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Motivation

• Gravitational particle production is crucial for non-thermal dark matter studies.
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• Add up all production mechanisms:
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• Dark relics: if particle number is conserved (free or very weakly interacting 
particles), dark relics produced in inflation survive up to the present day.



• Condensate of a scalar spectator field with fluctuations.

Bogolyubov coefficient approach

𝜙 𝜂, 𝐱 = න
𝑑3𝐤

2𝜋 3 𝑎𝐤 𝜒𝑘 𝜂 𝑒𝑖𝐤∙𝐱 + 𝑎𝐤
† 𝜒𝑘

∗ 𝜂 𝑒−𝑖𝐤∙𝐱

Parker, Grib, 
Zeldovich, 
Starobinsky. 
60-70’s
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• Equation of motion for 𝜒𝑘 𝜂 :

𝜒𝑘′′ 𝜂 + 𝜔𝑘
2 𝜂 𝜒𝑘 𝜂 = 0, 𝜔𝑘

2 𝜂 = 𝑘2 + 𝑎2 𝜂 𝑚2 +
1
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Bogolyubov coefficient approach
• Important assumption: Bunch-Davies vacuum (no particles initially):

𝑎𝐤
inห ൿ0in = 0
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• Analytical results:

Inflation followed by radiation dominated epoch: 𝒂𝟑𝒏 =
𝟑𝜿𝟐𝒂𝒆

𝟑
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• Numerical results:
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Starobinsky approach

Long wavelength

Φ 𝑡, 𝐱 = ഥΦ 𝑡, 𝐱 + න
𝑑3𝐤

2𝜋 3 𝜃 𝑘 − 𝜖𝑎 𝑡 𝐻 𝑎𝐤 𝜒𝑘 𝜂 𝑒𝑖𝐤∙𝐫 + 𝑎𝐤
† 𝜒𝑘

∗ 𝜂 𝑒−𝑖𝐤∙𝐫

Short wavelength

Starobinsky ‘86
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• Random walk:

Pre-inflationary 
initial conditions

Infinitely long inflation: agrees with Bogolyubov approach.
Finite inflation: strong dependence on the initial conditions.
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• When 𝐻 ~𝑚: condensate ഥΦ is converted into particles: 𝒂𝟑𝒏 = 𝒂𝒆
𝟑 𝑯𝒆

𝟑/𝟐

𝟐𝒎𝟏/𝟐
ഥ𝚽𝟐

• Issues: Inflation has a finite duration; scalars can have non-trivial initial conditions.
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Constraints on dark relics

• Abundance of stable particles produced by inflation cannot exceed that of dark
matter.

• Particle number remains constant after reheating and is bounded by the dark
matter abundance:

• Radiation domination: ഥ𝚽 <
𝟓×𝟏𝟎𝟗

𝒎/𝐆𝐞𝐕 𝟏/𝟒 𝐆𝐞𝐕 𝒎 ≪ 𝐞𝐕
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𝒎/𝐆𝐞𝐕 𝟏/𝟒 𝐆𝐞𝐕 𝒎 ≪ 𝐞𝐕

• Matter domination: ഥ𝚽 < 𝚫𝟏/𝟐
𝟓×𝟏𝟎𝟗

𝑯𝒆/𝐆𝐞𝐕 𝟏/𝟒 𝐆𝐞𝐕

Δ ≡
𝐻𝑒
𝐻𝑅

≃
𝑇𝑖𝑛𝑠𝑡
𝑇𝑅

≫ 1

𝑻𝑹 ≲ 𝐆𝐞𝐕
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