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— Brief overview of basic axion physics  

— New ideas on the interplay between inflation and axion dark matter

 Opening up a new window of post-inflationary QCD axion

 New cosmic observables of pre-inflationary axion

— Conclusion
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a ≅ a + 2π fa

What is an axion ? 
a periodic compact pseudo-scalar field: realized as a Goldstone boson of a 
spontaneously breaking  symmetry, the Peccei-Quinn (PQ) symmetry.U(1)

θ ≅ θ + 2π
θ ≡ a

fa



Vχ = λ
2 ( |χ |2 − f2

a

2 )
2

 Peccei-Quinn (PQ) scalar fieldχ :

f a
+

ρ

θχ = (fa+ρ)
2

eia/fa = (fa+ρ)
2

eiθ

mρ = λ fa, ma = 0
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FIG. 1: A classical picture of the neutron. From this picture, an estimate of the neutron eDM may be made.

II. THE STRONG CP PROBLEM AND ITS SOLUTIONS AT THE CLASSICAL LEVEL

A. The Strong CP problem

At its heart, the Strong CP problem is a question of why the neutron electric dipole moment (eDM) is so
small. It turns out that both the problem and all of the common solutions can be described at the classical level.
Classically, the neutron can be thought of as composed of a single charge 2/3 up quark and two charge �1/3 down
quarks. Asking a student to draw the neutron usually ends up with something similar to that in Fig. 2. If asked to
calculate the eDM of the neutron, the student would simply take the classical formula

~d =
X

q~r. (1)

Using the fact that the neutron has a size rn ⇠ 1/m⇡, the student would then arrive at the classical estimate that

|dn| ⇡ 10�13
p

1 � cos ✓ e cm (2)

Thus we have the natural expectation that the neutron eDM should be of order 10�13e cm. Because eDMs are a
vector, they need to point in some direction. The neutron has only a single vector which breaks Lorentz symmetry,
and that is its spin. Thus the eDM will point in the same direction as the spin (possibly with a minus sign).

Many experiments have attempted to measure the neutron eDM and the simplest conceptual way to do so is
via a precession experiment. Imagine that an unspecified experimentalist has prepared a bunch of spin up neutrons
all pointing in the same direction. The experimentalist then applies a set of parallel electric and magnetic fields to
the system, which causes Larmor precession at a rate of

⌫± = 2|µB ± dE|. (3)

After some time t, the experimentalist turns o↵ the electric and magnetic fields and measures how many of the
neutrons have precessed into the spin-down position. This determines the precession frequency ⌫+. The experimen-
talist then redoes the experiment with anti-parallel electric and magnetic fields. This new experiment determines
the precession frequency ⌫�. By taking the di↵erence of these two frequencies, the neutron eDM can be bounded.
The current best measurement of the neutron eDM is [1–3]

|dn|  10�26e cm. (4)

We have thus arrived at the Strong CP problem, or why is the angle ✓  10�13? Phrased another way, the Strong
CP problem is simply the statement that the student should have drawn all of the quarks on the same line!
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FIG. 2: A axion solution to the Strong CP problem is treating the neutron like CO2. If the angle between the up and down
quarks is dynamical, it will relax itself to the minimum energy configuration that has no dipole moment. This dynamical
angle is called the axion.

B. Solutions

There are three solutions to the Strong CP problem that can be described at the classical level. The first requires
that parity be a good symmetry of nature. Under parity, space goes to minus itself.

P : ~x ! �~x. (5)

We first consider a neutron whose spin and eDM point in the same direction, ŝ = d̂n. Remembering that angular
momentum is ~s = ~r ⇥ ~p, we have under parity,

P : d ! �d, s ! s. (6)

Thus a neutron is taken from ŝ = d̂n to ŝ = �d̂n under parity. We have studied the neutron and it is an experimental
fact that there is only a single neutron whose spin is 1/2. Thus the only option is for the neutron to go to itself under
parity. The only way for both ŝ = d̂n and ŝ = �d̂n to be true is if the dipole moment is zero. This is the parity
solution to the Strong CP problem. However, experimentally we have observed that parity is maximally broken
by the weak interactions. Thus it is a bad symmetry of nature and any application to the Strong CP problem is
necessarily more complicated.

