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The existence of dark

matter is supported by
observations across

many different scales
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What have we learnt?

O“I;Idi:tarv  Abundance: ~26% of the universe
atter

4.9% * Cold: Non-relativistic, massive

* Dark: Negligible nongravitational interaction
with Standard Model fields

* Nonbaryonic: Baryonic matter is simply not
enough

 BSM: Not Standard Model particle

o Particle properties: mass, spin,
fundamental or composite, single-

component or multi-component, etc.

We still don’t know:

Production mechanism: freeze-out,
freeze-in, decays, misalignment?




Where do we stand?

Since DM is beyond our current knowledge of fundamental particle physics,
there has been massive theoretical and experimental efforts to understand DM
over the past several decades




Where do we stand?

Since DM is beyond our current knowledge of fundamental particle physics,
there has been massive theoretical and experimental efforts to understand DM
over the past several decades

Thus far, these experlments have only set
) bounds on the dark matter parameters,

without a pos:t/ve detectlon



A potential problem

* Evidence of dark matter all come from DM’s gravitational effects
* All of these methods for probing the nature of dark matter assume that
dark matter interacts with normal matter in some way beyond gravity.



A potential problem

* Evidence of dark matter all come from DM’s gravitational effects
* All of these methods for probing the nature of dark matter assume that
dark matter interacts with normal matter in some way beyond gravity.

A "Nightmare” Scenario
If the dark matter only interacts with normal matter through

gravity — or only through gravity and other weak
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A potential problem

* Evidence of dark matter all come from DM’s gravitational effects
* All of these methods for probing the nature of dark matter assume that
dark matter interacts with normal matter in some way beyond gravity.

A "Nightmare” Scenario
If the dark matter only interacts with normal matter through
gravity — or only through gravity and other weak
forces — these experiments will see a signal.

Fortunately, there are ways in which we can potentially use
cosmology as a tool to learn about the nature of dark matter
— even if it interacts with regular matter only gravitationally.




Cosmic timeline

To learn about dark matter using cosmology, let us look at the cosmological timeline and
understand the role DM plays in our universe’s history.
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e All theories of DM, not only do they predict how DM interact with normal matter to
produce signals at late time, but they also predict the thermal history of dark matter
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All observational evidence of DM are essentially inferred from, or deeply related to,
the spatial distribution of matter, which is inhomogeneous.
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Cosmic timeline

To learn about dark matter using cosmology, let us look at the cosmological timeline and
understand the role DM plays in our universe’s history.

Population of DM Matter
Particles Produced Related? Yes! Distribution

Matter-Radiation

Quantum
Fluctuations

originated from DM
density fluctuations,

whose evolution can
be affected by the
thermal history
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Age of the Universe

e All theories of DM, not only do they predict how DM interact with normal matter to
produce signals at late time, but they also predict the thermal history of dark matter

* All observational evidence of DM are essentially inferred from, or deeply related to,
the spatial distribution of matter, which is inhomogeneous.
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Cosmic timeline
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(primordial) DM Phase-
Space Distribution

DM Thermal History cosmic structure

Historically, this logic has been
used to exclude HDM like SM
neutrinos, and place severe
constraints on scenarios like
WDM.

Lovel et al
MNRAS 2014




Phase-Space Distribution

DM velocities are described by the PSD
f(X,p,¢0)

It is the central quantity that links the thermal history of DM
and the present-day spatial distribution of matter

Assuming spatial homogeneity and isotropy

f&pt) - f(pt)
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Phase-Space Distribution

DM velocities are described by the PSD
f(X,p,¢0)

It is the central quantity that links the thermal history of DM
and the present-day spatial distribution of matter

Assuming spatial homogeneity and isotropy

f&pt) - f(pt)

In general, f(p, t) could take any reasonable functional form. Evolution in time is

governed by the Boltzmann equation:

of  of g
E_Hpa_pJ’C[f] H(t) =~
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basically, two effects: (1) cosmological redshift and (2) particle interactions




