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Reheating and Inflation
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Reheating and Axion Inflation
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Radiation

Thermal equil.
out of equil. 
Inflaton condensate

• Approximate shift symmetry protects the flatness

• Tachyonic instability provides rich phenomenology

but huge complications

Chern—Simons 
coupling

Decay

ϕFF̃

- Non-Gaussianity/CP violation in the scalar/tensor perturbations
- Enhancement of perturbations at small scales
- Baryogenesis  …
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Radiation

Thermal equil.
out of equil. 
Inflaton condensate

• Tachyonic instability in one polarization

Axion Inflation + Pure U(1) as a warm up

ℒinf =
1
2 (∂ϕ)2 − V(ϕ)

Chern—Simons 
coupling

Decay
ϕ

8πΛ
FμνF̃μν

ℒrad = −
1
4

FμνFμν

0 = [∂2
η + k (k ± ϕ′ 

2πΛ )]A±(η, k)

- Equation of motion for gauge fields under ·ϕ ≠ 0

for  ik × e±(k) = ± ke±(k) {A+ ↗ for ·ϕ < 0
A− ↗ for ·ϕ > 0
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FIG. 9. The energy components normalised to the total energy density, for the couplings ω! = 12, 14 and 18, representative,
respectively, of the weak, mild and strong backreaction regimes. Colours represent di!erent components: black for potential,
red for kinetic, blue for gradients, and purple for electromagnetic. The solid vertical lines corresponds to the end of inflation
in each case. The dash-dotted line for ω! = 14 corresponds to the re-entering into the inflationary period.

ω!
”Nbr

linear (77) power-law (78) linear (79) power-law (80)

20 6.21±0.07 6.03+0.61
→0.57 5.9±0.1 5.85+0.45

→0.45

22.5 8.46±0.09 8.04+0.90
→0.83 7.9±0.2 8.88+0.81

→0.77

25 10.7±0.1 10.0+1.21
→1.08 9.9±0.2 12.06+1.20

→1.12

30 15.2±0.2 13.9+1.80
→1.67 13.8±0.3 18.75+2.11

→1.94

35 19.7±0.2 17.6+2.53
→2.16 17.8±0.4 25.76+3.15

→2.84

TABLE II. Estimated amount of extra e-folds in inflation
for selected couplings, obtained by extrapolating the fits of
Eq. (77)-(80).

suspect that the linear growth may slow down, mean-
ing that our extrapolations in Table II could be viewed
as upper bounds on the inflation extension for the given
couplings. Investigating this in detail requires however
larger computational resources than our present capabil-
ities.

The separation between di!erent regimes and, in par-
ticular, the return to inflation during mild-backreaction
after N = 0, can be qualitatively understood by
analysing the inflationary parameter ωH in terms of en-
ergy density components,

ωH = → Ḣ

H2
= 1 +

2εK → εV + εEM

εtot
. (81)

In Fig. 9 we show the evolution of di!erent energy con-
tributions for couplings representative of each regime,
ϑ! = 12, 14 and 18, which correspond (from left to right
in the figure), to the weak, mild and strong coupling
regimes, respectively. More specifically, we plot the evo-
lution of di!erent energy densities with respect the total
one, where εK/εtot is depicted in red, εV/εtot in black,
εG/εtot in blue and εEM/εtot in purple. The vertical grey

solid lines in each panel indicate the point where ωH = 1,
signalling the end of inflation for each coupling.

In the left panel of Fig. 9, we see that in the weak
coupling regime the e!ect of the electromagnetic energy
density is almost negligible during inflation; in the ex-
ample, it only reaches a value ↑ 2 orders of magnitude
smaller than the kinetic at N = 0. In fact, if the electro-
magnetic contribution is neglected in Eq. (81), we observe
that 2εK = εV corresponds to the end of inflation, which
coincides with the observed behaviour in the figure and
with the end of standard slow-roll. In this regime the
inflaton’s dynamics remain barely a!ected by the growth
of the gauge field and follows the backreactionless trajec-
tory during inflation. It is in the post-inflationary period,
for N > 0, where the weight of the gauge field increases
considerably and backreacts on the inflaton and back-
ground dynamics. Similarly, we observe that in the weak
coupling regime, the inflaton gradients are not relevant
during inflation, but as with the electromagnetic part,
they become relevant afterwards. In fact, we see how
both growths are completely correlated.