The second classical solution is time-reversal (T) symmetry, typically called charge parity (CP) symmetry due
to the fact that the combined CPT symmetry is a good symmetry of nature. Under time reversal,

T : t ! �t. (7)

Considering again a neutron whose spin and eDM point in the same direction, ŝ = d̂n, we find that under time
reversal,

T : d ! d, s ! �s. (8)

As before, a neutron is taken from ŝ = d̂n to ŝ = �d̂n. By the same reasoning, this again means that the neutron
eDM must be zero. As with parity, CP or equivalently T is not a symmetry of nature and is in fact maximally broken
since the CP-violating phase in the CKM matrix is about ⇡/3.

The last solution that can be seen at the classical level is the axion solution. The situation of having two negative
charges on opposite sides of a positive charge seems very natural, just look at CO2. The plus charged carbon is
exactly between the two oxygens with the equilibrium condition being that the angle between the two bonds is
exactly ⇡ or in terms of the angle ✓ = 0. The critical idea for making this situation work is that the angle between
the two bonds is dynamical. If the initial angle is not ✓ = 0, it quickly relaxes to 0. Motivated by this example, the
axion solution is the idea that the angle ✓ is dynamical and can change. It can be proven that the minimum will
always be at ✓ = 0 [4] and the Strong CP problem is solved.

III. THE STRONG CP PROBLEM AT THE QUANTUM LEVEL

We now formulate the Strong CP problem at the quantum level. As the Strong CP problem is a question about
the properties of the neutron, we need to develop a theory of neutrons and low-energy QCD. In this section, we
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FIG. 2: A axion solution to the Strong CP problem is treating the neutron like CO2. If the angle between the up and down
quarks is dynamical, it will relax itself to the minimum energy configuration that has no dipole moment. This dynamical
angle is called the axion.
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⃗d = ∑ q ⃗r = 0

Peccei, Quinn; Weinberg; Wilczek; Kim; Shifman, Vainshtein, Zakharov; Zhitnitsky; 
Dine, Fischler, Srednicki 1977 - 1981



Other Applications

Freese, 
Frieman, 
Olinto 1990

Here: focus on axion monodromy inflation.

Motivation
[Silverstein, Westphal 2008;  
 McAllister, Silverstein, Westphal 2008]

�Mpl�Mpl

V ⇠ 1
2m

2�2 + ⇤4 cos

✓
�

f
+ �

◆

Axion monodromy inflation

Silverstein, Westphal, McAllister 2008

Preskill, Wise, Wilczek; Dine, 
Fischler; Abbott, Sikivie 1983

Dark matter candidate

1 2 3

Figure 1. Feynman diagrams for contributions to lepton g� 2. The cyan dots represent insertions
of a derivative coupling of the form (2.6). The magenta dot represents an insertion of an aF F̃

coupling. Unmarked vertices are ordinary gauge interactions.

One technical subtlety, which is not fully addressed in the literature, is a direct cal-

culation of diagram (3) with fermions of all possible masses running in the inner loop. 7

In Refs. [17, 21], the vertex function from the fermion loop with the axion and the two

photons all on mass shell has been computed first and then inserted into diagram (2) to

get an approximated answer for the third diagram. Yet the more proper treatment is as

follows: a) compute the fermion loop contribution to the vertex function with only one

photon on-shell and do not impose the on-shell conditions for the axion and the other

photon; b) insert the vertex function into diagram (2) to get the final answer.8 With the

shift-invariant axion-fermion coupling in Eq. (2.6), we follow the recipe above and perform

a two-loop calculation for diagram (3). The full results are included in App. A. In two

interesting limits, we have

a
(3)
µ ⇡ �

cµµcii↵

8⇡3

m
2
µ

f2
a

ln

✓
⇤2

m
2
i

◆
, mµ ⌧ ma ⌧ mi ⌧ ⇤,

⇡ �
cµµcii↵

8⇡3

m
2
µ

f2
a

✓
ln

⇤2

m2
a
+ 2

◆
, mi ⌧ mµ ⌧ ma ⌧ ⇤, (2.9)

where ⇤ is the UV cuto↵ scale. Note that in the limit mµ ⌧ mi ⌧ ⇤, the contribution

is from a heavy fermion loop and one would expect that it should decouple. The result

above is from the renormalization of aµ due to the axion-fermion couplings at the two-loop

order between mi and ⇤. The formula for diagrams (1) and (2) have been computed in

Ref. [16, 17] and we will include them in App. B.

