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Relic light particles in Cosmology

e Primordial plasma, 2. degrees of freedom and temperature 7
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e Conservation of entropy: g*lBT calllia

e When a species becomes non-relativistic (e.g. e™ — e~ at T < m,) g« decreases
El:{>TinghtIy “increases” (photons get slightly “heated”)




Relic light particles in Cosmology

e Light particles with small interaction (“thermalization rate” 1), (e.g.
neutrinos, axions)

e Compare with Hubble rate H = > Decoupling

e If Particle Decouples below some Temperature 75, its distribution freezes
at its “own temperature” and freely evolves, pp T , with Tp = Trypo/a




Relic light particles in Cosmology

e Light particles with small interaction (“thermalization rate” 1), (e.g.
neutrinos, axions)

e Compare with Hubble rate (H = d/a)

e If Particle Decouples below some Temperature 7, its distribution freezes
at its “own temperature” and freely evolves, pp T;)l , with Tp = Tppc/a

e Compared to photons it does
not get heated after decoupling

pplp, Tlfﬁ/T4 X l/gngC







Example: Cosmic Neutrino Background

e Neutrinos decouple at T ~ MeV

p 1 4 4/3
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e Any light particle (axions,...) can do the same.

e Traditional parameterization as “extra neutrinos species”:
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Example: Relic Scalars
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e Main effect: Extra “radiation” at CMB time (1"~ 0.1eV) E> AN, affects CMB

spectra
e If massive (m < 0.1eV) becomes non-relativistic after CMB time

adds to Dark

Matter (affecting expansion rate of the universe and dark matter fluctuations)









The (Minimal) QCD Axion
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e Dynamical explanation of & < 1

strong

10’GeV

. .  p y
, Hignt scalar particle, m, ~ Noeplfa ® 0.57eV 3

e Two populations of cosmological relic axions:

« “Cold axions”, non-relativistic, candidate for
Dark matter (or part of it),

o at production,
May become non-relativistic later small
part of dark matter (like relic neutrinos)













Axion AN_; has a long history:

T <> am qg < ga

Pion = Quark-Gluon
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“Standard” treatments:

1.Instantaneous decoupling (I' = H)
2.Single Boltzmann Eq.for abundance Y.
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Momentum-dependent Boltzmann Equation

and Thermalization Rate I

dfp

P — (14 fp) T = fpI”

E
[ = e 7[~ (Detailed balance, plasma
particles in equilibrium)



Momentum-dependent Boltzmann Equation

and Thermalization Rate I

dfp

dt — (1+fp)r< _fpr>

E
[ = e 7[~ (Detailed balance, plasma
particles in equilibrium)

Perturbatively, due to scatterings with pions:

2 & 2

_ 1 3 dtzkz eq peq eq 4~(4) m m m L 2
™ =55 H V32, fofa (U + f37)(2m) "0 (kY + ky — kg — K)[M]



T <> aTm

LO chiral perturbation theory rate
(Chang Choi ‘93)

NLO chiral perturbation theory rate
(Chang Choi ‘93)

(Di Luzio, Martinelli, Piazza 21)




T <> aTm

LO chiral perturbation theory rate
(Chang Choi ‘93)

NLO chiral perturbation theory rate
(Chang Choi ‘93)

(Di Luzio, Martinelli, Piazza 21)

———- xPT 2% 0, ~0

~- =+ yPT 2% unit, ny

— current algebra, n,z
current algebra, n,
virial exp., n,




L=q (i$+ %é’a’)’s) q—qrMaqr + h.c., M,

. 0
70 = cos(far) wghys + 8i0(0ar) Gphys = Tphys + OarGphys




L=q (i$+ %é’a’)’s) q—qrMaqr + h.c., M,

71.0




L=q (i!9+ ﬂ1290’)’5) q—qrM.qr + h.c., M,
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< 10%







In reasonable agreement with:
Di Luzio, Camalich, Martinelli, Oller,
Piazza PRD 23

(using NLO+unitarization)




In reasonable agreement with:
Di Luzio, Camalich, Martinelli, Oller,
Piazza PRD '23
(using NLO+unitarization)
Conservative
Lower Bound on I




Gerber Leutwyler ‘89




High momenta k decouple later than low k

. —B— More abundant
— (14 fp) r< _ fo r> They see a lower g
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High momenta k decouple later than low k