In the middle panel of Fig. 9, we observe that in the
mild coupling regime the electromagnetic energy density
weights in earlier in the dynamics than in the weak cou-
pling regime. As indicated in Fig. 7, this regime ex-
hibits an interesting feature where ωH = 1 is reached at
N ↓ 0, but due to backreaction e!ects, there is after-
wards another additional inflationary period that lasts
approximately ↑ 1 efold. Contrary to the weak regime,
where inflation ends solely as a consequence of the growth
of the axion kinetic energy, in this regime εEM can-
not longer be neglected and ωH = 1 is obtained when
εV = 2εK+εEM is satisfied. Subsequently, εEM surpasses
εK, which decreases considerably and becomes compara-
ble to εG, both contributing around 5% percent to the
total energy density around N = 0.5. From then on the
second most dominant contribution becomes εEM (after
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Axion Inflation + Pure U(1) as a warm up

• Significant gauge-field production already during inflation

delayed inflation end  
w/ gauge field backreaction

[D.Figueroa+ 2411.16368]
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Axion Inflation + U(1)Y in SM?

Radiation

Thermal equil.

• Rapid SM particle production via Schwinger effect

• Instability is not completely killed
- gapless mode owing to the magnetic 1-form symmetry of U(1)

Chern—Simons 
coupling

Decay
ϕ

8πΛ
YμνỸμν
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g′ JY = ∑
α

Nα
(g′ |QY,a |)3

12π2
coth( πBY

EY
)EYBY

1
H

Induced current

cf) Chiral Plasma Instability in MHD

ℒrad = −
1
4

YμνYμν

+∑
α

ψ̄α i(∂ + ig′ QY,α Y) ψα

[V.Domcke, KM 1806.08769; KM+ 1905.13318]



Axion Inflation + U(1)Y in SM?

• Charged matter significantly suppresses gauge fields
19
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FIG. 9. The energy components normalised to the total energy density, for the couplings ω! = 12, 14 and 18, representative,
respectively, of the weak, mild and strong backreaction regimes. Colours represent di!erent components: black for potential,
red for kinetic, blue for gradients, and purple for electromagnetic. The solid vertical lines corresponds to the end of inflation
in each case. The dash-dotted line for ω! = 14 corresponds to the re-entering into the inflationary period.

ω!
”Nbr

linear (77) power-law (78) linear (79) power-law (80)

20 6.21±0.07 6.03+0.61
→0.57 5.9±0.1 5.85+0.45

→0.45

22.5 8.46±0.09 8.04+0.90
→0.83 7.9±0.2 8.88+0.81

→0.77

25 10.7±0.1 10.0+1.21
→1.08 9.9±0.2 12.06+1.20

→1.12

30 15.2±0.2 13.9+1.80
→1.67 13.8±0.3 18.75+2.11

→1.94

35 19.7±0.2 17.6+2.53
→2.16 17.8±0.4 25.76+3.15

→2.84

TABLE II. Estimated amount of extra e-folds in inflation
for selected couplings, obtained by extrapolating the fits of
Eq. (77)-(80).

suspect that the linear growth may slow down, mean-
ing that our extrapolations in Table II could be viewed
as upper bounds on the inflation extension for the given
couplings. Investigating this in detail requires however
larger computational resources than our present capabil-
ities.

The separation between di!erent regimes and, in par-
ticular, the return to inflation during mild-backreaction
after N = 0, can be qualitatively understood by
analysing the inflationary parameter ωH in terms of en-
ergy density components,

ωH = → Ḣ

H2
= 1 +

2εK → εV + εEM

εtot
. (81)

In Fig. 9 we show the evolution of di!erent energy con-
tributions for couplings representative of each regime,
ϑ! = 12, 14 and 18, which correspond (from left to right
in the figure), to the weak, mild and strong coupling
regimes, respectively. More specifically, we plot the evo-
lution of di!erent energy densities with respect the total
one, where εK/εtot is depicted in red, εV/εtot in black,
εG/εtot in blue and εEM/εtot in purple. The vertical grey

solid lines in each panel indicate the point where ωH = 1,
signalling the end of inflation for each coupling.

In the left panel of Fig. 9, we see that in the weak
coupling regime the e!ect of the electromagnetic energy
density is almost negligible during inflation; in the ex-
ample, it only reaches a value ↑ 2 orders of magnitude
smaller than the kinetic at N = 0. In fact, if the electro-
magnetic contribution is neglected in Eq. (81), we observe
that 2εK = εV corresponds to the end of inflation, which
coincides with the observed behaviour in the figure and
with the end of standard slow-roll. In this regime the
inflaton’s dynamics remain barely a!ected by the growth
of the gauge field and follows the backreactionless trajec-
tory during inflation. It is in the post-inflationary period,
for N > 0, where the weight of the gauge field increases
considerably and backreacts on the inflaton and back-
ground dynamics. Similarly, we observe that in the weak
coupling regime, the inflaton gradients are not relevant
during inflation, but as with the electromagnetic part,
they become relevant afterwards. In fact, we see how
both growths are completely correlated.

