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« Vacuum/particle notion is
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Scalar field in flat FLRW

* Non-interacting real scalar field

1
S = _Ef d*x\[—g[0,00" ¢ + (m* + ER)?]
« Non-minimal to the

« We expand the auxiliary field y = ap as

(0, %) = j [avic (1) + a* v ()]
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Conformal time




Scalar field in flat FLRW

- Non-interacting real scalar field * The EOM of x(n, x) in k-space is

I 2 .
S = 2 4/ =G [P0V + (m? + 1)) v () + wf ()i () = 0

with frequency
« Non-minimal to the

1
wp (M) = k% + a*(n)[m?+ <€ — g) R(m)]

« We expand the auxiliary field y = ap as

_ - Background determines a?(n) and R(n)
K. = | lakwiem) + @i alet
k
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Particle production

 Two particular solutions v, and u, expand y with different operators (and vacua),

— * — * A~ * ~+
= Vi + Br Vi, = apdy, — Bray
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Particle production

Two particular solutions v, and 1, expand y with different operators (and vacua),

_ * _ * A * A+
= Vi + Br Vi, = apdy, — Bray

Can not impose Poincaré symmetry, wz = wz(n) [ Particles! L 510.) % 0
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If the systems is in the state |0,) at n;, ‘ /\
A

N = (0 0q) = 1Bkl?
k(nf) ( Cl| | a) |Bic| OZ[Vacuum?] ay|0,) =0
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Need to know v, and u, at the same time ()




How many ‘particles’ have been produced?

What a problematic question...




How many ‘particles’ have been produced?

What a problematic question...

Consider the following realization

« Preferred vacuum in |, d;|0,) =0

e Thereis vacuum in Il

« Preferred vacuum in IlI,
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How many ‘particles’ have been produced?

What a problematic question...

Consider the following realization

. : )
Particle production at tf is

(0a 10a)
. v,
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[ But... How many particles are at t < tf?]




Abundance of produced particles

« The total comoving density of particles is n(m, &) = [ dk k?|B|?

- The physical density at the end of reheating is n,,(m, &) = n(m,§&)/a’,

If the field does not interact, and production is negligible afterwards, this process leads
to a relic abundance that can be compared to observations

9 (m, f' Tr‘h)




Density and abundance (slow-roll)
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Density and abundance (slow-roll)
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Summary

QFT in curved spacetimes leads to gravitational particle production

The notion of particle depends on the choice of vacuum (quantization ambiguities)

Gravitational production is universal, independent of couplings to other fields

The observed abundance of dark matter can be explained solely by this mechanism
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