To be more quantitative, we consider two scenarios below.

• If we only include non-zero cµµ and c�� (all three diagrams in Fig. 1 contribute),

then the parameter space to explain muon g � 2 for ma = 1 and 5 GeV is in Fig. 2.

Allowing cµµ to vary, we show the minimal c��/fa needed to explain the muon g � 2

anomaly as a function of ma in Fig. 3. The allowed parameter space, consistent with

7
A calculation of the two-loop contribution to electron g�2 was carried out in a di↵erent operator basis

and then transformed to our basis in Ref. [39], which result agrees with ours.
8
Ref. [15] did a full two-loop calculation with the operator a¯̀i�5`, following this strategy but assuming

the fermions in the loop being heavy. We also want to consider the case with a fermion lighter than the

muon, i.e., an electron, running in the loop.

– 9 –

Muon g-2

Marciano, Masiero, Paradisi, 
Passera 2016; Bauer, Neubert, 
Thamm 2017; Buen-Abad, Fan, 
Reece, Sun 2021



Theory and 
Model 
Building: go 
beyond vanilla 
scenarios 

Terrestrial Experiments:                
light axion: ADMX, CAST-CAPP, DM 
radio, Casper, ………………                                                  
heavy axion: LHC and future colliders….

Astrophysical/Cosmic Signals 
and Probes: CMB, 
gravitational waves, stars, 
galaxies….

Axion (QCD axion and ALP) 



Theory and 
Model 
Building: go 
beyond vanilla 
scenarios 

Terrestrial Experiments:                
light axion: ADMX, CAST-CAPP, DM radio, 
Casper, ABRACADABRA…                                                  
heavy axion: LHC and future colliders….

Astrophysical/Cosmic Signals 
and Probes: CMB, 
gravitational waves, stars, 
galaxies….

Axion (QCD axion and ALP) 

Inflation and axion: new models and cosmic signals



Two types of axion cosmologies

— (Pre-)inflationary axion 

  with  inflationary Hubble scale, PQ symmetry is broken 
during inflation. In addition, PQ symmetry is not restored during 
(p)reheating; 

Massless axion is present during inflation; 

fa > HI /(2π) HI

Review: Marsh, 2015



Two types of axion cosmologies
— (Pre-)inflationary axion 

A single uniform central value of initial 
misalignment angle  ;

Axion fluctuates and has an isocurvature 
perturbation  ;

Axion becomes dark matter after inflation;

Incompatibility between QCD axion DM with the 
high-scale inflation: 

        Planck, 2018; 

θi

⟨δθ2
i ⟩ = (HI /(2πfa))2

HI < 0.9 × 107 GeV ( fa
1011 GeV )

0.408

θf a
+

ρ

δθ = HI /(2πfa) ≪ 1



Curvature         vs.       Isocurvature

Lingfeng Li | New Inflationary Probes of Axion DM 8

Photon
Dark Matter

Neutrino

Baryons



Misalignment mechanism:  Preskill, Wise, Wilczek; Dine, Fischler; Abbott, Sikivie 1983
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Figure 4: Evolution of various quantities in the exact solution to the background evolution
of an ALP, Eq. (58), for a radiation-dominated universe (p = 1/2). Dimensionful quanti-
ties have arbitrary normalization. Vertical dashed lines show the condition defining aosc..
Further discussion of this choice, and the approximate solution for the energy density, is
given in the text.
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D.J. Marsh

�0

Axion dark matter

H ≃ ma

Relic abundance is a 
function of  and  ma fa

 matterw = 0



— Post-Inflationary axion 

, no symmetry breaking during inflation or PQ symmetry is 
restored during (p)reheating; 

No axion isocurvature problem; 

uniform distribution of  with ; 

topological defects: axion strings and domain walls. Decays of topological 
defects also contribute to the abundance of axion dark matter, in addition 
to misalignment mechanism. Ongoing study and simulations Davis 1986; 
Vilenkin and Vachaspati 1987;…Gorghetto, et.al 2020; Hindmarsh et.al 2021; Buschmann 
et.al 2021. 

fa < HI /(2π)

θi ⟨θ2
i ⟩ = π2/3



Review by Di Luzio et.al, 2003.01100

Traditional 
boundary between 
inflationary and 
post-inflationary 
axions 

Dead region of 
isocurvature

Little oasis for post-
inflationary axion



Q1: could we increase the parameter space 
for post-inflationary axion? 