In the middle panel of Fig. 9, we observe that in the
mild coupling regime the electromagnetic energy density
weights in earlier in the dynamics than in the weak cou-
pling regime. As indicated in Fig. 7, this regime ex-
hibits an interesting feature where ωH = 1 is reached at
N ↓ 0, but due to backreaction e!ects, there is after-
wards another additional inflationary period that lasts
approximately ↑ 1 efold. Contrary to the weak regime,
where inflation ends solely as a consequence of the growth
of the axion kinetic energy, in this regime εEM can-
not longer be neglected and ωH = 1 is obtained when
εV = 2εK+εEM is satisfied. Subsequently, εEM surpasses
εK, which decreases considerably and becomes compara-
ble to εG, both contributing around 5% percent to the
total energy density around N = 0.5. From then on the
second most dominant contribution becomes εEM (after
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Figure 2. Panel (a): The upper part shows the evolution in e-folds of the electric energy den-
sity ωE (red), magnetic energy density ωB (blue), the Chern–Pontryagin density ωEB (yellow), and
the fermion energy-density ωω (green), divided by H4. The lower panel shows the relative devia-
tion between the GEF result and the corresponding mode-by-mode solution in momentum space.
Panel (b): Relative contributions of the electric (red), magnetic (blue) and fermion (green) energy
density to the total energy density (dashed black). Also shown are the contributions of the inflaton
field to the total energy density stored in kinetic (gray) and potential (cyan) energy. The results
in both panels are obtained in the physically motivated model of the Schwinger e!ect involving the
mixed picture for the Schwinger conductivity, Eq. (4.13), and the damping on scales k → kS(t),
section 4.2.2. The dimensionless axion–vector coupling is εεMP/f = 25.

density become of the same order of magnitude. In our benchmark scenario, the fermions

and the gauge field contribute negligibly to ωtot though this may depend on our choice of

inflaton potential and coupling strength.

The Schwinger e!ect appears to be extremely important in this model as it strongly

dampens the production of gauge fields. In fact, for the coupling constant εωMP/f = 25 in

the absence of fermions, the gauge field would be strong enough to cause a severe backre-

action on the background inflaton evolution, see Refs. [49, 56]. However, in this paper, we

do not observe any backreaction at all and the inflaton dynamics remain exactly the same

as in the absence of gauge fields and fermions.7 The electric energy density dominates over

the magnetic one until the very end of inflation where they become approximately equal

to each other. This is important in the context of magnetogenesis since, typically, in the

models considered in the literature, the magnetic field is subdominant compared to the

7
We do not claim that Schwinger damping always suppresses the gauge field in such a way that back-

reaction on the background evolution remains negligible. This is just the case for our benchmark scenario.

There may be regions in the parameter space of axion inflation where backreaction occurs even in the pres-

ence of Schwinger pair production. The search for this parameter range and the study of the complicated

dynamics of the axion, gauge fields, and fermions is a very interesting problem in itself and deserves a

separate investigation. We are planning to address this issue in future work.

– 25 –
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Axion Inflation + Pure SU(N)

• Prototype to investigate reheating after axion inflation
- Self interactions leads to thermalization
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- No gapless mode in YM plasma (magnetic mass), i.e., instability can be completely killed



Axion Inflation + Pure SU(N) (+ Radiation)

• Prototype to investigate reheating after axion inflation

- No gapless mode in YM plasma (magnetic mass), i.e., instability can be completely killed

- Self interactions leads to thermalization
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During Inflation



Gauge Fields during Inflation

• Axion inflation + pure U(1)
- Efficient gauge field production during inflation if Λ ≪ 𝒪(0.1)MPl

Figure 2: The phases of axion inflation at the inflation end on the (𝐿end,ω) plane for 𝑀𝐿 = 1013 GeV, 𝑁1/4
end = 5 → 1015 GeV (for

weak warm/cold inflation) and 𝑂 = 3; in the presence/absence initial thermal YM plasma (Left/Right) respectively. The gauge
coupling, 𝐿end, is evaluated by the temperature at the end of inflation, 𝑃end (warm inflation), or the Hubble parameter at the end
of inflation 𝑄end (cold inflation). Each inflation phase is filled in blue (cold), pink (weak warm), and red (strong warm). The
black shaded region corresponds to the parameters outside the validity of EFT, ωinf > ω, at the end of inflation. If we require
ωinf < ω throughout the whole inflation, this bound could be as strong as the black dashed line. In the right panel, we have
shown the dotted (dot-dashed) line, ω = ωw-th (ωwarmed-up), to clarify that the weak warm inflation requires both conditions. The
reheating of each phase will be discussed in the next section; strong warm (red) in Sec. 4.1, and weak warm (pink) in Sec. 4.2,
and cold (blue) in Sec. 4.3, respectively. The hatched region, fulfilling 𝑅inst > 𝑀M,𝑀𝐿 , requires discussion on preheating as an
e!cient tachyonic instability is present (see the second subsubsections of Secs. 4.2 and 4.3). The cross-hatched region involves
an additional model dependence of reheating because the confinement scale exceeds the inflaton mass, i.e., ωconf > 𝑀𝐿 .