They see a lower g, "3 More abundant

d
T — (14 fo) T~ fpT




High momenta k decouple later than low k

They see a lower g 38— More abundant

dfp

ot =1+ fp)I~ = fpT~

But m,and 7 .. are more separated' *
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me < 0.24 eV f,>24-10" GeV
AN.g < 0.19

0.19 0.38 0.074 0.13 0.19

m, [eV] > m, [eV]




3. Combined cosmological Fit
(Acpy T Massive neutrinos + axions)

0.19
m, [eV]

0.38 0.074

0.13

S m, [eV]

0.19

my, < 0.24 eV f,>24-107 GeV

=4
j> AN.g < 0.19 Lwen

Planck + lens + DESI-Y1 BAO + SN
Adding BBN *
(Bianchini et al. PRD’24 ).

ma<0.16 eV

+ ACT + SPT

- Cosmological bounds on QCD axion
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IR divergent




Axion thermal production rate F;

Thermal vector mass m/T

IR divergent




High Temperatures Regime

Masso, Rota, Zsembinszki ‘02 9 372 9 3\?
Graf, Steffen ‘10 Fy = gglog (ﬁ) = gs log (295) for g, < 1 IR divergent

Unphysical negative F; cured by
Salvio, Strumia, Xue ‘13

Q - @ . @ o D’Eramo, Hajkarim, Yun (‘21):

extrapolated F; from Salvio et al. to g, > 1

sp ‘ . ‘ ‘ ‘ ‘ (Beyond regime of validity?)

n 3 Sy ] *Matching gluon to pions through QCD crossover?

T of Su, ] : : m, — ny :

g 6 Pion-axion: suppressed by 0, , gluon is not
ERl | HTLlmic m, + my

<

et Pion rates not monotonic with T
0.0 0.2 04 0.6 0.8 1.0 1.2 .
Thermal vector mass m/T Rates could have sudden jumps, as g. does
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Future Reach (Ipgc 2 1. region)
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Current bound+Future Reach(95%C.L.)
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Soon SPT-3G Ext-10k (Prabhu et al., 2024) survey
will improve : 6(AN,4) =0.07
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—— Free-Streaming Dark Radiation
——— Axion Dark Matter
—— Modified Recombination History
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Spin-0 boson out at 94%

~ > Spin-3/2 fermion out at 99%

Planck-LB
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Planck+ACT DR6+SPT-3G

+ new BBN bound (Large
Binocular Telescope)

on massless species

(Goldstein, Hill,
arXiv:2603.13226)
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Conclusions:

e Conservative reliable pion-axion rates m, (< 0.24 eV) from cosmology (for minimal
KSVZ-like QCD axions), Planck+BOSS BAO+Pantheon See

e Importance of momentum dependence on Boltzmann equation @ around QCD scale
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(m, down to ~0.15 eV)
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e When can we trust gluon-axion perturbative rates at 7" > T ?

e Non-perturbative rates at " ~ T crucial for current and upcoming CMB experiments
AN ~ 0.1 (including momentum dependence)




Conclusions:

e Conservative reliable pion-axion rates m, (< 0.24 eV) from cosmology (for minimal
KSVZ-like QCD axions), Planck+BOSS BAO+Pantheon See

e Importance of momentum dependence on Boltzmann equation @ around QCD scale

e Stronger bounds possible adding ACT-DR6 CMB data and/or BBN YHe and/or
(m, down to ~0.15 eV)

e When can we trust gluon-axion perturbative rates at 7" > T ?

e Non-perturbative rates at " ~ T crucial for current and upcoming CMB experiments
AN ~ 0.1 (including momentum dependence)

(*If axion couples directly to SM quarks and leptons: more production channels)



Extra question:

Can these large masses (m_,~ 0.001 - 0.1 eV) overlap with

Dark Matter window?
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Extra question:

Can these large masses (m_,~ 0.001 - 0.1 eV) overlap with

Dark Matter window?
fs (GeV) -
10'710"10"°10'10"%10'%10'"10"° 10° 10% 10" 10® 10° 10* 10° 10% 10" 10°

T T T T T T,

Dark Matter (pre-inflation PQ phase transition) LUX (gpeer DFSZ)

