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THEY ALL ASK “WHAT IS DARK MATTER?”
AND “WHERE IS DARK MATTER?” BUT

u ?‘J}
LNOBODV ASKS “HOW 1S DARK MATTER® I

IR\ o

_—
D=
-
~

» — e e

i o i et i

o il

Cortona, 20.5.2025, New Frontiers in Theoretical Pysics




— — — — — — — — — — — — — — — — —

iLHHl:lw 1% !the distribution function ofl DARK M]Tﬂ_l- ER ?'

« What we know: neutrinos.

Neutrinos in the Early Universe reach thermal equilibrium before decoupling. Thereafter, they
retain a thermal Fermi-Dirac distribution with T, ~(4/11)'/*T,~ 2 K today.

However, small deviations from a Fermi-Dirac distribution do not leave such strong
signhatures on CMB spectra (Alvey et al 2111.12726).
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« What we know: neutrinos.

Neutrinos in the Early Universe reach thermal equilibrium before decoupling. Thereafter, they
retain a thermal Fermi-Dirac distribution with T, ~(4/11)'/*T,~ 2 K today.

However, small deviations from a Fermi-Dirac distribution do not leave such strong
signhatures on CMB spectra (Alvey et al 2111.12726).

 Exercise: do we know any way to produce a spectrum of dark matter/radiation that is very
much non thermal?

Yes. An example is a particle radiated from a network of topological defects.
Let’s investigate Axion-like particles produced from a network of cosmic strings.
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ALPS from string network

Héfa:TU(l)SSB Hgma :
time
R} :
% Before SSB: _ After S.'_SB: | After the tilt of the_potential:
no strings Strings and radiated axions Strings + domain walls

in the scaling regime
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ALPS from strings: spectrum

Gorghetto et al

Full distribution function of ALPS radiated in the scaling regime
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Effects + CLASS Implementation

background perturbations
f(q) = folag)(1 +¥(q))

pa,PaN/(VquQ) (¢*)™* fo(aq)dg

wa:Pa/IOa AlaAQGZ

81(G
H2 — 3 CL2 (pa + /Oelse)

1 dp,
= —3(1 a
o dloga (1+wa(a))

Cortona, 20.5.2025, New Frontiers in Theoretical Pysics R. Impavido — UniFE, INFN 10



Effects + CLASS Implementation

background

perturbations

f(@) = folag)(1+ ¥(q))

Pas Pa ~ / (\/q2 + m2>A1 (¢*)* fo(aq)dgq

wa:Pa/IOa AlaAQGZ

81(G
— 3 CL2 (,Oa, + pelse)

= —3(1 + wq(a))

H2
1 dp,
P d loga
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Effects + CLASS Implementation

background.c

Ay
Pas P, ~ Z (\/qzz —+ m2/a2> (qi2>A2wi

Just once
in the code

B (G

H2 3 a2(,0a—|_/0else)
1 dp,

— —3(1 + w,
o dloga (1 + wq(a))
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perturbations.c

57 97 5P7 g ~ Z <\/Qz2 + m2/a'2)A1 (Qz2)A2wl\D(qz)

A

Over and
over again

\4

U = AU + B
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Effects + CLASS Implementation

background.c perturbations.c
Ay A
Pa, Po ~ Z (\/%2 + m2/a2> (912)A2wi 0,0,0P, 0 ~ Z <\/Qi2 + m2/a2) (¢:%)* 2w ¥ (g;)
Just once Very accurate 4
in the code guadrature strategy
Over and | Fast and accurate
2 _ 81(G 2 (. + Poec) over again | enough quadrature
1 dp, v
Tloga — ~3(1+ wa(a) .
Pa €598 U = AU + B
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C, : ALPS are almost indistinguishable w.r.t CDM
Resu Its P(k) : ALPS damp the power at small scales!

dlogo/diogq
=
Very hot
"""""""""""""""""""""""""""" ——
Warm
—mr
Very cold_
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Results

dlogp/diogq
—
Very hot
e ==
Warm
—mr
Very cold

P(K)[Mpc3/h3]

104 .

103 4

102 4

101 4

100 4

C, : ALPS are almost indistinguishable w.r.t CDM
P(k) : ALPS damp the power at small scales!
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Running an MCMC over various masses with CMB+LSS data could
significantly improve the bound on f, in the mass region m,>10">*eV
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Sum Up + Conclusions

Theory: Phenomenology: Data:

There are models to There are codes and There are many
produce non thermal tools to precisely CMB experiments
Dark Matter, e.g. from characterize a non giving more
cosmic string networks cold Dark Matter constraining data
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Data:

There are many
CMB experiments
giving more
constraining data
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Sum Up + Conclusions

Theory: Phenomenology: Data:

There are models to There are codes and There are many
produce non thermal tools to precisely CMB experiments
Dark Matter, e.g. from characterize a non giving more
cosmic string networks cold Dark Matter constraining data

There is good chance to put strong bounds on
ALPS from string networks using CMB+LSS

The matter power spectrum is the best
observable to do so
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Backup
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ALPS from strings:

Full distribution function of ALPS radiated in the scaling regime
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1= Strings tension
&= number of strings per Hubble volume
log, = log of separation of scales
H, = Hubble parameter at network destruction
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spectrum
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2.6 Fuzzy Dark Matter Bound

We assess to what degree the ALPS we treat have a wave-like behavior, namely how small is
their de Broglie wavelength with respect to the smallest length scale accessible to CMB.

Smallest scales to which Planck is sensitive We suppose to be conservative and use
multipoles up to ¢ ~ 10 today (so at redshift 0). Knowing also ¢ ~ kx where k = A7! is a
wavevector and y is the comoving distance at recombination, approximately y ~ 1.4 % 1010 P¢ ~
4.2 %+ 10%0m. The estimate for the smallest scale Acasp to which Planck is sensitive is then

Aovp ~ 4.2 % 10%m (2.10)

de Broglie wavelength Keeping in mind that we want to compute the de Broglie wavelength

today, we have
h h

mgv ko

Te momentum of course is truly a distribution of momenta, to be conservative we take the lower
u z Z y bound of such distribution. At the time when the network is destroyed, the lowest momentum is

of the order of the mass of the particle, kj.oq >~ 10 %m,. It then gets redshifted until today. The

Aig = (2.11)

amount of redshift depends on the time of destruction of the network, which depends on m, (the
larger the mass, the more the redshift). For masses around 10~%¢V this redshift Zprod 18 less
than 108, so let us set Zprod = 108 to be conservative once again. Having h ~ 4.14 % 10~ eV x s,

h * Zprod 4.14 % 10715 (eV * 5) % 108 %
Mg €% — 2%~ 34 10%(m/ s ~ 12m % — 2.12
dB =2 C* Forod * (m/s) = 10+ m,) m * — ( )
Imposing
Nomis > dap = Mo 1202 Log 02 (2.13)
MB B eV 4.9 — 4. . B

0 2%V, without

having to include corrections due to the wave nature of dark matter, which (at least this version
of) CLASS is not able to do.

We therefore conclude that our smallest mass cannot be much smaller than 1
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