plasma, given in Eqs. (3.7) and (3.12). For a given ω and 𝐿end = 𝐿(𝑃end) evaluated at the inflation end,
one may estimate the confinement scale by using Eq. (2.10):

ωconf ↑ exp
(
↓ 2𝑆
𝑇𝐿end

) 

31/1022/5𝑈↓1/5Ad 𝑂↓3/5

(
𝑀2𝑁↔
15

)↓1/10
𝐿↓3/5

(
𝑀2

𝐿𝑉Pl

)1/5
ω2/5 for strong warm,

𝑂Ad𝑃
3

8
↗
3

(
𝑀2𝑁↔
30

)↓1
𝐿3
end

𝑄Pl𝑅
1/2
end

ω2 for weak warm.
(3.25)

For cold inflation, the gauge fields are not yet thermalized at the end of inflation. In this case, we estimate
the confinement scale by fixing the gauge coupling at the horizon scale, i.e., 𝐿end = 𝐿(𝑄end), which gives

ωconf ↑ exp
(
↓ 2𝑆
𝑇𝐿end

)
𝑄end for cold. (3.26)

As explained at the end of Sec. 2.1, the decay rate of inflaton is no longer described by Eq. (2.18) if
𝑀𝐿 < ωconf, where the dynamics depends on a specific modeling of Lothers. This happens at

ω ↭ 3.7 → 1011 GeV
( 𝑈Ad
8

)1/2 (𝑂
3

)3/2 ( 𝑊↔
30

)1/4 ( 𝑀𝐿

1013 GeV

)3/2
𝐿3/2
end 𝑋

15𝐿
11𝑀𝑁end , (3.27)

for strong warm, and

ω ↫ 3.5 → 1018 GeV
( 𝑈Ad
8

)1/2 (𝑂
3

)3/2 ( 𝑊↔
30

)↓1/2 ( 𝑀𝐿

1013 GeV

)↓1/2 ( 𝑁1/4
end

5 → 1015 GeV

)
𝐿3/2
end𝑋

↓ 3𝐿
11𝑀𝑁end , (3.28)

for weak warm. See the cross-hatched regions in Fig. 2.
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Gauge Fields during Inflation

• Axion inflation + pure SU(N) (+ Radiation)
- Efficient gauge field production during inflation if  

- Self interaction of SU(N) leads to thermalization

Λ ≪ 𝒪(0.1)MPl

Rapid self interaction

Magnetic mass kills the instability

Γth > H ⟶ ρYM ≳ ( H
N2α2 )

4

mM > kinst =
| ·ϕ |
2πΛ

⟶ Λ ≲ (N2 − 1) N4α4MPl

magnetic mass: mM ∼ Ng2T

Figure 2: The phases of axion inflation at the inflation end on the (𝐿end,ω) plane for 𝑀𝐿 = 1013 GeV, 𝑁1/4
end = 5 → 1015 GeV (for

weak warm/cold inflation) and 𝑂 = 3; in the presence/absence initial thermal YM plasma (Left/Right) respectively. The gauge
coupling, 𝐿end, is evaluated by the temperature at the end of inflation, 𝑃end (warm inflation), or the Hubble parameter at the end
of inflation 𝑄end (cold inflation). Each inflation phase is filled in blue (cold), pink (weak warm), and red (strong warm). The
black shaded region corresponds to the parameters outside the validity of EFT, ωinf > ω, at the end of inflation. If we require
ωinf < ω throughout the whole inflation, this bound could be as strong as the black dashed line. In the right panel, we have
shown the dotted (dot-dashed) line, ω = ωw-th (ωwarmed-up), to clarify that the weak warm inflation requires both conditions. The
reheating of each phase will be discussed in the next section; strong warm (red) in Sec. 4.1, and weak warm (pink) in Sec. 4.2,
and cold (blue) in Sec. 4.3, respectively. The hatched region, fulfilling 𝑅inst > 𝑀M,𝑀𝐿 , requires discussion on preheating as an
e!cient tachyonic instability is present (see the second subsubsections of Secs. 4.2 and 4.3). The cross-hatched region involves
an additional model dependence of reheating because the confinement scale exceeds the inflaton mass, i.e., ωconf > 𝑀𝐿 .