Lingfeng Li 
(postdoc at Brown)

Yunjia Bao (former 
master student at 

Brown, PhD 
student at Chicago)

Opening up window of post-inflationary QCD axion

Phys. Rev. Lett. 130 (2023) 24, arXiv: 2209.09908 [hep-ph]



A new angle from interaction with inflaton

ℒ = (∂μϕ)2/2 + |∂μχ |2 − V(ϕ, χ) ,

inflaton PQ field

V(ϕ, χ) = V(ϕ) + λ
2 ( |χ |2 − f2

a

2 )
2

+ c(∂ϕ)2

Λ2 |χ |2

( + − − − )

respect the (approximate) shift 
symmetry of inflaton

Note: only coupling has been considered before and it is subject to 
constraints from large quantum corrections, Shafi and Vilenkin 1984… 

ϕ2 |χ |2



During inflation,  ,

 

⟨∂μϕ⟩ = ·ϕ0δμ0

V(ϕ, χ) ⊃ c ·ϕ0
2

Λ2 − λ
2 f2

a |χ |2

c(∂ϕ)2

Λ2 |χ |2

 could be   PQ symmetry might remain unbroken during 
inflation even when  . 

Such type of derivative operators has been used in non-axion scenarios 
(e.g. ) to generate new observable signals in inflaton spectrum Fan, 
Reece, Yi 2019 , or bi-spectrum Kumar, Sundrum 2017

·ϕ0 ≫ H2
I ⇒

fa > HI

(∂ϕ)2h†h





New window for post-inflationary axion (PIA)

m a
(μ

eV
)

single field inflation 

Buschmann et.al 2021



New window for post-inflationary axion

m a
(μ

eV
)

c(∂ϕ)2

Λ2 |χ |2



New window for post-inflationary axion (PIA)

m a
(μ

eV
)

Early matter domination 
(EMD) to dilute the 
axion abundance: 
universe’s energy density 
dominated by some non-
relativistic particles (e.g., 
moduli or dark glueballs) 
after inflationary 
reheating. Lazarides, et.al 
1990; Kawaski et.al 1995… 

 

f a
= 600

H I



New window for post-inflationary axion (PIA)

m a
(μ

eV
)

Early matter domination 
(EMD) to dilute the 
axion abundance: 
reheating at the end of 
EMD and before BBN 
produces a lot of 
entropy to dilute 

  

Ωah2

fa ≲ 3 × 1014 GeV
f a

= 600
H I



Interaction between inflaton and the PQ field (without modifying the 
inflation dynamics) could lead to big changes in axion cosmologies. 

In particular, a new window of post-inflationary QCD axion could be opened up; 
parameter space suffering from the QCD axion isocurvature problem shrinks 
correspondingly. 

Recap



Q2: what if the similar mechanism applies to 
the pre-inflationary axion scenario?



Lingfeng Li 
(postdoc at Brown)

Xingang Chen 
(Harvard University)

New inflationary probes of axion dark matter

arXiv: 2303.03406 [hep-ph]



Cosmological Collider in a nutshell
Cosmological Collider: Start from 
an Actual Collider

21

Detector Complex

Heavy 
Resonance

Light Stuff

�Precisely prepared initial state: 
fixed Ecm, luminosity, 
direction…

� Short-lived resonances: the 
detector surfaces are too far 
compared to m -1

�Multi-species: γ, e±, π±, K± …

� Flat space time: invariant mass

m    ≈ m

 Prepared initial state: fixed 
 , luminosity, beam 

directions; 

 Short-lived heavy resonances: 
away from the detector; 

 Decay to light stuff: 

