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In this talk:
We are interested in how dark matter drives cosmological structure.
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PART I
early-universe dynamics −→ DM phase-space distribution
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• Once DM is produced, many of its properties are described by its
primordial phase-space distribution f(x⃗, p⃗, t)≈ f(p, t)

homogeneity/isotropy

:

comoving number density:

N(t) = gint

∫
d3p

(2π)3 a3f(p, t)

energy density:

ρ(t) = gint

∫
d3p

(2π)3 Ef(p, t)

pressure:

P (t) = gint

∫
d3p

(2π)3
p2

3E
f(p, t)
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homogeneity/isotropy

:

comoving number density:

N(t) = gint

∫
d3p

(2π)3 a3f(p, t)

energy density:

ρ(t) = gint

∫
d3p

(2π)3 Ef(p, t)

pressure:

P (t) = gint

∫
d3p

(2π)3
p2

3E
f(p, t)

⇒ the distribution is the central quantity in under-
standing cosmological properties of the dark sector
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The distribution f(p, t) is often assumed thermal
and/or unimodal, but this need not be the case.
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The distribution f(p, t) is often assumed thermal
and/or unimodal, but this need not be the case.

For example:
If the dark sector consists of an ensemble of
states with different masses, then DM phase-
space distributions of a much different form can
arise from decays within dark sector
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First, let’s consider this qualitatively...
For instance, take a three-state system with m2 > m1 > m0 and consider
two-body decays. Assume heaviest state initially populated (for simplicity).
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(p
)

log p

g
(p

)
≡

a
3
p

3
f

(p
)



Jeff Kost Deciphering the Archaeological Record: Cosmological Imprints of Non-Minimal Dark Sectors
6

First, let’s consider this qualitatively...
For instance, take a three-state system with m2 > m1 > m0 and consider
two-body decays. Assume heaviest state initially populated (for simplicity).

2

1

0

redshift

decay

g
(p
)

log p

g
(p

)
≡

a
3
p

3
f

(p
)



Jeff Kost Deciphering the Archaeological Record: Cosmological Imprints of Non-Minimal Dark Sectors
6

First, let’s consider this qualitatively...
For instance, take a three-state system with m2 > m1 > m0 and consider
two-body decays. Assume heaviest state initially populated (for simplicity).

2

1

0

redshift

decay

g
(p
)

log p

BASIC OBSERVATIONS:
2 −→ 1 + 0 : daughter packets

get extra kinetic energy and width
(∆p) compared to parent packet

g
(p

)
≡

a
3
p

3
f

(p
)



Jeff Kost Deciphering the Archaeological Record: Cosmological Imprints of Non-Minimal Dark Sectors
6

First, let’s consider this qualitatively...
For instance, take a three-state system with m2 > m1 > m0 and consider
two-body decays. Assume heaviest state initially populated (for simplicity).

2

1

0

redshift

decay

g
(p
)

log p

BASIC OBSERVATIONS:
2 −→ 1 + 0 : daughter packets

get extra kinetic energy and width
(∆p) compared to parent packet

g
(p

)
≡

a
3
p

3
f

(p
)



Jeff Kost Deciphering the Archaeological Record: Cosmological Imprints of Non-Minimal Dark Sectors
6

First, let’s consider this qualitatively...
For instance, take a three-state system with m2 > m1 > m0 and consider
two-body decays. Assume heaviest state initially populated (for simplicity).

2

1

0

redshift

decay

g
(p
)

log p

BASIC OBSERVATIONS:
2 −→ 1 + 0 : daughter packets

get extra kinetic energy and width
(∆p) compared to parent packet

1 −→ 0 + 0 : produces two
identical daughter packets (twice the
area), again wider than the parent

g
(p

)
≡

a
3
p

3
f

(p
)



Jeff Kost Deciphering the Archaeological Record: Cosmological Imprints of Non-Minimal Dark Sectors
6

First, let’s consider this qualitatively...
For instance, take a three-state system with m2 > m1 > m0 and consider
two-body decays. Assume heaviest state initially populated (for simplicity).

2

1

0

redshift

decay

g
(p
)

log p

BASIC OBSERVATIONS:
2 −→ 1 + 0 : daughter packets
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We can verify that these features by
(numerically) solving the Boltzmann system:

∂fℓ(pℓ, t)
∂t

= H(t)pℓ
∂fℓ

∂pℓ

redshifting

+ C[f ]√
p2

ℓ + m2
ℓ

collision terms

for the three-state system.

Survey different combinations of decay rates
Γℓ

ij for two-body decays ℓ −→ i + j.
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PART II
DM phase-space distribution −→ matter power spectrum
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δ ≡ δρDM
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and with c2
s ̸= 0 small perturbations k

a
>

√
3
2

H

cs
do not grow

• A standard approach is to define a free-streaming horizon

k−1
FSH ≡

∫ tnow

tprod

dt
⟨v(t)⟩
a(t)

as a benchmark for the scale below which structure is suppressed.

relies on averaging
over DM distribution

will fail for multi-modal g(p)

We’ll consider a different approach...
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Our Approach:
• We begin by considering momentum slices through the distribution:

khor(p) ≡
[∫ tnow

tprod

p/a(t)√
p2/a(t)2 + m2

dt

a(t)

]−1

Normally, khor(p) would be interpreted as defining the minimum value k
which can be affected by dark matter in that slice.
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Our Approach:
• We begin by considering momentum slices through the distribution:

khor(p) ≡
[∫ tnow

tprod

p/a(t)√
p2/a(t)2 + m2

dt

a(t)

]−1

Normally, khor(p) would be interpreted as defining the minimum value k
which can be affected by dark matter in that slice.

