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The money plot for light relics
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The money plot for light relics
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Cosmological phenomenology
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Cosmological phenomenology
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Damping tall suppression:
Shift of acoustic peak position:

Amplitude from abundance: omega_a ~ma/g*s(Td)

Suppression from free-streaming scale: kis~ma g*s(Td)*1/3
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Cosmological phenomenology
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Damping tall suppression:
Shift of acoustic peak position:

This effect propagates
to all matter tracers
including gravitational lensing of CMB
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Cosmological phenomenoloqgy

Thermally produced axions via coupling with gluons and photons in the early Universe
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Cosmological phenomenoloqgy

Thermally produced axions via coupling with gluons and photons in the early Universe
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After rotation of the quark fields and explicit mass breaking:

Effective axion mass

1012 G(éV) :
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Cosmological phenomenoloqgy

Thermally produced axions via coupling with gluons and photons in the early Universe

1 L,
Log D 5(()“(1,.)(0“(1,) — 57716(1, Log+ Ly,

After rotation of the quark fields and explicit mass breaking:

( 1012 GeV)
fa/Cy

We want to constrain these parameters!



Cosmological phenomenoloqgy

Thermally produced axions via coupling with gluons and photons in the early Universe

Relic population established at freeze-out condition I (7)) = H(T)

Decoupling temperature 1/, sets axion abundance w,



Cosmological phenomenology
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Cosmological phenomenology
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Summary of cosmological results
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Bounds on axion-photon coupling
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Broader than CAST below eV
Excludes viable region
in the ~10eV mass range

ma>20eV,
account for radiative decay

+current CMB small-scale:
1.6x stronger bounds
in the low-mass regime

+future CMB:
3x stronger bounds

For light axions:
From stellar evolution:
2x stronger bounds
From globular clusters:
3x stronger bounds
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Bounds on axion-gluon coupling

Current cosmology:
Complementary to astro bounds

+current CMB small-scale:
~6x stronger bounds
in the low-mass regime

+future CMB:
>]10x stronger bounds
in low-mass regime

KSVZ QCD axion: fa>2 10r7 GeV
->ma<0.3eV



QCD axion thermal
production
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Pion bath

Quark-Gluon Plasma
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This formula may not be precise enough:

if the cross section depends on momentum,
since different momenta will decouple at
different times;

if the number of degrees of freedom
decrease rapidly, higher momenta will be
less diluted, leading to spectral distortions;

. because production may be never in

thermal equilibrium.

0F,
ot

OF,
olk|

H |k| I‘a (]:aeq o ]:a)



Pion bath

Quark-Gluon Plasma

0.50!

0.20

ANeﬁ‘

0.10H — — — — — — -

JUIT <> 7Td

8

QCD
crossover

g < ga

Planck -

Simons Observatory

0.05 I U U CM E_SLA'__

010

100

8 /11\7 10675 \
=8 <_> Pa) o027 ( 106
7 4 10}/ g*,S(Td)
CMB

Solve Boltzmann
equations

dY

[’ 1 dlog g.
_ (yea— p)L (1 g8 s>
H

dlogx 3 dlogx

This formula may not be precise enough:

if the cross section depends on momentum,
since different momenta will decouple at
different times;

if the number of degrees of freedom
decrease rapidly, higher momenta will be
less diluted, leading to spectral distortions;

. because production may be never in

thermal equilibrium.

0F,
ot

OF,
ok|

H |k| I‘a (]:aeq o ]:a)



CCZ]Z' 0
> —0¢a (20,77

by

[Chang and Choi, hep-ph/9306216]

LO: D || =

A




C
A

aw
ota

an :)
falx

[Chang and Choi, hep-ph/9306216]

LO: D || =

[Di Luzio, Martinelli and Piazza,2101.10330]
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Decompose amplitude into isospin channels:

1

T 3 (TO(S) +3TYs)+5 Tz(s))

T

expand into partial waves

T! = 327:2 (27 + 1)P (cos O)tL(s)
=0

unitarity implies (in the elastic region)

S ezzﬁ;(s) _1
1), =
\/S — 4m2 21

[Schenk, Phys. Rev. D 47 (1993) 11]
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[Notari, Rompineve and Villadoro, 2211.03799]
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[Notari, Rompineve and Villadoro, 2211.03799]
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[Notari, Rompineve and Villadoro, 2211.03799]
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|. 7zrz final-state interactions are resonant: o for |=L=0, p for |=L=]

2. Chiral Perturbation theory cannot produce these resonances

3. the unitarity relation implies that the phase shifts of the ChPT
axion amplitude and zr amplitude are the same



011 [degrees]

|. 7zx final-state interactions are resonant: o for |=L=0, p for |I=L=|
2. Chiral Perturbation theory cannot produce these resonances
3. the unitarity relation implies that the phase shifts of the ChPT

axion amplitude and zr amplitude are the same

[Di Luzio, Camalich, Martinelli, Oller and Piazza, 2211.05073]
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A I(})( S) Inverse
Amplitude

1 — AP /AP()  Method

[Di Luzio, Camalich, Martinelli, Oller and Piazza, 2211.05073]
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[Bianchini, Grilli di Cortona and Valli 2310.08169]
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Neutrino cosmology 101
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Cosmological bounds on QCD axion

Minimal QCD Axion (T < T.)

fa [10° GeV]
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m, <0.22eV @95 %
[Bianchini, Grilli, Valli ‘23]
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BBN ERA IN ACDM

e PR
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Nucleosynthesis naively at 7., ., ~ Bp =~ 2.2 MeV ... BUT:

ucl.