 Flat space-time: invariant 
mass 

Ecm

γ, e±, ⋯

(∑ pi;decay)
2



Cosmological Collider: Start from 
an Actual Collider

21

Detector Complex

Heavy 
Resonance

Light Stuff

�Precisely prepared initial state: 
fixed Ecm, luminosity, 
direction…

� Short-lived resonances: the 
detector surfaces are too far 
compared to m -1

�Multi-species: γ, e±, π±, K± …

� Flat space time: invariant mass

m    ≈ m
Bunch-Davies vacuum 
of something massless

Propagation and decay

cold dark matter 
(CDM) isocurvature

curvature
graviton

reheating surface

Chen, Wang, 2009; … Arkani-Hamed, Maldacena, 2015



Bunch-Davis vacuum 
of something massless

Propagation and decay

CDM 
isocurvature

curvature
graviton

reheating surface

 Chaotic initial state: heavy 
field created in quantum 
fluctuations; 

 Interfere with background 
fluctuations, amplitude instead 
of its square; 

 Time invariance breaks down 
in the inflationary background: 
no invariant masses; 



kdecayτdecay ∼ m/H

kprodτprod ∼ m/H

propagation:  eimΔt

Mass observed through phase: 

 

|τ | ∼ H−1e−Ht ⇒

tdecay − tprod ∼ H−1 log
τprod

τdecay

eimΔt ∼ (
kdecay

kprod )
im/H



Gibbons-Hawking temperature: 

To overcome the Boltzmann suppression: 

 Classical feature Chen, 2011; …Chen, Ebadi, Kumar, 2022; 

 Chemical potential Chen, Wang, and Xianyu 2018; …

T ∼ H
2π

⇒

7 ∝ e−m/T ∝ e−πm/H

“Thermal” 
suppressed 
production



Scenario 1: classical features 

+ a toy feature: a step in inflaton potentialℒ ⊃ − c
Λ (∂ϕ)2 |χ |2

Figure 1. m⇢,e↵/H as a function of q for di↵erent choices of fa/H. Left: � = 1; right: � = 0.3.

In all the models we consider, m⇢,e↵ =
p

�fI � H during inflation, the cosmolog-

ical production of ⇢, and the induced CC signals will be exponentially suppressed by

⇠ e
�⇡m⇢,e↵/H , as mentioned in the summary of Sec. 3. To enhance the signals, we need

to introduce some boosting mechanisms. In model 1 and 2, we will rely on the primordial

feature mechanism in which the inflaton potential possesses a sharp feature and can be

decomposed as

V� = V�0 + V�1 , |V�1| ⌧ |V�0| , (4.10)

where V�0 is the smooth potential responsible for the featureless attractor solution in

Eq. (4.4), while the perturbation V�1 is a small sudden change of the potential localized

in some regions of the field space. Then the classical background trajectories can be

split into the featureless (with subscript 0) and featured (with subscript 1) components

correspondingly:

�bkg(t) = �0(t) + �1(t) , ⇢bkg(t) = ⇢0(t) + ⇢1(t) = ⇢1(t) , (4.11)

where �0(t) is given in Eq. (4.4) and ⇢0(t) = 0. Note that since a does not couple to the

inflaton directly, abkg(t) is a constant.

There are many examples of sharp features. Such features can be easily envisioned

when we embed the inflation models in a potential landscape when the universe is unstable.

There are also motivations from CMB data analyses [98–107]. A sharp feature could

naturally excite the classical oscillation of a massive field, such as the radial mode of the

PQ field, which is otherwise hard to probe because its mass is much larger than the Hubble

scale. In this paper, as a toy example, we consider V�1 to be a sharp step function:

V�1(�) = �bV�0 ✓(� � �s) , (4.12)

where b ⇢ (0, 1) is a dimensionless quantity; ✓(� � �s) is the Heaviside ✓ function: it is

one when � > �s and zero otherwise, which means that the perturbation potential is a

small but sharp downward-step. Similar or other examples of sharp features with a more

complicated form have been used to explain the CMB residual anomalies [98–107]. Here

we just use this simplest form to illustrate the new clock and CC observables.
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Excite the radial mode of the PQ field,   
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χ = fI+ρ
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eia/fI = fI+ρ

2
eiθ, mρ = λfa, ma = 0
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scale-dependent oscillations (clock signal) in two-point correlation 
functions: curvature and isocurvature spectra; 
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For the QCD 
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https://cajohare.github.io/AxionLimits
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Earlier work: Lu, 2021; Li, Lu, Wang, Zhou 2021
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Scenario 2: chemical potential 