plasma, given in Eqs. (3.7) and (3.12). For a given ω and 𝐿end = 𝐿(𝑃end) evaluated at the inflation end,
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For cold inflation, the gauge fields are not yet thermalized at the end of inflation. In this case, we estimate
the confinement scale by fixing the gauge coupling at the horizon scale, i.e., 𝐿end = 𝐿(𝑄end), which gives

ωconf ↑ exp
(
↓ 2𝑆
𝑇𝐿end

)
𝑄end for cold. (3.26)

As explained at the end of Sec. 2.1, the decay rate of inflaton is no longer described by Eq. (2.18) if
𝑀𝐿 < ωconf, where the dynamics depends on a specific modeling of Lothers. This happens at
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Warm Inflation Attractor
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Figure 2: The phases of axion inflation at the inflation end on the (𝐿end,ω) plane for 𝑀𝐿 = 1013 GeV, 𝑁1/4
end = 5 → 1015 GeV (for

weak warm/cold inflation) and 𝑂 = 3; in the presence/absence initial thermal YM plasma (Left/Right) respectively. The gauge
coupling, 𝐿end, is evaluated by the temperature at the end of inflation, 𝑃end (warm inflation), or the Hubble parameter at the end
of inflation 𝑄end (cold inflation). Each inflation phase is filled in blue (cold), pink (weak warm), and red (strong warm). The
black shaded region corresponds to the parameters outside the validity of EFT, ωinf > ω, at the end of inflation. If we require
ωinf < ω throughout the whole inflation, this bound could be as strong as the black dashed line. In the right panel, we have
shown the dotted (dot-dashed) line, ω = ωw-th (ωwarmed-up), to clarify that the weak warm inflation requires both conditions. The
reheating of each phase will be discussed in the next section; strong warm (red) in Sec. 4.1, and weak warm (pink) in Sec. 4.2,
and cold (blue) in Sec. 4.3, respectively. The hatched region, fulfilling 𝑅inst > 𝑀M,𝑀𝐿 , requires discussion on preheating as an
e!cient tachyonic instability is present (see the second subsubsections of Secs. 4.2 and 4.3). The cross-hatched region involves
an additional model dependence of reheating because the confinement scale exceeds the inflaton mass, i.e., ωconf > 𝑀𝐿 .
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For cold inflation, the gauge fields are not yet thermalized at the end of inflation. In this case, we estimate
the confinement scale by fixing the gauge coupling at the horizon scale, i.e., 𝐿end = 𝐿(𝑄end), which gives

ωconf ↑ exp
(
↓ 2𝑆
𝑇𝐿end

)
𝑄end for cold. (3.26)

As explained at the end of Sec. 2.1, the decay rate of inflaton is no longer described by Eq. (2.18) if
𝑀𝐿 < ωconf, where the dynamics depends on a specific modeling of Lothers. This happens at
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for weak warm. See the cross-hatched regions in Fig. 2.
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weak warm/cold inflation) and 𝑂 = 3; in the presence/absence initial thermal YM plasma (Left/Right) respectively. The gauge
coupling, 𝐿end, is evaluated by the temperature at the end of inflation, 𝑃end (warm inflation), or the Hubble parameter at the end
of inflation 𝑄end (cold inflation). Each inflation phase is filled in blue (cold), pink (weak warm), and red (strong warm). The
black shaded region corresponds to the parameters outside the validity of EFT, ωinf > ω, at the end of inflation. If we require
ωinf < ω throughout the whole inflation, this bound could be as strong as the black dashed line. In the right panel, we have
shown the dotted (dot-dashed) line, ω = ωw-th (ωwarmed-up), to clarify that the weak warm inflation requires both conditions. The
reheating of each phase will be discussed in the next section; strong warm (red) in Sec. 4.1, and weak warm (pink) in Sec. 4.2,
and cold (blue) in Sec. 4.3, respectively. The hatched region, fulfilling 𝑅inst > 𝑀M,𝑀𝐿 , requires discussion on preheating as an
e!cient tachyonic instability is present (see the second subsubsections of Secs. 4.2 and 4.3). The cross-hatched region involves
an additional model dependence of reheating because the confinement scale exceeds the inflaton mass, i.e., ωconf > 𝑀𝐿 .
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For cold inflation, the gauge fields are not yet thermalized at the end of inflation. In this case, we estimate
the confinement scale by fixing the gauge coupling at the horizon scale, i.e., 𝐿end = 𝐿(𝑄end), which gives