Phase-Space Distribution

gp),t) e———g(p®),1)
Instead of using [ (p, t) vs p, we shall
look at ﬂ ﬂ

9(p)

glp,t) =a*®p’f(p,t)

and plot g(p, t) against logp

logp
Advantages: conveyor belt velocity = H(t)

* once DM production complete, area * redshift: g(p, t) slides rigidly to smaller

(comoving number density) is fixed log p, as if carried along a “cosmological
under time evolution conveyor belt”, its shape stays invariant




Example: freeze-in
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Example: freeze-in
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Example: freeze-in comoving number density
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Example: freeze-in
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Example: freeze-in comoving number density
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Example: freeze-out comoving number density
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Example: freeze-out comoving number density
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Example: freeze-in and freeze-out
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— my = 10keV
h— =20 K6 V.
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FH, Y. Li, J. Yu
JCAP 01 (2024) 023
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Example: freeze-in + out-of-eq decay
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Example: intra-ensemble decays in multi-state system
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Example: intra-ensemble decays in multi-state system
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Example: intra-ensemble decays in multi-state system

A non-trivial DM phase-
space distribution at late

times can represent the
imprint of complex dynamics
at earlier points in the
cosmological history.
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Effects of DM PSD

Formation of structure (clusters, galaxies ...
is sensitive to the velocities of DM!

Non-negligible velocities leads to suppression
in the matter power spectrum at distance
scales below the free-streaming horizon.
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Effects of DM PSD

Formation

is sensitive to the velocities of DM!
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Non-negligible velocities leads to suppression
in the matter power spectrum at distance
scales below the free-streaming horizon.
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Effects of DM PSD

Formation of structure (clusters, galaxies ...
is sensitive to the velocities of DM!

Non-negligible velocities leads to suppression
in the matter power spectrum at distance
scales below the free-streaming horizon.
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For free streaming, any deviation from CDM prediction may reveal information about DM
velocities. The departure from CDM prediction can be expressed in terms of the squared

transfer function T2 (k)
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Effects of DM PSD

To study the impact of non-negligible
velocities on P (k) or T?(k), a standard
approach is to define a single “free-
streaming horizon” as a benchmark scale
below which structure is suppressed
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Effects of DM PSD

To study the impact of non-negligible
velocities on P (k) or T?(k), a standard
approach is to define a single “free-
streaming horizon” as a benchmark scale
below which structure is suppressed

tow ()]
Krsu = U’f (0 ]

prod

Relies on averaging, not suitable for non-trivial
or multi-modal distributions — average velocity
might NOT be able to capture all the features
in the distribution.
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Effects of DM PSD

To study the impact of non-negligible
velocities on P (k) or T?(k), a standard
approach is to define a single “free-
streaming horizon” as a benchmark scale
below which structure is suppressed

tow ()]
Krsu = U’f (0 ]

prod

Relies on averaging, not suitable for non-trivial
or multi-modal distributions — average velocity
might NOT be able to capture all the features
in the distribution.

In some cases, the distribution may not even
contain any DM particle with velocity (v)!
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Effects of DM PSD

To study the impact of non-negligible
velocities on P (k) or T?(k), a standard
approach is to define a single “free-
streaming horizon” as a benchmark scale
below which structure is suppressed

tow ()]
Krsu = U’f (0 ]

prod

Relies on averaging, not suitable for non-trivial
or multi-modal distributions — average velocity
might NOT be able to capture all the features
in the distribution.

In some cases, the distribution may not even
contain any DM particle with velocity (v)!
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PSD in wavenumber space

We decompose our dark-matter packet into momentum
slices, relating each slice of momentum p to a corresponding

value kyor(p).

¢ -1
now U(t) T 3 0

nor (@) = € || de =2

or p tprod a(t)
maximum length scale

Normally, ko Wwould be interpreted as defining the minimum value of k which can be

affected by dark matter in that momentum slice.
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PSD in wavenumber space

We decompose our dark-matter packet into momentum
slices, relating each slice of momentum p to a corresponding

value kpor(p).

¢ -1
now U(t) T 3 C

nor (@) = € || de =2

or p thOd a(t)
maximum length scale

Normally, ky o would be interpreted as defining the minimum value of k which can be

affected by dark matter in that momentum slice.