ℒchem ⊃ − i
κ∂μϕ

Λ (χ†∂μχ − χ∂μχ†)
PQ fieldInflaton ϕ

kinetic mixing between the massless axion and the massive inflaton;

Diagonalize the kinetic terms by  

(   )χ = fI+ρ

2
eia/fI = fI+ρ

2
eiθ

where in the third line, we use the field redefinition as

�̃ ⌘ e
�i

�
⇤ � , (6.2)

to remove the kinetic mixing between a and the inflaton. After the spontaneous breaking

of U(1)PQ, the radial and phase modes of �̃ = (fI + ⇢̃)/
p

2 exp(iã/fI) are related to the

basis we start with, � = (fI + ⇢)/
p

2 exp(ia/fI), as

⇢̃ = ⇢ , ã = a � z� , z ⌘
fI

⇤
, (6.3)

both of which have canonically normalized kinetic terms. We identify ã as the massless

axion mode, with the same Bunch-Davies initial condition as the inflaton. In this new

basis, one could see that with the chemical-potential term alone, the axion ã is decoupled

from the inflaton. Thus there is no mixed correlation, i.e., curvature-isocurvature spectrum

and mixed bi-spectra. This is consistent with the discussions in the literature that @µ�J
µ

coupling alone could not lead to any chemical potential for a scalar field (the axion in our

case) [64, 72, 142].

We extend the model in Eq. (6.1) by including a Dirac fermion  that couples to the

PQ scalar �:

L3 = Lchem � i ̄ 6D +
⇣
y� 

†
L
 R + c.c.

⌘
, (6.4)

where D is the covariant derivative, and  L, R are the two chiral Weyl components of  :

 =

0

@ L

 R

1

A. The above Lagrangian will be invariant under the global PQ symmetry if the

component Weyl fermions are also charged under U(1)PQ with opposite charges. Under a

PQ rotation by an angle ✓, the charged matter transforms as

�! �e
i✓

,  L !  Le
i✓/2

,  R !  Re
�i✓/2

. (6.5)

After the PQ symmetry breaking,  acquires an e↵ective mass

m =
yfI
p

2
. (6.6)

Performing a chiral rotation of the fermions to remove the phase in the Yukawa term, the

fermion kinetic term yields:

i ̄ 6D 
 L!e

�ia/(2fI ) L
�����������!
 R!e

ia/(2fI ) R

@µa

2fI
 ̄�

µ
�
5
 + ... , (6.7)

where we omit irrelevant terms for the CC signals. The heavy fermions  above could be

charged under the SM color group to induce a coupling between the axion and the SM gluon

as needed in the KSVZ axion model [176, 177]. In the presence of @µ�J
µ, we identify ã as

the axion with its homogeneous background satisfying ˙̃a0 = 0 during inflation. This implies

a rolls during inflation with a speed ȧ0 = z�̇0. Then its coupling to the non-conserved axial

current J
µ

5 =  ̄�
µ
�
5
 gives rise to a chemical potential for the fermion

µc ⌘
z�̇0

2fI
. (6.8)
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 does not roll during inflation ( ) 
and will turn into CDM with 
isocurvature after inflation; 

ã ·̃a = 0

pre-inflationary axion, PQ symmetry breaking



Axion-fermion coupling
Natural in KSVZ-type axion models (Kim, 1979; Shifman, Vainshtein and Zakharov 1980): 
PQ field couples to heavy fermions

∂μa
2fI

ψ̄γμγ5ψ ã=a−zϕ ∂μ(zϕ + ã)
2fI

ψ̄γμγ5ψ

Chemical potential:  

fermion dispersion:  

enhancement in particle production 

μc = z ·ϕ
2fI

ω2 = k2 + (m2
ψ ± 2μck + ⋯)

e
−2π( m2

ψ + μ2
c /H − μc/H) ≈ e−πm2

ψ /(μcH), μc/H ≫ mψ /H ≫ 1

δϕ
δã

ψ

Chen, Wang and Xianyu 2018; Hook, 
Huang, Racco 2019; Wang, Xianyu 
2019, 2020; Bodas, Kumar, and 
Sundrum 2020; Sou, Tong and Wang 
2021



