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Axion Parameter Space

If it solves strong CP (Canonically)
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Axion Parameter Space

If it exists

Astrophysical
Production
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Axion Parameter Space

If it is all of DM

Astrophysical
Production

DM Decays [Cadamuro & Redondo, 2012]
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Axion Parameter Space

If it is all of DM
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Axion Parameter Space

What if it is not ALL of DM?
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Axion Parameter Space

What if it is not ALL of DM?

Astrophysical
Production

Irreducible Axion
Background
(Freeze-in relics)

DM Decays
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Irreducible Cosmic
Abundance & Constraints




The General Picture

Dark matter may consist of more than one species.
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Dark matter may consist of more than one species.
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Definition of F p

nmls

p, %pDMe_” “ (For non-relativistic y after freeze-in)
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Constraints on Sub-component DM

Broadly speaking searches for a dark particle y constrain the parameters (m,, g, F).

* DM Approach: F, =l and 7z, > 1.
» Agnostic Approach : F is an additional free parameter.

» Calculational Approach: ¥, = F (m,, g,, C), where Cis some cosmology.

Constraints depending on C are not robust.
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Irreducible Cosmic Abundance Constraints

Instead we calculate the irreducible abundance ¥, ;..(m,, g,).

This is determined by considering only freeze-in production after 7' < 5 MeV (BBN)

For axions, this is equivalent to setting Ty = 5 MeV

Constraints obtained using £, ;..(m,, g,) are robust under two mild assumptions:

1. y does not decay/annihilate to a dark sector.

2. Standard cosmology holds from BBN on.
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Whatis Freeze-In

* Freeze-inis the process where particles are created from the primordial plasma of
the universe without ever being in a state of thermal equilibrium with it.
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General Production of Axions
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Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Irreducible Freeze-In Background
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Astrophysical and
Cosmological Constraints




Intuition: X-rays

Consider the benchmark constraint 7 > 10°%s = 7, > F, 1.
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Intuition: X-rays

» Consider the benchmark constraint 7 > 10°°s = 7, > F 1.

» To observe decays today we require 7, 2 0.1 X ;.
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Intuition: X-rays

» Consider the benchmark constraint 7 > 10°°s = 7, > F 1.

» To observe decays today we require 7, 2 0.1 X ;.
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Photophilic Axion Bounds

Photophilic ALP |

.
" a

N
I L Lt il | L Ll | L Ll | L Ll L Lt il | L L e Ll | | ||||/|| | |

1072 10~1 109 10} 102 103 10% 10°

27



Photophilic Axion Bounds
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Generalizations




Photophobic Axion Constraints
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Photophobic Axion Constraints
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Production of Sterile Neutrinos

* For simplicity, assume sterile neutrino mixes only with v, .

Vel [ cosf sinf 1
ve) \—sinf cosO) \ o

* Observed through radiative decays.

* However lifetime determined by different process.

4
y ~— .<Z /”/\‘\ " (Also to eTe™ when m, > 2m,)
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Axions with “Universal” Couplings
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Production of Axions

* Abundance obtained from solving the Boltzmann equation.
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Production of Axions

* Abundance obtained from solving the Boltzmann equation.

ng + 3Hn, = R(t)

= 3 f (TTam) (TLans) o)'s' (= D) it

process

@:(fa—a)x H(1:f§q)H -1 (1= )erq
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Production of Axions

* Abundance obtained from solving the Boltzmann equation.

ng +3Hn, = R(t)

0= 3 | (TLam) (Tans) eo's' (= Do) ivtosl
I

© = (f51 - fa) X H(l::ffq) [Tre-TI(=
Note dropping f, decouples the Boltzmann equation!

| f#a f#a
(Production by different processes are independent)
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Production of Axions

Make the following definitions:
. x=m, /T

2. Y =nls

1 dlogg*s
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Production of Axions

Make the following definitions:
. x=m, /T

2. Y =nls

1 leg g* S
o gx)=1—— -
3 80 3 dlogx
The Boltzmann equation simplifies to
dY, g a
45 R(r) => Fo~ —“"Y,(c0) (Ignoring Axion Decay)

dr rH(x)s(x) PDM.0
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;}““a Z‘MW% ? = _9 UL (m2—4m7)
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Production of Axions (Inverse Decay)
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Production of Axions (Inverse Decay)

}———— @ Z‘M’Y’Y—MLF _gaﬂy’y a(mg _4m3/)
Rip(T) = ) [Myysal’ / dIT; dITodTT, (2m)%6% (p1 + p2 — pa) X A1+ (fi* + f59)]
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* Rip(T) =0 tor2m(T) > m, wherem(T) ~ el/3 ~ T/10
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Production of Axions (Inverse Decay)

}__—— @ Z ‘MW’Y—>G|2 _gcw’y a(m?z _4m3/)
Rip(T) = ) [Myysal’ / dIT; dITodTT, (2m)%6% (p1 + p2 — pa) X A1+ (fi* + f59)]
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e Rip(T) =0 for2m 1) > m, where m (1) =~ ell3 ~ T/10

o Similar calculation for electrons.
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Production of Axions (2—2)

T [ Ki(\/s/T
R2_>2 (T) ~ 93157?_4 / dS )\(8, m%, m%) ! (j_;/ ) 0-12—>3a(8) [D’Eramo et al, 2017]
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Production of Axions (2—2)

T [~ Kq(\/s/T
R2_>2(T) ~ 192 / dS )\(8, m%, m%) ! (f/ ) 0-12—>3a(8) [D’Eramo et al, 2017]
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Types of Freeze-In (Rough Idea)

There exist many types of freeze-in, but can generally be classified into two groups.
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Types of Freeze-In (Rough Idea)

There exist many types of freeze-in, but can generally be classified into two groups.

Y=nls

UV Freeze-In

— ool

IRH Lout
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Logic of Freeze-In (Simplified)
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Axion Production Axion Destruction
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Logic of Freeze-In (Simplified)

dn,

dt

-3Hn, = nsml'sm—a — na e

Axion Production Axion Destruction

Define: Y, =n /s ~n R

dYa FSM—)a Yy FSM—NL
~ 7 a,FI1 ™
dlog I’ H H
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Logic of Freeze-In (Simplified)

dn,

dt
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Axion Production Axion Destruction
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UV Freeze-In Example
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IR Freeze-In Example

'~ gz, T° (Naively)
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IR Freeze-In Example

0, m,(1) > m,/2
o [~ where m (T) =~ eT/3

2
ga},},m =, m/(T) <m,/2
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IR Freeze-In Example

: 0, m(T) > m,/2

ca [~ h T)~ ell3
J‘:’} ga},},m T-, m,(1) < m,/2 where m/{1) = €
I'/H
e