Hot-DM / CMB / BBN

Dark Matter (post-inflation PQ phasg

ii o ) : 7 § 1;,,“ Telescope/EBL Beam Dump
~ Inflationary dynamics, for /1, = |,
i SN1987A (gapp KSVZ) Counts in SuperK
and lower Tgyy, could create a | :
network of strings that decays | 2
“late”, enhancing abundance of | :
Dark Matter axions ‘ Black Holes e HB Stars in GCs (G, DFSZ)
| (M. Gorghetto, E. Hardy, H. Nicolaescu, | ADMXH DCAST
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AXION AS COLD DARK MATTER

» The axion arises from a Complex Scalar (" KSVZ” models):

A
. V(D) =Z<|<I>|2—v2>2 P (e = 1)

« The symmetry is broken during inflation @ = ve'? :faei% )
- A scalar field in inflation has quantum fluctuations of order H;
o If very small ( H; < f,)

- 0(t,) = a(t;)/v is a random value in (—7, ), almost homogenous in our horizon

" PRE-INFLATIONARY" SCENARIO



« Another possible scenario: If the Universe reaches T = f,

2

N\

|
- At T > f, the symmetry is restored v(®, T) ~ T?| ® E < V{"‘"‘\
g :

- At T = f, the symmetry gets broken /A,‘A““:$ 01.0
5

B B, 2T
X
S

Strings form when the phase wraps from 0 to 2z

The field falls randomly

Network of strings forms

After initial transient |:> “scaling" behavior
O(1) string per Hubble volume



AXION AS COLD DARK MATTER

 THIRD POSSIBILITY: “STOCHASTIC INFLATIONARY SCENARIO”
- H, = | large fluctuations during inflation (see Lyth 1992, Lyth & Stewart 1992)

» Both the angular and the radial field have large fluctuations

4021, Hylfy=1 A=1, Hy/f,=2 A=1, Hi/f,=5

2

¢l /fa ‘15 1 /f(l ¢I /ﬁ1

» Strings form due to large inflationary fluctuations
* If Temperature is never large enough after inflation
(I < f,) Symmetry is NOT restored after inflation







RANDOMISATION DURING INFLATION
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Once a Fourier mode exits horizon |:> becomes classical with
amplitude & |:> gives a kick to average field value
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Once a Fourier mode exits horizon |:> becomes classical with

amplitude & |:> gives a kick to average field value
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In a coarse-grained region of size H? : field undergoes random walk,
independently in causally disconnected regions, Var(q)) — &N
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(I) grows as VN until it reaches quantum vs classical equilibrium:
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RANDOMISATION DURING INFLATION
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RANDOMISATION DURING INFLATION

400-

Once a Fourier mode exits horizon |:> becomes classical with Arg(®)
amplitude & |:> gives a kick to average field value 300 i
2 .r ------------------- 2
In a coarse-grained region of size H? : field undergoes random walk, 4;5;;:-1
- - - - H; Y
independently in causally disconnected regions, Var(CI)) — NI i 0
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100 a2
(I) grows as VN until it reaches quantum vs classical equilibrium:
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After N s =2 10 / )\ requilibrium reached (at N>N exponential suppression)

At equilibriom: [ |®|) = Hp /A4

After N Arg(®) randomized in [0, 27]. N, = 60 realizedfor )\ ~ ().05
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AXION AS COLD DARK MATTER

N;<25
10-

_____ 25 <N, <50
12—«
E =412 il
1073 1 107! 1
A

Overshoot mechanism after inflation:
if the field starts high in the potential, > EARLY STRING FORMATION

it can roll on the opposite side




AXION DARK MATTER at LARGE

Standard post-inflationary: Uncertainty
from string simulations, but close to

f,~101°—10"GeV (m_~107°-10"%V)

Hp=2f,
1012 E T T T i ! T T T T U L
£ Pre—inflationary Late strings Post—inflationary
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Ja . =0
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AXION DARK MATTER at LARGE

: : : H;=2f,
Standard post-inflationary: Uncertainty 102 - xf, E— —
from String simulations, but close to - Pre~inflationary Late strings Post-inflationary
fa~ 101°—10MGeV (m_ ~ 1073-10"%eV) 1°“§ Q,> oy
1010% ?
8 £ Q,=Qpm
Late strings scenario: GV ook