['(n+p— D+y) ~ngov)p,

IT(n+p<—D+y) ~ n, GXP(—BD/T;/XUV)Dy

.e., it really starts at T, ., such that: ng ~ exp(—Bp/T,,.;)



BBN ERA IN ACDM

Deuterium “bottleneck” implies 7, ., =~ 0.1 MeV. After that :

b N ~ all neutrons into helium-4

. s D (/) | 70,1010 = 117
Ce$s
G D N = =~ o
p Mg n, + n,

Baryon mass fraction In helium-4

O(10™>) residual amount of deuterium and helium-3 relative to p.

Lithium-7 “survives” in smaller relative abundance, O(10~19).



PRyMordial: BBN ctate-ot-the-art predictiong
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B NACREE nuclear rates [Burns, Tait, Valli 23]

Bl PRIMAT nuclear rates @& PRyMordial pusic
PDG23 measurements github.com/vallima/PRyMordial
¥ main ~ ¥ 1Branch | 0 Tags
Mean + 1o

0.24689(11) | 0.24680(14) | helium-4
2.459(26) 2.53(10) | deuterium
1.042(13) 1.049(89) | helium-3
5.28(54) 5.16(86) | lithium-7
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http://github.com/vallima/PRyMordial
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Minimal QCD Axion (T < T.)
| [Bianchini, Grilli, Valli 23]

fa [10° GeV]
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Planck -+ lens + LSS + SN

+ BBN [Bianchini, Grilli, Valli 23]

m, <0.18eV @ 95 %

(chp - Xth(Qb,ma))
6X2  +0X3 (%, m,)

2
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Cosmological bounds on QCD axion
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CMB temperature measurements
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Minimal QCD Axion (Tdec < T¢)

fa [10° GeV]

00 60 30 20

Planck -+ lens + LSS + SN

0.11 0.22

+ BBN

+ ACT + SPT
0.08 [Bianchini, Grilli, Valli 23]

m,<0.16eV
@ 95 % HDI

30% improvement
with respect to

[Notari, Rompineve,
Villadoro 23 |

Cosmological bounds on QCD axion
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Minimal QCD Axion

1075

Semiclassical

brxxd [Moore & Tassler, 2011]
Kotov, 2018 [Quenched]
Mancha & Moore, 2022

lLorenzo Maio (Pisa U. and INFN, Pisa), Manuel Naviglio (Pisa U. and INFN, Pisa) (Aug 2, 2023)

il
[] [Quenched]
& arXiv:2305.17120
[Quenched]
P  This work [2 + 1 QCD]
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|Sphaleron rate of Ny = 2 41 QCD &

Claudio Bonanno (Madrid, IFT), Francesco D'Angelo (Pisa U. and INFN, Pisa), Massimo D'Elia (Pisa U.

e-Print: 2308.01287 [hep-lat]
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Minimal QCD Axion

@: Jd4xeikx(@(x)@(0)) H Im {-- @ --}

QI\/IeV < T <600 MeV
) 1—‘sph(‘k| — O) — Aé (T/ Tc)e [Bonanno, D’Angelo, D’Elia,

Maio, Naviglio 23]
Ao ~ 142.3 MeV, e ~ 1.81 , T, = 155 MeV

& Recipe for a reasonable (?) forecast:
(1) Axion initially in thermal equiliorium

(1) Extrapolate somehow sphaleron rate at non-zero
momentum (e.g. constant within sphaleron size)

dY, ',
— Ir (qu — Ya)

(') Set initial condition @ Te:
dt H




Cosmo Present & Future of QCD Axion

[Bianchini, Grilli, \alli 23]
' Planck-+lens+LSS-+SN
Planck-+lens+LSS+SN+BBN+ACT+SPT
SO+DESI BAO

-DESI BAO

0.05 - > m, > 0.06 prior

0.0 0.1 0.2 0.3



REMARK: Minimal QCD axion —> “unavoidable” Hot Dark Matter

® FUTURE —> coemo bound competitive w/ current agtro probeg



® [(NITE T EFFECTS IN AXION-PION SCATTERING ?
arXiv:23(2.15240

THERMAL PRODUCTION BEYOND SU(2)¢ CHOT 2
arXiu221L03799

@ STRONG SPHALERONS BEYOND O-MOMENTUM 2
arXiv2308 01287

@ (U MODELS BEYOND THE MINIMAL QCD AXION 2
arXiv:2108 05371

@ (ON-LINEAR COSMOLOGY OBSERVABLES 2

— Lyman - a congtrainte <—> targeted gimulationg 7

— EFTofLSS (PyBird / CLASS-PT) <—> dedicated study ?

— other current obgervables / exciting future forecagte



