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® Dicke super-radiance

® Beyond Dicke
B Macro-coherence during reheating

® Preheating in Schrodinger picture

® Parametrically amplified macro-coherence
B Abrupt end of reheating

® Dicke model during reheating
® Super-radiant burst



m Introduction



Dicke's work on super-radiance

PHYSICAL REVIEW VOLUME 93, NUMBER 1 JANUARY 1, 1954

Coherence in Spontaneous Radiation Processes

R. H. Dicke
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received August 25, 1953)

Consider a totally excited two-level atomic system:

B Spontaneous emission happens when
® atoms are well-separated and random
® separation between atoms >> photon wave length
® = exponential decay

B Super-radiant emission happens when

® atoms are close and phase-aligned
® separation between atoms < photon wave length
[Princeton U] o = pulse—like burst

Coherence of radiated photon is a key for super-radiance


https://phy.princeton.edu/department/history/faculty-history/robert-dicke

Super-radiance in laboratories

MIT group observed super-radiance for the first time [skibanowitz et a1, 73]
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[Macgillivray et al, 81] [Skribanowitz et al, '73]

M Irradiated atoms by laser emit puls-like radiation
B 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

Beyond Dicke super-radiance

B Super-radiant region for single photon emission is limited to the laser direction
® dipole transition:

[) = cele) + c4l9), H = (7226/2 —7;/3?)/2>

® single photon emission (wavelength A ~ 1/k):
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® super-radiant emission only when (target length) < (photon wavelength)
B Macro-coherence to extend the super-radiant region [voshimura et al, ‘0g]

® photon pair emission: |e} — |g) + v(k1) + v(k2)

® kinematically k= El + l;g = easily k — 0 for the collimated photons

® macroscopic coherence (phase alignment) may be realized


https://arxiv.org/abs/0805.1970

m Macro-coherence during reheating



Preheating after the end of inflation

B Focus on the reheating stage
1.0 ® Harmonic oscillator approximation:

1
< V(¢) ~ §m%¢¢2
= 0.57
< B Particle creation
® Suppose ¢ decays into a pair of photons
001 ® ¢(k=0) — y(k1)y(ks), then ky = —F;
® Phase of the decay products is aligned

0 2
10 o 10 B Macro-coherence may naturally be
()

realized during preheating



Parametric resonance during preheating

B Consider the {¢,v}-system, and neglect expansion of the Universe (for simplicity)

1
B E.g. ¢-v-y coupling: Liy = _EK‘ZS(FW)Q (K ~ ba/4Mp for conformal anomaly)

A - ng.S N
® FoM: Aj + kA + ——— Ay =
o K+ K+ 1+ Ko r=0
® After field redefinition and some approximation, each

polarization satisfies

v+ (a—2qcos27)Ar =0
(T =mg(t+7)/2,a = (2k/my)?, ¢ = K¢.)

® ¢ < 1 (narrow resonance)

> perturbative production around a = n? (n =1,2,3,---)
> corresponds to n X ¢ — Yy

g > 1 (broad resonance)

> non-perturbative production for a < 2¢
> occupation number grows exponentially



Parametrically amplified macro-coherent state

B Consider parametric resonance in Schrodinger picture [voshimura o5]
B Hamiltonian of a bosonic field b may be given by

= [ g [af+ (902 +mioF],  md(o) ~ m+ 1(6(0)

® For each Fourier mode by, the wave functional v satisfies the Schrodinger eq.:

Oy 19 1, _ (ReD\'* e
Za = 75871)]% —+ iwk(t)bkw = ’ll)(bk,t) = - e

® D=n/[ul®—(i/2)% In|u?® with i + wi(t)lu =0 < Mathieu equation

u~ et

1024
B ImD ~ % In \u]Z ~ CONSt. (related to the Floquet exponent)
® Phase in 1) aligns after a number of oscillations
® Macro-coherent state is achieved, leading to
super-radiant decay of inflaton

In |ul?

1014



https://inspirehep.net/literature/396574

m Abrupt end of reheating



Dicke model during reheating

B Super-radiance becomes possible when ImD — const. (phase aligned)

® Analogy: atoms < harmonic oscillators of inflaton
® Number of oscillator per Hubble volume: Ny ~ ng/H® ~ py/myH? ~ 10'2

B Excitation and de-excitation of the oscillators may be described by the algebra of
the total angular momentum [picke s3]

® For the ath oscillator, [Rga),Rg.a)} = ieiij,(f)
® Raising/lowering ops. R(ia) = Rga) + iRéa) to describe excitation and de-excitation
® For the entire system, R; = Eﬁfjl R§“>, satisfying [R;, R;] = i€;x Ri

® System expressed as the eigenstate of R? and Rj:

‘o UM=J> =
$——— NM=J1) = 9
—— e - RY|J,M) = J(7 + 1)1, M),
_;__. lUM=0> =5 {Ig,g“ g,e,,.e,e)i R3‘Jﬂ M> = M|J7 M>
| NZ N2
L M= =S {lgg, geed] ® J ~ N (number of excited states):
—_— UM=-J) = L ) Y

[Gross,Haroche '82]

NN N¢ X Mp/m¢ N1015
~~ ——

number of oscillators  number of levels


https://journals.aps.org/pr/abstract/10.1103/PhysRev.93.99
https://www.sciencedirect.com/science/article/abs/pii/0370157382901028

Evolution of population probability
B The probability Py/(t) of finding the system at |.J, M):

dP -
= WM A URNI M) PPy~ (LM 1R T M) Py
annihilate M state

populate M state by annihilating M + 1 state
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B Stays M ~ J until Jyt ~ 6, then quickly decays to reach the grand state



Delay time and the end of reheating

B Duration to deplete all excited states (delay time ¢p)

® 2n = J — M photons are emitted
® Decay rateof M - M —1: Tpyypr—1 =v(J + M)(J — M +1) ~vJn ~~yNn
® t1=(N) ity = (29N)7h 5 = (3yN)

InN 1 1

tDNt1+t2+t3+"~+tNNTX;<<;

w B Intensity (number of photons emitted per
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® Crudely, Trg ~ vVYMp x (N/InN)1/2



Summary
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B 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 InN//N than the
spontaneous decay

B Outlook
® More precise study is needed (e.g.
expansion rate, backreaction, etc)
® De-phasing effects should be incorporated
(e.g. interactions among decay products)
® |mplications (e.g. DM, BAU, etc)



