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Cosmological Particle Production

Discovered in the 1960’s by L. Parker when studying QFT
iIn FLRW spacetimes.

m Particle production results from the coupling between quantized matter
fields and a classical gravitational field;

B [he production of particles naturally increases the field energy density,
making this phenomenon a natural candidate for the mechanism
responsible for driving inflation;




Motivation: Inflation

m nflation driven by particle production will result from dynamics between
the rates of particle creation and particle dilution;
m or a perfect fluid, the acceleration condition a >0 becomes:
p(t) +3p(t) <O
m Using the cosmological continuity equation

P
\/247Gp(t)

the condition for accelerated expansion results in:

p(t) = —p(t)
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p(t) > —




Cosmological Particle Production

Some of the ingredients:

m FLRW metric: ds® = —dt* + a*(t)d%?

m Quantized free massive scalar field with arbitrary curvature coupling as
a proxy for matter:



Cosmological Particle Production
a(t)

Consider a Universe which is asymptotically static in the infinite past and
future.
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Consider a Universe which is asymptotically static in the infinite past and
future.

Define the in and out regions where the scale factor becomes constant.



Cosmological Particle Production

In the infinite past and future, the metric becomes Minkowskian:

. in
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fr(—o00) = ul x e

fr(t) + wi(®) fu(t) =

out

fr(+00) = ud™ oc e7 Wk T

But there is no single solution satistying both boundary conditions!
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The Adiabatic Vacuum

B[N a sense, the adiabatic vacuum captures the overall time dependence
due the changing geometry, leaving behind only the Minkowski-like
mode oscillations which take place on top of the evolving background.
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The Adiabatic Vacuum

Dabrowski and Dunne (2014)
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Stokes Phenomenon

B [he step-like features in the particle production profile can be
understood in terms of the Stokes phenomenon.

m Particle production occurs when field mode function crosses a Stokes
ine of Qx(z) on the complex plane.

» t = Re(2)

\ Re (Qxdz) = 0
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Smoothed Stokes Jumps

m Furthermore, the irreducible ambiguity in the notion of adiabatic particle
number can be traced back to asymptotic nature of the adiabatic
vacuum.

m[he Dbehavior of the terms appearing in this asymptotic series
representation diverge after an optimal truncation point.

<Pk,2j(z)
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Smoothed Stokes Jumps

m Dingle (1973) had shown, however, that the large order terms in the this
divergent asymptotic series have a closed form.

m|n short, the terms diverge factorially. In order to make sense of this
series, some regularization method must be employed.

<Pk,2j(z)
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Smoothed Stokes Jumps

m Using resummation techniques, Berry (1989) showed that the Stokes
jumps are not only smooth, but also have a universal form.

> )

fr(2) = alz)ur(2) + B(2)u(2)
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Smoothed Stokes Jumps
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Smoothed Stokes Jumps

Dabrowski and Dunne (2014)
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Numerical Implementation

m How can we numerically extend the problem into the complex plane?

m\\Ve can use the truncated Taylor representation for the mode frequency
to approximate this function on a neighborhood of the real axis.

M

(n)
Qi (2) ~ Z (o) (2 —to)"

n!

n=0

m Derivatives can be obtained numerically from B-splines, and the
convergence of the above sum can be accelerated with the help of Padé
approximants.

B From a numerical sample along the real axis, we can then compute the
value of the function on the complex plane.
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Numerical Implementation
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Numerical Implementation

Numerical Continuation
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Numerical Implementation
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The Back-reaction Problem

m Following Mottola and Anderson (2013), the tield energy density can be
approximated by

1
E — d Qk Nk
drnad(t) |
when particle production dominates.
103 3
: —— Particle Prod.
Cosmological Const.
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Energy Density
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The Back-reaction Problem

B Recipe for solving the back-reaction problem:
1. Begin with initial conditions for which the particle number is well defined.
2. Step the scale factor forward in time through the Friedman equation.
3. Numerically continue the mode frequencies into the complex plane.

4. Search for Stokes lines and determine the additional energy density due
to particle production.

5. Use the updated energy density to step the scale factor forward in time.
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Conclusions and Future Directions

m Even though the notion of particle is not unique in curved spacetimes,
picking a particular definition can be quite useful to perform back-
reaction calculations.

m\\e are currently investigating the cosmological consequences of the
back-reaction effects. In particular for cases in which we know back-
reaction is significant, such as in bounce scenarios.

m\We are also searching for initial conditions which lead to inflationary
behavior.



