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Particle Production in Particle Physics

» Based on QFT in Minkowski spacetime

» Elementary process: scattering or decay
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» Use the regular Feynman rules = production/depletion rate of X

» Boltzmann equations works well: ‘ﬂ;—tX = (production) — (depletion)



Particle Production in Cosmology

» Based on QFT in curved spacetime = particle picture is not always available

» Elementary process: amplification of quantum fluctuations
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During Inflation

» Frequency of d@quantum IS NOt a constant of time

» Can be taken into account by Bogoliubov transformation



Example: Gravitational DM Production from Inflaton
¢ — DM can efficiently produce DM via graviton exchange

> ¢ oscillates = R oscillates

Xp + wixe =0
wi =k? +a’m?2 + §a®R

» Bogoliubov approach

[Ema, Nakayama, Tang '18]

Tr=10°GeV, my=10"2GeV, Qom=0.25
0,=(4, 1,0.1,0.01)x0pm

=2 Hig

2 4 6 8 10 12
Log(-Tx
°9( 5y

~

» ¢¢p —graviton— yx
) 03
» Production rate R ~ 2
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» Boltzmann approach

[Mambrini, Olive '21]
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The Tower of Babel

Are these two approaches (Boltzmann and Bogoliubov) equivalent or not?
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2. Boltzmann Approach



Setup

Consider the system with the Einstein gravity, inflaton (¢), and a real scalar (x):

S = /\/—gd4x [Ler + Ly + L],

Inflaton sector (example);

V(¢)
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» CMB input: In(10%Ag) = 3.044 for
k= 0.05 Mpc !

A~

1872 Ag

o = 21X 1071 (N =55)

» After the end of inflation (¢ < Mp):

V(¢) ~

1
imgjqbQ, mi = 2\M2 ~ (10'3 GeV)?



Inflaton Dynamics

Inflaton = coherent state (at leading order) = homogeneous in space
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Rapid oscillation in the kinetic/potential energies is essential in gravitational production




Phase Space Distribution
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» Boltzmann equation for f, (¢,p4):

Ofy

ot

of
= = Hlpal 5=

olpal

- [fx]

» Collision term (when xx — ¢¢ is negligible):
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» Phase space distribution (comoving momentum k = |pala(t)/ac):
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What Was The Question Again?

Boltzmann approach
» Based on QFT in Minkowski spacetime

» Particle production is described by collision terms in the Boltzmann Egs

Bogoliubov approach
» Based on QFT in curved spacetime

» Particle production is described by time dependence of effective frequencies

AN

» Therefore, there seems no guarantee that both are equivalent

Bogoliubov
> f)l?oltzmaml vs. Xoho iubov



3. Bogoliubov Approach



QFT in Curved Spacetime in a Nutshell
1 1. 5.
-~ 1 V=9Ly = 5(X')? = 5xw’X
» Useadn=dtand Y=a""x = 2 2 1
w(t) = =V*+a’m2 + 6a2R

» Hamiltonian depends on time: y(Past) o£ ylfuture) o ((past)y £ | g(future))

> )Z,i,l) = xx(t1) and %,(? = Xk (72) can be expaned using creation and annihilation

operators:

» Suppose each of u,(j) and uf) a complete set, so

b- * _ PR% a-
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» «y and (5 are called Bogoliubov coefficients
» Define the initial vacuum by a,g\()(l)> =0, then n,(f) = (()(1)]b£b,;|()(1)> =8> #0



Bogoliubov Coefficients in Perturbative Regime
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» The Bogoliubov coefficients oy, and 5 follow o Wk
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W

/

n el "
> If |B,]2 < 1, then Si(n) :/ i [;:Zc] 20 [ e (o)



Bogoliubov Coefficients in Perturbative Regime

/

/ . Wk
ay, = —iwgag + 5 Bk
» The Bogoliubov coefficients oy, and 5 follow o Wk
By = iwp B + 5 Ry,
Wi
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> If |Bk]? < 1, then Bi(n) 2/ dn
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Bogoliubov Coefficients in Perturbative Regime
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» The Bogoliubov coefficients oy, and 5 follow o Wk
By = iwp B + 5 Ry,
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> 7n-integration with ¢(t) = ¢ sin(mgt)




Bogoliubov Coefficients in Perturbative Regime

/

/ . Wk
ay, = —iwgag + 5 Bk
» The Bogoliubov coefficients oy, and 5 follow o Wk
By = iwp B + 5 Ry,
Wi

n agHm + (a2R)//6 _Q'J‘n/d 7 ( //)
> If |Br]* < 1, the g/d’ X i [y dn"wr(n
| B n B(n) ; M| 22 T ?m? 1 2RJG e
> 7n-integration with ¢(t) = ¢ sin(mgt)
» For k > GF ~ \/Z (otherwise, breaks adiabaticity), eXpand the integrand in F/md)
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Bogoliubov Coefficients in Perturbative Regime
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» The Bogoliubov coefficients oy, and 5 follow o Wk
By = iwp B + 5 Ry,
Wi
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> If 2«1, th ~ dn’ X i [y dn'wi (")
1Bk|? < en Bi(n) /77 n [k2+a2m§+a2R/6} e

> 7n-integration with ¢(t) = ¢ sin(mgt)
» For k > GF ~ A (otherwise, breaks adiabaticity), eXpand the integrand in F/md)
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Bogoliubov Coefficients in Perturbative Regime
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» The Bogoliubov coefficients oy, and 5 follow

B = iwp B +3

n agHm +( 2R /6 —2% [ dn” "
> If 2«1, th ~ dn’ X ’tfm. n"wi (")
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> 7n-integration with ¢(t) = ¢ sin(mgt)
» For k > GF ~ A (otherwise, breaks adiabaticity), eXpand the integrand in F/md)
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» Use stationary phase approximation to find

. o\ 5/4 5\ 2
3 2o 97 [ H.\" (m@>9/2 . m3 / - m?
k>aH 64 \'my k m? 2m?

which is identical to f, obtained in the Boltzmann approach



Particle Production through Phase Transition

(dS) (MD)
k : uy ' (me) =u; ' (ne)
A <db> _— k 1 k R ——— P (]\ID)
Up {U;dS)/(T}a) _ ui}\ID)/(nc) (7




Simplest Example: Massless Particle

» Suppose m, = 0 and set the initial condition for wuy;:

—tikn
ug(n — —o0) = e\/ﬁ (BD vacuum) (ds
d?uy, 2 ~\ 1k \[ 3/2

dy2+<1_y2>uk:o (y = k(n —7;))

» For y < 1 ("super-horizon modes"):

—ikn /-6‘3 H 2
o 1 e 2 7]@
e e B (1)
» Later time (MD) solution: uk 1/ f 3/2 ) with x = k(n —7,)
> Insisting u,(gds) and u,E;MD) are smooth at 1 = 7, to obtain
Tz 9 (H.\°
= o | H 0 @) - 1Y @ 0] = en = ()

x k
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Quantitative Comparison

10t my/me = 0.0001
s my/mg = 0.001
\'\.\_ L6 my/my = 0.01
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Summary

1. Boltzmann and Bogoliubov are equivalent for k > m,
2. Bogoliubov can take care of k < mg, while Boltzmann can not
3. Boltzmann approach: easy to compute, but only perturbative processes

4. Bogoliubov approach: hard to compute, but can deal with non-pert. processes



