Vector Dark Matter at the end of
inflation

e Dark Matter: evidence & candidates
e Inflation

e Dark photons as dark matter: non-thermal relic
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Dark Matter ~ 26 % total energy density

(gravitational evidence)

 Galaxy rotation curves
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expected from
luminous disk

10 radius, kpc

. M33 rotation curve

[Fritz Zwicky 1933; Vera Rubin 1975]

e COSMIC Microwave
background radiation

» Gravitational lensing

[Abell 2218 cluster, HST]

[Planck 2018: astro-ph/1807.06211]



Dark Matter candidates:
Beyond the Standard Model
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Very massive relics

MaCHOs, PBH [Bertone & Tait, Nature 2018]



Dark Matter candidates:
Beyond the Standard Model

Axion like particles (ALP)
Neutrinos

Massive, neutral,
stable particle,
slow-moving ("cold”)?

Modified gravity

Dark Matter
-

@ P ro d uc ti on r: e WIMPzilla
» Relic density

s Detection? Very massive relics

MaCHOs, PBH [Bertone & Tait, Nature 2018]



Dark photons (vector) as Dark Matter

_1 2 _l Lw_l o uv
_Z(aud)) V(¢) 1 FuF 2mAA ¢F

* SM+ "hidden” U(1) : massive (light) vector ("dark photon”)

« ¢ : scalar singlet (axion like,_inflaton,...)

* "Freeze-out” mechanism during inflation
[Graham et al., Phys. Rev. D93 2015 ]
e After inflation, H>m, == Radiation

- Before Matter-Radiation equality H < m, == Matter
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Dark photons (vector) as Dark Matter
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 Evolution equations during inflation
. 3kP+a’mi . K2
Longitudinal A: A+ k2++air$AHAL+(§+mf\)AL:O
A

[Graham et al., Phys. Rev. D93 2015 ]

* | ight field during inflation, superhorizon fluctuations, k/aH <<1, are “frozen”

A +HA =0

® Constant amplitude of the spectrum by the end of inflation pALNmiAE/azoca_2

® Re-entry, k/a>H, m: pAL~miAf/a2oca‘4

&:\/ m H| )2
2. V6x10 %V 10*GeV

* Late-time, k/a,H<m: pALNmiAﬁ/azoca_3
Matter




Dark photons (vector) as Dark Matter
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 Evolution equations during inflation
Transverse A: AT+HAT+(a—+§aT¢+m JA.=0
A4 4 [Anber & Sorbo., Phys. Rev. D81 2010 ]

Negative squared frequency when k/a<a¢/f,m,<H

=) "Tachyonic” production: exponential enhancement of vector fluctuations

ng

A~ E e= %40 a _ Loy Larger enhancement by the
T 2yV2xnkE 2Hf 2f end of inflation when €,~1

Mass can be Stueckelberg OR Higgsed type and has negligible
effects on tachyonic production mechanism as long as m << H



Dark photons (transverse) as Dark Matter
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Dark photons (transverse) as Dark Matter
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* Energy density power spectrum: Pa, _ 14 (a’P, (k)+k*P, (k))
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Dark photons (transverse) as Dark Matter

e Energy density power spectrum:
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Slow-roll parameter e=—H/H’<1

- Chaotic model: V= am",(¢/m,,)"/p

F Hilltop model: V= A(¢°-v")7/4
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Similar results for other
"large” field models of inflation
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After Inflation ends...
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Relic abundance

*“reheating” (transition from inflation to a RD Universe)
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Relic abundance: parameter space

e M, light enough for tachyonic production

, 10F
but large enough to become massive N 1o tachyonic production
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* No "preheating” effecs (tachyonic enhancement during reheating due to
oscillating inflaton)

[ Preheating due to oscillating axion/dark Higgs:
P. Agrawal et al., 1810.07188; J. A. Dror eta el., 1810.07195; R. T. Co 1810.07196 ]



Relic abundance: parameter space

e M, light enough for tachyonic production,
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but large enough to become massive ;
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* No "preheating” effecs (tachyonic enhancement during reheating due to
oscillating inflaton)

[ Preheating due to oscillating axion/dark Higgs:
P. Agrawal et al., 1810.07188; J. A. Dror eta el., 1810.07195; R. T. Co 1810.07196 ]



Cosmological evolution:
Late time energy density spectrum
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We need to solve EOMs for different modes in different regions after inflation
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Cosmological evolution:
Late time energy density spectrum

dp K k?
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* We have a peak at late times === |mplications for structure/clumping?

* Scale at the end of inflation === scale of VDM clumping (coherence)



Summary

*The nature of DM still remains ellusive....

* Inflation needed in order to solve the standard cosmological problems
and generate the seeds for large scale structure, but no much
information on the detailed mechanism (inflationary scale? scalar field
potential?)

« An Abelian (massive) vector field coupled to the inflaton and
exponentially produced during inflation could account for the dark
matter abundace

O(ueV)<m,<0(GeV)

* Production of vector fluctuations takes place during inflation, with a
characteristic spectrum peaked at the end of inflation: signal in the
matter power spectrum today?

* Only one of the polarized states is produced : polarized DM?

* Small kinetic mixing with visible photon?: Detection?
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