O, <Qpm

String network born underdense
( <1 string per Hubble patch)

star cooling

107! ’ 1

-Becomes dense (enter horizon)
later, even below QCD epoch

-As soon as they enter the
horizon: decay into DM axions
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: : : H;=2f,
Standard post-inflationary: Uncertainty 1012 - xf, S ——
from Str‘ing SimU|ati0nS, but Close to :Pre—inﬂationary Late strings Post—inflationary
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Late strings scenario: OV ok L
_ 0, <Qpym 10
. 10%7 J
String network born underdense | f e oling 107

( <1 string per Hubble patch)

0t 1
A
-Becomes dense (enter horizon)

- Smaller / can be achieved for
later, even below QCD epoch ‘

correct DM abundance (down to

astrophysical bound / ~10° - 10'°GeV
-As soon as they enter the (m ~101—103%V) ¢

horizon: decay into DM axions



AXION MINICLUSTERS + ISOCURVATURE

Late strings scenario: . H;=2,
AS_ In Standard DOSt'|nﬂat|onarV: EPre—inﬂaltiona.ry Late strings Post—inflationary o
String-wall system leaves O(1) 101 -
. e . . E Q>0 107
inhomogeneities in axion DM at length A
scales H™' at collapse S| P 102 m,
GeV eV
10°¢
= 1072
0, <Qpm
108
» _ 107!
star cooling
107L I 1\0\_1 I L Ll \1\



AXION MINICLUSTERS + ISOCURVATURE

Late strings scenario: . H;=2f,

AS. In Standard DOSt‘|nﬂat|onarV: EPre—inﬂa’tionary Late strings Post—inflationary o
String-wall system leaves O(1) 101 -

. e . . r Q,>Qpy 11074
inhomogeneities in axion DM at length A

scales H™' at collapse Joo o

eV

,10—2
Very large miniclusters, up to Qo <Opy

o 10—1

10 ]% [1MeVr

TpQ



AXION MINICLUSTERS + ISOCURVATURE

Late strings scenario: . H;=2f,
AS. In Standard DOSt‘|nﬂat|onarV: EPre—inﬂa’tionary Late strings Post—inflationary
String-wall system leaves O(1) 101 L 00
o AR 0 . r a > {ipM
inhomogeneities in axion DM at length A
scales H' at collapse o | 0=t
GeV
'Qa<QDM

Very large miniclusters, up to

star cooling

10_1 1 1 \\\\1

10 ]% [1MeVr

TpQ

|socurvature?

DM axions from misalignment carry large isocurvature (nearly flat), while
String-Wall network should have a k® IR tail. What happens when DW
collapse?

105

| 10—4

1073

| 10—2

o 10—1

myg

eV



CONCLUSIONS

Late strings scenario: H=2f,

If Hi= fa and fa>Tmax IOIZEPre—inﬁationary Laterstrin‘gs - Post-inflationary

underdense string network could arise 1011 .

from Inflation | pr—
Qa=QOpm

- Correct DM abundance could be

reached at Smaller 7 (down to Rt

astrophysical bound):

f~ 108 - 10"°GeV (m_~ 107" - 107%eV)




CONCLUSIONS

Late strings scenario: Hy=2f,

> 0%
If HI = fa and fa>TmaX - Pre—inflationary Late strings

underdense string network could arise 1011
from Inflation ‘

- Correct DM abundance could be
reached at Smaller _(down to
astrophysical bound):

f~ 108 - 10"°GeV (m_~ 107" - 107%eV)

Phenomenological constraints:
- Large miniclusters
- Need to understand better isocurvature constraints

Post—inflationary

-Qa > 'QDM

Q= Qpm

-Q-a < QDM




k| <[ks|

oot [ % Dyna gz _ (Nea)T? (1 _ (1 N M) e-uksw)
phal = pea | (27)32E  f2 ACs f2 T

I'oo(E = k| < |ks|) = Dsphal (Neas)®TH

|ks| ~ NeasT




The Thermal Width:

Challenge for Lattice QCD: Compute I, for T> T,

Existing Attempts (at k=0) e.g.

o P@)
Moore, Tassler ‘10 : Classical SU(N) simulations Fophar = 217 lim, =
¢ G(r) = [ &z (¢(0,0)q(Z, 7))
Kotov ‘18, / | q(0,0)q
o 0o d_w () (:()sh'[w(l/ZT —7)]
Altenkort et al. 20, Jo sinh(w/2T)

Mancha, Moore 22 : Quantum Euclidean (plus modeling)

Important to exploit upcoming
experiments!