• We take this khor(p) relation to define a mapping between p [of the
dark-matter distribution g(p)] and k [of the power spectrum P (k)].

• In other words, we identify khor(p) with k and consider g(p) as having a
corresponding profile in k-space:

g̃(k) ≡ g
(inverse function of
horizon scale

k−1
hor(k)

)
|J (k)|
jacobian

which retains N =
∫

d log p g(p)=
∫

d log k g̃(k).
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we are finally equipped to ask:
Can we conjecture the relationship

g̃(k)←→ P (k)
between distributions/power spectra?
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we are finally equipped to ask:
Can we conjecture the relationship

g̃(k)←→ P (k)
between distributions/power spectra?

let’s do a bit of exploring...
[using CLASS to compute P (k)]
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• Let’s fix the abundance in g(p) (and ⟨p⟩now)
but vary the width σ of the distribution.
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• Let’s fix the abundance in g(p) (and ⟨p⟩now)
but vary the width σ of the distribution.

AN IMPORTANT OBSERVATION:
• as we widen the distribution:
◦ slope of T 2(k) changes more slowly
◦ the power suppression becomes smaller
◦ HOWEVER, the slope of T 2(k) itself
remains the same at large k
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PART III
The “Archaeological” Inverse Problem
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• At any particular k this accumulated abundance is:

F (k) ≡
∫ log k

−∞ g̃(k′)d log k′∫ +∞
−∞ g̃(k′)d log k′

,

or equivalently, the fraction of our DM which is
effectively “hot” (i.e., free-streaming).
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• Our claim is that the slope of T 2(k) is directly related to F (k)

F (k) ≈ η

(∣∣∣∣d log T 2

d log k

∣∣∣∣)
some as-yet unknown function
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• Using our earlier results we can implicitly determine the function η:∣∣∣d log T 2

d log k

∣∣∣ ≈ F 2(k) + 3
2

F (k)
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• Using our earlier results we can implicitly determine the function η:∣∣∣d log T 2

d log k

∣∣∣ ≈ F 2(k) + 3
2

F (k)

and therefore we can finally state our conjectured relation:

g̃(k)
N

≈ 1
2

(
9
16

+
∣∣∣∣d log T 2

d log k

∣∣∣∣)−1/2 ∣∣∣∣ d2 log T 2

(d log k)2

∣∣∣∣
With this relation we can “resurrect” the DM
distribution g̃(k) from the transfer function T 2(k)
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g̃(k)
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≈ 1
2

(
9
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∣∣∣∣d log T 2

d log k

∣∣∣∣)−1/2 ∣∣∣∣ d2 log T 2

(d log k)2
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With this relation we can “resurrect” the DM
distribution g̃(k) from the transfer function T 2(k)

How well does the inverse map work?
let’s test the conjecture...
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An Illustrative Model of
Multi-Component Decay Chains
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• Consider a model with N + 1 real scalars {ϕ0, ϕ1, . . . ϕN}
with a mass spectrum

mℓ = m0 + ℓδ∆m
and Lagrangian

L =
N∑

ℓ=0

1
2

∂µϕℓ∂
µϕℓ −

1
2

m2
ℓϕ2

ℓ −
ℓ∑

i=0

i∑
j=0

cℓijϕℓϕiϕj

+ · · ·
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• Let’s parameterize the trilinear couplings in a useful way for our study:

cℓij = µRℓij

(
mℓ −mi −mj

∆m

)r(
1 + |mi −mj |

∆m

)−s

Θ(mℓ −mi −mj)
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and Lagrangian

L =
N∑

ℓ=0

1
2

∂µϕℓ∂
µϕℓ −

1
2

m2
ℓϕ2

ℓ −
ℓ∑

i=0

i∑
j=0

cℓijϕℓϕiϕj

+ · · ·

energy released
r > 0: maximally
exothermic decays
r < 0: minimally
exothermic decays

symmetry in decay
s > 0: maximally
symmetric daughters
s < 0: minimally
symmetric daughters

• Let’s parameterize the trilinear couplings in a useful way for our study:

cℓij = µ

overall
mass scale

counting
factor

Rℓij

(gap between parents
and daughters

mℓ −mi −mj

∆m

)r(
1 +

gap between
daughters

|mi −mj |
∆m

)−s

Θ(mℓ −mi −mj)

fix parameters:
N = 9
δ = 1
∆m = 2m0
µ = 0.1m0
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Recall our conjecture:
g̃(k)
N

≈ 1
2

(
9
16

+
∣∣∣∣∣d log T 2

d log k

∣∣∣∣∣
)−1/2 ∣∣∣∣∣ d2 log T 2

(d log k)2

∣∣∣∣∣
What features can we “resurrect” from this relation?
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TAKE-HOME MESSAGE:
• If the dark sector is non-minimal, early-universe processes such as decays
within the dark sector can leave identifiable imprints in f(p) and the matter
power spectrum P (k)—certain features may allow us to study the inverse
problem and reconstruct the dark-matter momentum distribution.
• Such approaches may be only probes for dark sectors decoupled from SM.
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THANK YOU FOR YOUR ATTENTION!


