishing feature

Associated PBH production provides more correlated
observables
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Summary

A simple model of inflation leads to rich phenomenology

Magnetic fields

GWs

Large over-densities and PBHs (?)

Baryogenesis and neutrino physics

CIB fluctutations and Higgs physics

oscillons

...
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Thank you!
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