However, we shall instead take the defining relation for ky+(p) as defining a mapping
between the p-variable of g(p) and the k-variable of P(k).

p—k

17



PSD in wavenumber space
In other words, we identify ky,.(p) with k and thereby consider g(p) as having a
corresponding profile in k-space:
gp) = g(k)

It then follows

N~ | dlogp g(p) = | dlogk g(k)

Thus g(k) describes a dark-matter distribution in k-space!

Moreover, because this g (k) lives in the same space as P(k), these two functions can
even be plotted together along the same axis!

Now it makes sense to ask:
Can we discover/conjecture any relation between
these two functions?

18



Examine the relations
. . . . tl’lOW
Vary height/area with width fixed k(p) = ¢ U dt @
t

‘Q‘DM = () + ‘Q‘CDM ~ (0.26 prod a(t)
1.0F 1k i
—Q=1.0 Qpu 1 | 1.0
0.8 F—0=0.9 QDM id,« 0.1F
—0=0.7502pm =
> —=0.6' Qpas B8 0.8 o
2 0.6 F—0=0.450ny By >
z —{1=0.3 QbwM = |0.01F 0.6 gh
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0.2 F = : v 0.2
‘. :
" 4 [ = rg’lﬁ\\
/ ) i ;| MR ” g(ks t‘now)/" Q’/ A
s Lk ; : 3 _Q_,__,___ LW ol - 0.0
10~7 10~" 10 0.1 1 10 10
p/m k [h/Mpc]

* No power suppression until we approach where g (k) is concentrated
* Main observation: Larger packet = Stronger suppression and steeper slope
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Examine the relations

Vary width with average/area fixed k()
‘Q‘DM = .Q. + ‘Q‘CDM =~ 026 p

10— 1k
Q=3Qpwm :
(P)now =10"%m !
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10~ # 107 1076 10~5 10—2 0.1 1 10 102
p/m k [h/Mpc]

 The amount of suppression differs, but the slope at large k is essentially unaffected by widths!
This suggests the accumulative abundance is correlated with the slope, NOT with the net
suppression.




Examine the relations

Vary relative sizes of two packets
(two packets together carry the total DM abundance)
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Examine the relations
Vary relative sizes of two packets

(two packets together carry the total DM abundance)
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As we sweep from left to right in the k-space,
* within a peak: accumulative abundance increases = slope increases!



Examine the relations
Vary relative sizes of two packets

(two packets together carry the total DM abundance)
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As we sweep from left to right in the k-space,
* within a peak: accumulative abundance increases = slope increases!
between peaks: no change in accumulation of abundance = slope approximately constant!

Still find accumulative abundance - slope!



Examine the relations )
Vary relative sizes of two packets k(p) = ¢ [ f row dt v(®)
t

(two packets together carry the total DM abundance)
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As we sweep from left to right in the k-space,
* within a peak: accumulative abundance increases = slope increases!
* between peaks: no change in accumulation of abundance = slope approximately constant!

Still find accumulative abundance - slope!



Relating i (k) and T4 (k)

Based on our observation, our claim is that the
slope of the transfer function at a particular scale k
is related to the amount of DM particles that is able
to freestream a distance larger than ~1/k,

Motivated by this observation, we define the hot-
fraction function,

i.e., the fraction of DM particles that is effectively
“hot” relative to the scale k
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Relating § (k) and T4 (k)

Based on our observation, our claim is that the
slope of the transfer function at a particular scale k
is related to the amount of DM particles that is able
to freestream a distance larger than ~1/k,

Motivated by this observation, we define the hot-
fraction function,

i.e., the fraction of DM particles that is effectively
“hot” relative to the scale k
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Relating (k) and T* (k) ~ lia
= o
Based on our observation, our claim is that the @ los
slope of the transfer function at a particular scale k = 01 o &
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Relating § (k) and T4 (k)

Based on our observation, our claim is that the
slope of the transfer function at a particular scale k
is related to the amount of DM particles that is able
to freestream a distance larger than ~1/k,