ωconf ↑ exp
(
↓ 2𝑆
𝑇𝐿end

)
𝑄end for cold. (3.26)

As explained at the end of Sec. 2.1, the decay rate of inflaton is no longer described by Eq. (2.18) if
𝑀𝐿 < ωconf, where the dynamics depends on a specific modeling of Lothers. This happens at

ω ↭ 3.7 → 1011 GeV
( 𝑈Ad
8

)1/2 (𝑂
3

)3/2 ( 𝑊↔
30

)1/4 ( 𝑀𝐿

1013 GeV

)3/2
𝐿3/2
end 𝑋

15𝐿
11𝑀𝑁end , (3.27)

for strong warm, and

ω ↫ 3.5 → 1018 GeV
( 𝑈Ad
8

)1/2 (𝑂
3

)3/2 ( 𝑊↔
30

)↓1/2 ( 𝑀𝐿

1013 GeV

)↓1/2 ( 𝑁1/4
end

5 → 1015 GeV

)
𝐿3/2
end𝑋

↓ 3𝐿
11𝑀𝑁end , (3.28)

for weak warm. See the cross-hatched regions in Fig. 2.

12

Weak Instability

EFT?

mM < kinst

Λ [GeV]

Thermalization

- Classification of inflation phases: cold inflation , warm inflation (α2T ≲ H) (α2T ≳ H)

EFT?

[T.Fujita, KM, T.Tsuji 2503.01228]

EFT?



Reheating after Inflation
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coupling, 𝐿end, is evaluated by the temperature at the end of inflation, 𝑃end (warm inflation), or the Hubble parameter at the end
of inflation 𝑄end (cold inflation). Each inflation phase is filled in blue (cold), pink (weak warm), and red (strong warm). The
black shaded region corresponds to the parameters outside the validity of EFT, ωinf > ω, at the end of inflation. If we require
ωinf < ω throughout the whole inflation, this bound could be as strong as the black dashed line. In the right panel, we have
shown the dotted (dot-dashed) line, ω = ωw-th (ωwarmed-up), to clarify that the weak warm inflation requires both conditions. The
reheating of each phase will be discussed in the next section; strong warm (red) in Sec. 4.1, and weak warm (pink) in Sec. 4.2,
and cold (blue) in Sec. 4.3, respectively. The hatched region, fulfilling 𝑅inst > 𝑀M,𝑀𝐿 , requires discussion on preheating as an
e!cient tachyonic instability is present (see the second subsubsections of Secs. 4.2 and 4.3). The cross-hatched region involves
an additional model dependence of reheating because the confinement scale exceeds the inflaton mass, i.e., ωconf > 𝑀𝐿 .
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For cold inflation, the gauge fields are not yet thermalized at the end of inflation. In this case, we estimate
the confinement scale by fixing the gauge coupling at the horizon scale, i.e., 𝐿end = 𝐿(𝑄end), which gives

ωconf ↑ exp
(
↓ 2𝑆
𝑇𝐿end

)
𝑄end for cold. (3.26)

As explained at the end of Sec. 2.1, the decay rate of inflaton is no longer described by Eq. (2.18) if
𝑀𝐿 < ωconf, where the dynamics depends on a specific modeling of Lothers. This happens at
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Reheating after Strong Warm Inflation ( )Qend > 1

• Late-time inflaton particle domination
- Strong thermal dissipation of inflaton condensate

- Thermal inflaton particle production & Late-time decay

0 = ··ϕ + (Γϕ + 3H) ·ϕ + m2
ϕ ϕ ⟶ ϕ ∝ exp( − ∫
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*  requires HTL/beyond HTL resummation.f(T ) [Graf+ 1008.4528, Salvio+ 1310.6982, 
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Reheating after Weak Warm Inflation ( )Qend < 1

• Inflaton condensate domination
- Inefficient thermal dissipation of inflaton condensate

- Inefficient preheating in most cases
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Reheating after Cold Inflation

• Inflaton condensate domination
- No preheating

- Inefficient preheating for sizable α
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Completion of Reheating after Axion Inflation

• Perturbative decay after Inflaton particle/condensate domination
- After cold inflation

- After weak warm inflation

- After strong warm inflation

Figure 3: The completion of reheating after the axion inflation in each phase. The meaning of the solid/dashed lines and the
parameters are the same as in Fig. 2. The cross-hatched regions represent the parameter space where the inflaton decay rate is
no longer described by Eq. (2.18), where the inflaton decay rate strongly depends on a specific modeling of Lothers. We adopt
Eqs. (2.9) and (2.8) as a reference. We take 𝐿→ = 30 in the left panel, while 𝐿→ = 100 in the right panel. As mentioned in Sec. 2.2,
we have taken the parameter 𝑀𝐿 , which controls the coupling of the YM sector to Lothers, as 𝑀𝐿 = �̄�𝐿 for simplicity. For this
particular choice, there is no parameter space representing immediate reheating, i.e., a scenario in which reheating is completed
right after inflation. For a smaller 𝑀𝐿 , the parameters representing the immediate reheating appear in the cross-hatched region.