Since the coupling of the inflaton and ã to the fermions is proportional, we expect the

bispectra signals to be related to each other in a simple way. For the pure isocurvature

bispectra (iii), its NG parameter f
iii

NL can be estimated using the late-time expansion of

fermion modes [51, 61]:

��f iii
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�� A
2
i

A2
s

'
NcN �

3/2

6⇡
p

As

✓
H

2fI

◆3 ⇣
m 

H

⌘3 µ
2
c

q
m

2
 

+ µ2
c

H3

⇥

e
⇡µc/H�

⇣
�i

q
m

2
 

+ µ2
c/H

⌘2
�
⇣
2i

q
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/H

i3
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h
1 + i

⇣q
m

2
 

+ µ2
c � µc

⌘
/H

i , (6.13)

where we set Nc and N are  ’s number of color and flavor, respectively. For the QCD

axion that couples to vector-like quarks, Nc = 3 while N � 1.

For the other (mixed) bispectra, we have correlated signals with the same mass pa-

rameter and related amplitudes:

f
iic

NLAiAs ' 2f
cii

NLAiAs = z�
�1/2

f
iii

NLA
2
i ,

f
cci

NLAiAs ' 2f
icc

NLAiAs = z
2
�
�1

f
iii

NLA
2
i ,

f
ccc

NLA
2
s = z

3
�
�3/2

f
iii

NLA
2
i . (6.14)

Here the superscripts of fNL are ordered, with the first index corresponding to the mode

with the lowest momentum in the squeezed limit. Depending on the sizes of z and
p
�,

the CC signals in each mixture vary. Fig. 14 shows quantitative results of f
iii

NL and f
ccc

NL .

One could see that the amplitude of the curvature bispectrum is generally small, but in

some special parameter space, fNL becomes much greater than O(0.01). Such values may

be probed by future 21cm experiments [41, 165]. The situation of these shape-dependent

oscillatory mixed bispectra is similar to that of the scale-dependent oscillatory case: both

constraints and forecasts remain open questions.

Figure 14. The fNL of pure isocurvature (left) and curvature (right) CC signals induced by
the fermion loop. In both plots, we have the benchmark total fermion number NcN = 3 and
� ' Ai/As = 0.02 to satisfy the constraint in Eq. (2.6).

On the other hand, the fermion loop also introduces a mixing between ã and �, and thus

the correlation between curvature and isocurvature modes at the one-loop level. However,

– 30 –
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the correlation between curvature and isocurvature modes at the one-loop level. However,
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δϕ
δã

4 types of bispectrum

pure isocurvature

pure curvature



Conclusions and Outlook
Interactions between inflaton and the axion sector lead to new pheno: 

— change the standard boundary of axion cosmologies drastically; 

— a whole new suite of cosmological observables: isocurvature clock 
signals, hybrid cosmological collider signals. 

More studies are needed…

Axion and inflation are both old businesses, but there is a lot of new fun to 
be explored! 



Thank you!



Backup



Figure 5. Left column: contours of the QCD axion DM fraction �, isocurvature parameter �

defined in Eq. (2.7), and radial mode mass in Hubble unit, µ�, in the (q, fa) plane. Right column:

contours of
����P⇣

P⇣

���
clock;amp

and
����Pi

Pi

���
clock;amp

, as well as � in the same plane. Top row: � = 1;

bottom row: � = 0.3. We fix ✓i = 1 and fa/H = 40. For the two right panels, we also choose
bV�0/�̇

2
0 = 0.3.

The correction to the isocurvature two-point correlator is parametrically larger by a

factor of 1/q.

This signal is illustrated in Fig. 6. Such a signal, if measured, could be very informative:

The correlated clock signals would point to an oscillating massive field coupled to

both the inflaton and the dark matter field, and therefore serve as a more distinc-
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q ≡ c
f2
I

Λ2



Observational hints for features13

FIG. 6. Residual plots of the full model for the Low-Frequency best-fit candidates to P18 [top] and EG20 [bottom] likelihood. Orange,
purple and light blue lines correspond to LFC I, LFC IIa and LFC IIb respectively.

Braglia, Chen and Hazra 2021; 
Antony, Finelli, Hazra and Shafieloo 
2022; Braglia, Chen, Hazra and Pinol 
2022