Motivated by this observation, we define the hot-

fraction function,

i.e., the fraction of DM particles that is effectively

“hot” relative to the scale k
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Relating § (k) and T4 (k)

Based on our observation, our claim is that the
slope of the transfer function at a particular scale k
is related to the amount of DM particles that is able
to freestream a distance larger than ~1/k,

Motivated by this observation, we define the hot-
fraction function,

i.e., the fraction of DM particles that is effectively
“hot” relative to the scale k
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Relating § (k) and T* (k)

some as-yet

Our claim can then be formulated as unknown function

Taking derivative of both sides

g(k)
N
/I

Normalized DM PSD

N

/

dlog T2
i) "7(‘ dlogk

)

logarithmic slope of
transfer function

dlog T2

d? log T

dlogk ) (dlogk

~ !

- (
first derivative
of T2

)2

second derivative
of T2

Once n is known, we will be able to
resurrect the phase-space distribution!
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Relating i (k) and T4 (k)

1t 12 —(=1.0 Qpm
i —0=0.9 Qpwm
i | L0 ——0=0.75 Qpu
E 0'15 8 —_—(=0.6 Qpm
8 10898 e () = 0.45 Qs 2
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A VULE 1068 () _ < it
= : i‘-: Q—O.L)QDM‘ dlogk 2
L 0.4 %
=107 relation holds to very high precision!
& \JIRY
: N \ ) H0.2
il = r~"f’-\\
B L | i :r g(k: t‘now)/ﬂ‘\’gf \ ﬂk
— ‘ 4 0.0
10 0.1 1 10 10
k [h/Mpc]|
Our final conjecture:
- —1/2
q(k) 1 /9 " dlog T /2| 2 log T
N 2 \ 16 dlogk (dlog k)?

This allows us to “resurrect” G(k) from the transfer function T?(k)!



Let's now see how these ideas play out in practice! Decays wikthin
Dark Ensemble

As an example, we study a model in which the dark sector
contains many components with many different masses
and thus many possible decay chains.

Two Different 4 .

o @
/ Decay Pathways
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/ 2 O 2 O DM today
¢ O O/
/\

2
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Linear regime: g(p) — P (k)

Squared transfer function obtained by
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Linear regime: g(p) — P (k)

Squared transfer function obtained by
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Linear regime: g(p) — P (k)

Squared transfer function obtained by
feeding g(p) to the CLASS code

g (k) obtained by mapping p to kyqr
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Linear regime: Reconstruction Conjecture

To what extent can we “resurrect” the DM phase-
space distribution from the transfer function?

)—1/2

Recall our conjecture...

d? log T
(dlog k)?

g(k) 1 (9 ‘dlogT2

N = 2\16 | dlogk
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K. Dienes, FH, J. Kost, S. Su, B. Thomas, arXiv:2001.02193

Linear regime: Reconstruction Conjecture v g g
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Able to resurrect the salient features
of the original distribution!
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Machine learning approach
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Machine learning approach

Zi]\; m; |§k(kz‘) - gk(kz’)|2

Lymse = S
i=1 1
(" )
-1
1 log T%(k,) Fenn
1 | logT?(ky) ‘ = === ,
gk |
T > > L@@~ @
° | |
1 || logT%ky) T | 8ika) :
0 u ______
Y - T T )
0 log T*(ky,)
Input 1D Conv + Tanh 1D Conv + Tanh 1D Conv + Tanh Output
(2, M) (80, M) (80, M) (80, M) ) (1, M)
.

28



Machine learning approach

Zi]\; m; |§k(kz‘) - gk(kz’)|2

Lymse = S
i=1 1
(" )
-1
1 log T%(k,) Fenn
1 | logT?(ky) ‘ = === ,
gk |
T > > L@@~ @
° | |
1 || logT%ky) T | 8ika) :
0 u ______
Y - T T )
0 log T*(ky,)
Input 1D Conv + Tanh 1D Conv + Tanh 1D Conv + Tanh Output
(2, M) (80, M) (80, M) (80, M) ) (1, M)
.