See Sec. 4.1.

consideration indicates that the following amount of radiation is generated for one cosmic time of 1/𝑁:

𝑂rad ↑ 𝑂NLrad ↓
𝑀𝑀

𝑁
↑ 31/2𝑃
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𝑇Plω3

ε4 𝑈↔1𝑀4
𝑀 ↗ 𝑉↔9/2. (4.16)

As it decreases faster than 𝑉↔4, the dominant production occurs right after inflation, whose amount is
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This contribution (4.17) is smaller than that generated via the thermal friction term in the warm inflation
attractor (4.12) if
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which holds for the parameters of our interest. See also Fig. 3. Therefore, the inflaton condensate continues
to dominate the Universe as in the previous case, and reheats the Universe at 𝑋R.

4.3 Reheating after cold in!ation

In this subsection, we discuss reheating after the cold inflation, which is realized in ε > εw-th or ε >
min[εw-th,εwarmed-up] depending on the existence of initial thermal YM plasma.

No preheating.— After inflation, the instability scale decreases in proportion to 𝑉↔3/2 due to the cosmic
expansion. Hence, if the instability scale is not large enough immediately after inflation, the tachyonic
instability never occurs later. Motivated by the numerical lattice simulations in axion inflaton coupled to
U(1) gauge theory [54,55,57], we adopt 𝑌 inst/𝑀𝑀 > 3 for the occurrence of the strong instability. Such an
e!cient production does not occur for

ε ↫ 1017 GeV ↓
(
ωend

𝑇Pl

)
. (4.19)

In this case, the oscillation of the inflaton condensate dominates the Universe after inflation, and the
reheating is completed by the perturbative decay at 𝑋R.
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Summary

• Completion of reheating after axion inflation is non-trivial

Figure 3: The completion of reheating after the axion inflation in each phase. The meaning of the solid/dashed lines and the
parameters are the same as in Fig. 2. The cross-hatched regions represent the parameter space where the inflaton decay rate is
no longer described by Eq. (2.18), where the inflaton decay rate strongly depends on a specific modeling of Lothers. We adopt
Eqs. (2.9) and (2.8) as a reference. We take 𝐿→ = 30 in the left panel, while 𝐿→ = 100 in the right panel. As mentioned in Sec. 2.2,
we have taken the parameter 𝑀𝐿 , which controls the coupling of the YM sector to Lothers, as 𝑀𝐿 = �̄�𝐿 for simplicity. For this
particular choice, there is no parameter space representing immediate reheating, i.e., a scenario in which reheating is completed
right after inflation. For a smaller 𝑀𝐿 , the parameters representing the immediate reheating appear in the cross-hatched region.

See Sec. 4.1.
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which holds for the parameters of our interest. See also Fig. 3. Therefore, the inflaton condensate continues
to dominate the Universe as in the previous case, and reheats the Universe at 𝑋R.

4.3 Reheating after cold in!ation

In this subsection, we discuss reheating after the cold inflation, which is realized in ε > εw-th or ε >
min[εw-th,εwarmed-up] depending on the existence of initial thermal YM plasma.

No preheating.— After inflation, the instability scale decreases in proportion to 𝑉↔3/2 due to the cosmic
expansion. Hence, if the instability scale is not large enough immediately after inflation, the tachyonic
instability never occurs later. Motivated by the numerical lattice simulations in axion inflaton coupled to
U(1) gauge theory [54,55,57], we adopt 𝑌 inst/𝑀𝑀 > 3 for the occurrence of the strong instability. Such an
e!cient production does not occur for

ε ↫ 1017 GeV ↓
(
ωend

𝑇Pl

)
. (4.19)

In this case, the oscillation of the inflaton condensate dominates the Universe after inflation, and the
reheating is completed by the perturbative decay at 𝑋R.
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Λ [GeV]

EFT?

