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Introduction
• Dicke super-radiance
• Beyond Dicke

Macro-coherence during reheating
• Preheating in Schrödinger picture
• Parametrically amplified macro-coherence

Abrupt end of reheating
• Dicke model during reheating
• Super-radiant burst
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Introduction
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Dicke’s work on super-radiance

[Princeton U.]

Consider a totally excited two-level atomic system:

Spontaneous emission happens when
• atoms are well-separated and random
• separation between atoms � photon wave length
• ⇒ exponential decay

Super-radiant emission happens when
• atoms are close and phase-aligned
• separation between atoms � photon wave length
• ⇒ pulse-like burst

Coherence of radiated photon is a key for super-radiance

https://phy.princeton.edu/department/history/faculty-history/robert-dicke
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Super-radiance in laboratories

MIT group observed super-radiance for the first time [Skribanowitz et al, ’73]

[Macgillivray et al, 81] [Skribanowitz et al, ’73]

Irradiated atoms by laser emit puls-like radiation
Radiated light is highly directional (phase-aligned)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.30.309
https://www.tandfonline.com/doi/abs/10.1080/00107518108231533
https://link.aps.org/doi/10.1103/PhysRevLett.30.309
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Beyond Dicke super-radiance
Super-radiant region for single photon emission is limited to the laser direction
• dipole transition:

|ψ〉 = ce|e〉+ cg|g〉, H =

(
~ω0/2 deg
dge −~ω0/2

)
• single photon emission (wavelength λ ∼ 1/k):

dge from 〈g|HNR|e〉 ∼
N∑

a=1

~d · ~A(~ra) ∼
N∑

a=1

~d · ~ελei
~k·~ra

N � 1 ⇒ (transition amp.) ∝
∫
d3rei

~k·~r ∼

{
vol. × (kR)−2 (R� 1/k)

vol. (R� 1/k)

• super-radiant emission only when (target length) � (photon wavelength)
Macro-coherence to extend the super-radiant region [Yoshimura et al, ’08]

• photon pair emission: |e〉 → |g〉+ γ(k1) + γ(k2)

• kinematically ~k = ~k1 + ~k2 ⇒ easily k → 0 for the collimated photons
• macroscopic coherence (phase alignment) may be realized

https://arxiv.org/abs/0805.1970
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Macro-coherence during reheating
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Preheating after the end of inflation
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Focus on the reheating stage
• Harmonic oscillator approximation:

V (φ) ' 1

2
m2

φφ
2

Particle creation
• Suppose φ decays into a pair of photons
• φ(~k = 0) → γ(~k1)γ(~k2), then ~k2 = −~k1
• Phase of the decay products is aligned

Macro-coherence may naturally be
realized during preheating
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Parametric resonance during preheating
Consider the {φ, γ}-system, and neglect expansion of the Universe (for simplicity)

E.g. φ-γ-γ coupling: Lint = −1

4
Kφ(Fµν)

2 (K ∼ bα/4MP for conformal anomaly)

楠 円 体 函 数
242

う. とくに､ それらのうち ョ-0のときenに収敏する解をッ次の Matlhieu 雨数とよんで､ me (あ9 と記す､ ここで､ 助変数す
4, 9は上述の特性指数の関係で結ばれている､ とくに, aをらgの

*ば, っぎの級数で表わされる.函数とみなせは
5y2十7

a=r+元ーy9す式-
19w4十58v2＋29す可 (ー1)(いー4(-g+

が整数でなければ､ me,(2, 9)と me-(2,9 とが Mathieuの
微分方程式の独立な解の基本系をなす､ g,"が実数のときは aも実
数であり､ このときxが実数ならば me,(2, 9)と me-(2, g)とは
互いに共役複素数である.
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20f.O8- Sb(se,)
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a』(ce,)63 (se,
-0.1
:0.2_ bs

30 35*u=0.3 15 25

い (se,)
a2(ce)(

a (ce｣(ce0

lo5ふ b1
(b)ao (a)

第7.1図 Mathien の微分方程式の解の安定城 (性1)
注1 第7.1図でニつの曲線 amとbm4｣ で囲まれた部分 右図では白地の部分 が安定城である. 左図で, 曲線B=cle:定数, 0くeく1］は特性指数を=(a,0 とするとき, 関係式バ (a, g)＝指十e で結ばれる点 4, 9)の軌跡を､ 曲線川=eは e(4, 0)ー指十 ic で結ばれる点 4, 9)の軌跡を表わす､

• EoM: ~̈Ak + k2 ~Ak +
Kφ̇

1 +Kφ
~̇Ak = 0

• After field redefinition and some approximation, each
polarization satisfies

A′′
k + (a− 2q cos 2τ)Ak = 0

(τ = mφ(t+ π)/2, a = (2k/mφ)
2, q = Kφe)