28



Machine learning approach
K. Dienes, J. Howard, FH, Y. Li, B. Thomas, arXiv:2606.13527
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Machine learning approach
K. Dienes, J. Howard, FH, Y. Li, B. Thomas, arXiv:2606.13527
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early-universe dynamics
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Thermal history

» Let's look at a region with initial overdensity
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Thermal history

» Let's look at a region with initial overdensity

« Suppose DM particles have relatively small velocities

« After a while, initial velocities are redshifted away,

the overdense region remains overdense

Tnow

o Still clearly
N % overdense




Thermal history
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Thermal history

» Let's look at a region with initial overdensity

the overdense region remains overdense

tnow

Suppose DM particles have relatively small velocities

After a while, initial velocities are redshifted away,

Now, let's assume the initial velocities are relatively

large

After a while, initial velocities are still redshifted away,
but the overdense region has been washed out
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Thermal history

» Let's look at a region with initial overdensity

« Suppose DM particles have relatively small velocities

« After a while, initial velocities are redshifted away,

the overdense region remains overdense

* Now, let’'s assume the initial velocities are relatively

tnow

®
Overdensity

large

« After a while, initial velocities are still redshifted
away, but the overdense region has been washed

. % extent to which these particles can wash out
overdensities depend on their particle horizon:

q J tnow dt (t)
= —— U
hor tprOd a(t)

[
washed out4
° /” SR

o S
, o

Particles with particle horizon d;,,,- can wash out
overdense regions whose size is smaller than dj,,,.

('(f) tIlOW
v(t) > ¢
1*(7‘) — f
—V Present Time
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Cosmological redshift
Normally, look at f (p) vs p or p?f(p) vs p.
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p*f(p)
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Cosmological redshift
Normally, look at f(p) vs p or p?f (p) vs p. But the cosmological redshift:
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time evolution
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Cosmological redshift
Normally, look at f(p) vs p or p?f (p) vs p. But the cosmological redshift:
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Alogp = log( = const.
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time evolutlon
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Cosmological redshift

Normally, look at f(p) vs p or p?f (p) vs p. But the cosmological redshift:

1 mm) Ap~al

How about log p?

This motivates us to look at the distribution w.r.t. logp

hysical
PRl encity MO~ [P0 f@,0 ~ [dpp?f(p,0) ~ [dlogp

N(t) ~n(t)a3 ~ Jdlogp a’

comoving
number density

p

Alogp

p~a -
time evolutlon
+ A
Alogp = log (p p = const. log p

Alogp

p3f(p,t)

p3f(p,t)

— "’(1_3
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Cosmological redshift
Normally, look at f(p) vs p or p?f(p) vs p. But the cosmological redshift:

p~a~! mm) Ap~al
time evolutlon
How about log p?
p+Ap
Alogp = log( = const. log p

[ Alog p Alog p

This motivates us to look at the distribution w.r.t. logp

physical
V\L(l/\i‘bceal" dens:tg n(t) ~ fd3p f(p) t) ~ fdp pzf(p: t) ~ Jdlogp pgf(p; t)

e sy N =00~ [ 1081{ 776,

We therefore define: gp,t) = a’ (t)PBf(P, t)
5ac£uf



Cosmological conveyor belt

g(p(t),t") e———g(p(t),1t)

If we plot g(p, t) against log p: ﬂ ﬂ
* once DM production 1

complete, area (comoving S5
number density) is fixed

under time evolution

9(p)

»
’ -~
_

* redshift: g(p, t) slides rigidly —————— log p
to smaller log p, as if carried conveyor belt velocity = H (t)
along a “cosmological
conveyor belt”, its shape
stays invariant

glp,t) =a>Op*f(p,t)
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Cosmological conveyor belt
Similar to dropping groceries on a conveyor belt,
DM production = depositing particles on a conveyor belt
in the momentum space
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in the momentum space
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at different times during
the cosmological history...
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Cosmological conveyor belt
Similar to dropping groceries on a conveyor belt,
DM production = depositing particles on a conveyor belt

in the momentum space

Example: if deposits occur
at different times during i
the cosmological history...

deposit at

n Nontrivial, multi-modal
) IR i distribution can result at
present time!