D → Perturbative decayϕ

RD → D → 
Perturbative decay

δϕ

[T.Fujita, KM, T.Tsuji 2503.01228]

- Generic takehome message
Reheating may be completed by perturbative decay

Pay attention to inflaton particle production

Different inflaton potential, matter contents, ,…mX

- But conclusion is not general

- Open questions
U(1) + charged matter?, chromonatural phase?, pure U(1)?, 
…
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Figure 4: The same figure as in Fig. 3 except for the glueball domination. The black region is excluded by the requirement of
the glueball decay before the BBN epoch. The glueball, inflaton condensate, and inflaton particle domination are denoted by
𝐿D, 𝑀D, and 𝑁𝑀D respectively.

smaller than the inflaton decay temperature 𝑂glueball < 𝑂R because

ωglueball
ω𝐿

→
ε2ε5

conf

𝑃3
𝐿𝑄

4
Pl

<
ε2𝑃2

𝐿

𝑄4
Pl

, (4.22)

where the right-hand side is always much less than unity in the parameters of our interest. Hence, in
this case, the Universe is once dominated by the glueballs, and then the glueball decay completes the
reheating. In order not to spoil the success of the Big Bang nucleosynthesis (BBN), the glueball should
decay before the BBN epoch. This consideration puts a lower bound on the confinement scale as

1MeV ↭ 𝑂glueball → 3MeV ↑
(

εconf

1010 GeV

)5/2
, (4.23)

which excludes the black region in Fig. 4.
On the other hand, for 𝑃𝐿 < εconf (cross-hatched region in Fig. 4), the glueball dominantly decays

into the inflaton particles, whose decay rate is given by Eq.(2.6). By comparing this rate with the inflaton
decay rate for 𝑃𝐿 < εconf given in Eq. (2.9), we obtain

ω𝐿

ωglueball
→

ε3
confε

2

𝑄4
Pl𝑃𝐿

↭
εconfε2

𝑄3
Pl

, (4.24)

where the right-hand side is always much less than unity in the parameters of our interest. Here we have
used that the confinement scale is smaller than the inflaton potential in our parameters, 𝑃𝐿𝑄Pl > ε2

conf.
Hence, the inflaton decay occurs after the glueball decay, i.e., 𝑂R < 𝑂glueball, and the reheating is completed
by the inflaton decay. The reheating temperature is estimated as

𝑂R → 103GeV
(

εconf

1013GeV

)4 ( ε
1015GeV

)↓1
. (4.25)

One may confirm that this is always larger than the BBN temperature → 1MeV in the cross-hatched region
of Fig. 4.

After the weak warm or cold in!ation.— In these cases, the inflaton condensate remains after inflation
and first dominates the Universe. The subsequent cosmological evolution depends on whether the inflaton
mass is larger or smaller than the confinement scale.
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• Perturbative decay after / /  dominationϕ δϕ glueball
- After cold inflation

- After weak warm inflation

- After strong warm inflation

Λ [GeV]

EFT?

D → D → Perturbative decayϕ g

D → D → Perturbative decayϕ g

RD → D → D → Perturbative decayδϕ g

[T.Fujita, KM, T.Tsuji 2503.01228]
Glueball Domination

D → Perturbative decayϕ

D → RD → D → Perturbative decayϕ g

RD → D → D → Perturbative decayg δϕ

BBN?



More on Self Interactions

• Self interactions kill the exponential enhancement
- When do self interactions become relevant?

free eom: self-interactions:  □ Aa ⟷ gfabc Ab∂Ac ANL ∼
kinst

gN
⟶ ρNL

YM ∼ (N2 − 1)
k4

inst

αN2

- Immediate thermalization if

Γth > H ⟶ ρNL
YM ≳ ( H

N2α2 )
4

Γth ∼ α2Tfinal

- Magnetic mass, ,  completely terminates the instability ifmM

[DeRocco+ 2107.07517]

Cascade by elastic scattering 
for weakly overoccupied system
e.g., [Kurkela, Morre 1107.5050]

   with   mM > kinst =
| ·ϕ |
2πΛ

mM ∼ Ng2T warm attractor

T(ϕ)
Λ ≲ (N2 − 1) N4α4MPl



More on magnetic mass

• Magnetic one-form symmetry in U(1) gauge theories
- Electric flux gets screened, but magnetic flux does NOT.

- Bianchi identity = magnetic one-form symmetry: U(1)[1]
M

• No magnetic one-form symmetry in SU(N) gauge theories
- non-Abelian Bianchi identity

− +⃗E ∼
e−mDr

r
⃗B ∼

1
r

Bianchi identity → conservation law: Charge: 0 = dF ⟶ Q(Σ2) = ∫Σ2

F i.e.,  cannot be cut⃗B

0 = DF ⟶ dF = igA ∧ F U(1)[1]
M

magnetic mass (i.e., 3D confinement scale)

→ mM ∼ g2
3 ∼ g2T