• q � 1 (narrow resonance)
I perturbative production around a = n2 (n = 1, 2, 3, · · · )
I corresponds to n× φ → γγ

• q � 1 (broad resonance)
I non-perturbative production for a ≤ 2q
I occupation number grows exponentially
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Parametrically amplified macro-coherent state
Consider parametric resonance in Schrödinger picture [Yoshimura ’95]

Hamiltonian of a bosonic field b may be given by

H =

∫
d3x

1

2

[
π2b + (~∇b)2 +m2

b(t)b
2
]
, m2

b(t) ∼ m2
0 + f(φ(t))

• For each Fourier mode bk, the wave functional ψ satisfies the Schrödinger eq.:

i
∂ψ

∂t
= −1

2

∂2ψ

∂b2k
+

1

2
ω2
k(t)b

2
kψ ⇒ ψ(bk, t) =

(
ReD

π

)1/4

e−(D/2)b2k

• D = π/|u|2 − (i/2) d
dt ln |u|

2 with ü+ ω2
k(t)u = 0 ⇔ Mathieu equation

0 25 50 75 100
mφt

101

102

ln
|u|

2

a = 1, q = 2

u ∼ e µkt

ImD ∼ d
dt ln |u|

2 ∼ const. (related to the Floquet exponent)

• Phase in ψ aligns after a number of oscillations
• Macro-coherent state is achieved, leading to

super-radiant decay of inflaton

https://inspirehep.net/literature/396574
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Abrupt end of reheating
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Dicke model during reheating
Super-radiance becomes possible when ImD → const. (phase aligned)
• Analogy: atoms ↔ harmonic oscillators of inflaton
• Number of oscillator per Hubble volume: Nφ ∼ nφ/H

3 ∼ ρφ/mφH
3 ∼ 1012

Excitation and de-excitation of the oscillators may be described by the algebra of
the total angular momentum [Dicke ’53]

• For the ath oscillator, [R(a)
i , R

(a)
j ] = iεijkR

(a)
k

• Raising/lowering ops. R(a)
± = R

(a)
1 ± iR

(a)
2 to describe excitation and de-excitation

• For the entire system, Ri =
∑Nφ

a=1R
(a)
i , satisfying [Ri, Rj ] = iεijkRk

[Gross,Haroche ’82]

• System expressed as the eigenstate of R2 and R3:

R2|J,M〉 = J(J + 1)|J,M〉,
R3|J,M〉 =M |J,M〉

• J ∼ N (number of excited states):

N ∼ Nφ︸︷︷︸
number of oscillators

× MP /mφ︸ ︷︷ ︸
number of levels

∼ 1015

https://journals.aps.org/pr/abstract/10.1103/PhysRev.93.99
https://www.sciencedirect.com/science/article/abs/pii/0370157382901028
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Evolution of population probability
The probability PM (t) of finding the system at |J,M〉:

dPM

dt
= γ

 |〈J,M + 1|R+|J,M〉|2PM+1︸ ︷︷ ︸
populate M state by annihilating M + 1 state

− |〈J,M − 1|R−|J,M〉|2PM︸ ︷︷ ︸
annihilate M state


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• γ: the decay rate of a single inflaton oscillator

• R± ≡ R1 ± iR2: excitation and de-excitation
operators

• |〈J,M ± 1|R±|J,M〉|2 = (J ∓M)(J ±M +1)

• Initial condition: PM (t = 0) = δJ,M

Stays M ∼ J until Jγt ∼ 6, then quickly decays to reach the grand state
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Delay time and the end of reheating
Duration to deplete all excited states (delay time tD)
• 2n = J −M photons are emitted
• Decay rate of M →M − 1: ΓM→M−1 = γ(J +M)(J −M + 1) ∼ γJn ∼ γNn
• t1 = (γN )−1, t2 = (2γN )−1, t3 = (3γN )−1,...

tD ∼ t1 + t2 + t3 + · · ·+ tN ∼ lnN
N

× 1

γ
� 1

γ
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Intensity (number of photons emitted per
unit time)

I(t) = − d

dt
〈M〉 = − d

dt

J∑
M=−J

MPM (t)

• Peak at t ∼ tD

• γeff ∼ γ ×N/ lnN

• Crudely, TRH ∼
√
γMP × (N/ lnN )1/2
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Summary
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Summary
• Reheating by super-radiance is

proposed
• The phase of decay products is aligned

during preheating, leading to the
super-radiance

• Super-radiant decay of inflaton is faster
by a factor of lnN/N than the
spontaneous decay

Outlook
• More precise study is needed (e.g.

expansion rate, backreaction, etc)
• De-phasing effects should be incorporated

(e.g. interactions among decay products)
• Implications (e.g. DM, BAU, etc)