A B & D F
(logp)

flow of conveyor belt
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Toy Model: Final Phase-Space Distribution

Numerically solve the Boltzmann
equation

df;
— = Hp—+ C[{f1, f2, ... }]

assuming only the heaviest state is
populated initially.

A rich variety of distributions

emerges!

g(p) is phase-space distribution w.r.t. logp

N(t) =

gmt / dlogp g(p,t)

r=-3
8=—4

r=-3
s=+44

r="0 r="1{ r="0
§=—4 sa= 0 §=+4
r=+43 r=+43 r=43
8=—4 s= 0 s=+4
109 10°7 10-° 107 10°7 10-5 10— 10-7 10~%
p/m p/m p/m

_ Gint
= S5 NG)

5ac£uf



Toy Model: Final Phase-Space Distribution

Numerically solve the Boltzmann
equation

— = Hp— -+ Clif, f2 -3

assuming only the heaviest state is
populated initially.

A rich variety of distributions

emerges!

g(p) is phase-space distribution w.r.t. logp

N = 2% [ o ant) = 25N

0.8[{r=-3
8=-4

unimodal
distributions
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Toy Model: Final Phase-Space Distribution

Numerically solve the Boltzmann
equation

dfi 0fi

E = H % + C[{fl'fZJ }]

g(p) is phase-space distribution w.r.t. logp

N = 2% [ o ant) = 25N

unimodal
distributions

EE——

assuming only the heaviest state is
populated initially.

A rich variety of distributions

emerges!

multi-modal
distributions
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Linear regime
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Halo mass function and distribution in M-space

Analogous to the transfer function, we p = dpor(p) = pXdi,, = M(k)
define the structure-suppression function
== g() - gu(M)

dn/dlog M
(dn/d log M)CDM 10°F 1.2

S%2(M) =

11.0

J

107! 3

~| 3
ISl | 10.8
:Si SHo2¢
S i . . .
= g We would like to investigate the 10.6
mvm_gr relation between S%(M) and g,, (M)
=
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10.4
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104/\/\/\ I

1079

10° 1010 10 100 1077 0-0

M [My/h) 5ac£uf



Halo mass function and distribution in M-space

Analogous to the transfer function, we p = dpor(p) = pXdi,, = M(k)
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define the structure-suppression function
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Halo mass function and distribution in M-space

Analogous to the transfer function, we p = dpor(p) = pXdi,, = M(k)
define the structure-suppression function
== g() - gu(M)
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Halo mass function and distribution in M-space

Analogous to the transfer function, we p = dpor(p) = pXdi,, = M(k)
define the structure-suppression function
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Halo mass function and distribution in M-space

Analogous to the transfer function, we
define the structure-suppression function

dn/dlog M
(dn/dlogM)cpm

S2(M) =

Hot-fraction function in the M-space:
flOgM dlog M’ gy (M)

J o dlog M’ gy(M")
fraction of DM with velocities large
enough to escape a region that would
collapse into a halo of mass M
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Halo mass function and distribution in M-space

Analogous to the transfer function, we OnC(Ze again, we find the logarithmic slope
define the structure-suppression function of $=(M) is directly related to F (M)
dlogS*(M) 7
dn/dlog M T ~19F (M)
S%2(M) = 5 5
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Non-linear regime: Reconstruction Conjecture
dlogS?(M) 7

With ~—F*(M
dlog M 10 (M)
dF M
and _ Iu(M)
dlog M N

take derivatives on both sides and find

1
guM) |5 (dlogS?(M)) 2
N T |14\ dlogM

d?log S?(M)
(dlog M)?

This allows us to reconstruct the DM phase-
space distribution directly from S%(M)!
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Non-linear regime: Reconstruction Conjecture K. D|enes FH, J. Kost, K. Manogue B. Thomas, arXiv: 2101 10337
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Conclusion

dark-matter phase-space linear matter power
distribution f(p) spectrum P(k)

Density perturbations
eventually go nonlinear

v e
et

reconstructed f(p)

nonlinear regime
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