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Outline
Modulating fields are scalar fields which control couplings/masses. If 
they have non-trivial temporal or spatial variations over cosmological 
scales, they can lead to interesting dynamics that could be probed by 
the CMB. I will present two different stories of modulating fields. 

Cosmic Higgs switching: JF, Matt Reece, Yi Wang, JHEP, 1905.05764

Repeated electroweak phase transitions during inflation, triggered by 
an oscillating modulus scalar, lead to interesting features on the 
inflaton 2-point function. 

Cosmic Microscope: JF, Zhongzhi Xianyu, JHEP, 2005.12278

Modulating fields with spatially varying backgrounds modulate 
cosmic preheating, and imprint the non-linear effects at tiny scales on 
large scale fluctuations. 



Higgs dynamics in the early Universe
Higgs mass is fixed today and measured at the LHC. 

Yet in the early Universe, Higgs mass (in general, SM parameters) is 
not necessarily fixed and could vary with time. 

How? 

Mass/Couplings depend on values of a modulating scalar 
field. 



A toy model 
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modulus

Effective Higgs mass: 

When  trilinear term dominates;

When modulus oscillates to the negative side, Higgs mass squared 
switches sign! 
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Cosmic Higgs switching
Fan, Reece (Harvard), Wang (HKUST), JHEP, 1905.05764

Consider a low-scale inflation model ( weak scale). On top of 
the toy model I showed, include the Higgs coupling to the inflaton.

H ≲

inflaton potential 

coupling between 
inflaton and the Higgs

<latexit sha1_base64="sJIO6d8k6XbVyyMLVDt1CrDdYKs="></latexit>

V (�, h,�) = +
1

2
m2

��
2

�m2
hh

†h+
�

4
|h|4,

+
M2

f
�h†h

+ V (�)

+
y

⇤2
(@�)2h†h

modulus

inflaton



For the modulus , when back-reaction is negligible, χ

• higgs on inflaton �, i.e. the underlined term in Eq. (2.7). This requires ⇤ �
p
M3/H.

Yet we are interested in the case that the contribution is not much too small and thus

we can find potentially observable modifications to the inflaton fluctuations. Note

that there is a subtlety: the bold term in Eq. (2.7) has fast oscillations in it. Thus

the actual impact to � may be smoothed out and the condition could be relaxed a

bit. This is indeed evidenced in the numerical calculation: even when ⇤ <

p
M3/H,

the correction to the inflaton spectrum is only of order O(10%).

• inflaton � on Higgs, i.e. the underlined term in Eq. (2.8). This requires ⇤ � �̇/mh.

• higgs on the modulus �, i.e. the underline term in Eq. (2.9). This requires f �

M
2
/m�.

Yi uses blue to denote terms that could be ignored. I try to avoid color so use underline.

Yet if there is a better way, I’m happy to change them.

In addition, we assume that

• The modulus starts rolling from the symmetry breaking side. Thus the Higgs field

configuration is dominated by the zero mode.

• The energy density of � is subdominant compared to that of the inflaton. This

requires f ⌧
p
3MplH/m� with Mpl the reduced Planck scale. When this is satisfied,

the Higgs energy density is also subdominant, because ⇢h ⇠ M
4
⌧ m

2
�f

2.

We consider the following hierarchy

�0 ⇠ f � M � m� � mh & H, (2.10)

where �0 is the initial amplitude of the modulus and H is the Hubble scale of the inflation.

For example, one benchmark model we keep using in the rest of the paper has M = 103H,

m� = 10H, mh = 2H. Given the observed normalization of the scalar perturbation

spectrum P⇣ = (H2
/(2⇡�̇))2 ' 2.4⇥10�9, we have �̇ ' 3200H. To satisfy the assumptions

above except for the first one ⇤ �
p
M3/H, we need ⇤ � 1.6 ⇥ 103H and 105H ⌧ f ⌧

0.17Mpl. We numerically test even when ⇤ = 104H, which doesn’t satisfy ⇤ �
p
M3/H,

the correction to the inflaton spectrum is a perturbation. Check the constraints and values

again.

For simplicity we take the Higgs self-coupling � ⇠ O(1) when estimating parameters.4

We also set the coupling between inflaton and higgs y = 1 (a general y ⇠ O(1) can be

absorbed into the redefinition of ⇤).

To solve the system of equations, we start from Eq. (2.9) and solve the modulus’ motion

first. Given the assumption that the Higgs has negligible back-reaction on �, we have, up

to an unimportant phase,

� = �0a
�3/2 cos(m�t) . (2.11)

4
Higgs self-coupling is about 0.16 today. Yet in the early Universe, it could also vary and depend on the

modulus field value, as explored in Ref [1].
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For the Higgs ,  h

• We ignore the coupling between modulus and inflaton. Since both of them have

approximate shift symmetries, could we have double suppressions (two spurions)?

This doesn’t seem to work. Yet we could argue that we focus on the new phase

transition oscillations while the oscillations of modulus do not lead to new features.

• We only consider Higgs as a real scalar. Will using a full doublet change anything?

• clarify the initial conditions and address the questions such as when these oscillations

happen.

• Nice to have discussions on UV completion of the toy model. Emphasize that we are

considering a low-scale inflation model.

2.1 The evolution of the Higgs

The Higgs zero mode can be split into two components, h = hvev + hosc, where hvev is the

instant Higgs vacuum expectation value (vev) by minimizing the Higgs potential (including

the contribution from interacting with the modulus �), and hosc is the oscillation on top

of that. The Higgs e↵ective mass is

m
2
e↵(t) = M

2�0

f
e
� 3Ht

2 cos(m�t)�m
2
h
. (2.12)

We will assume �0 = f below for simplicity. Then m
2
e↵(t) is of order M

2 most of the time.

The inflaton couples to h
2. Given the energy hierarchy we consider, |hosc| ⌧ |hvev|.

An explanation could be found in Appendix A. In the symmetric phase h
2 = h

2
osc and in

the broken phase h
2
' h

2
vev + 2hvevhosc. So it is dominantly the broken phases that could

modify the inflaton two-point function. For a benchmark, h2 and hosc as a function of time

are presented in Fig. 1.

In the symmetric phase (m2
e↵ > 0), hvev = 0. In the broken phase (m2

e↵ < 0),

hvev(t) =

s
�m

2
e↵(t)

�
. (2.13)

Using WKB approximation, we find that hosc(t) could be written as

hosc(t) = A(t)ei✓(t) , ✓(t) ⌘
p
2

Z
t

|me↵(t
0)|dt0 , m

2
e↵ < 0, (2.14)

hosc(t) = eA(t)ei
e✓(t)

, e✓(t) ⌘
Z

t

|me↵(t
0)|dt0 , m

2
e↵ > 0, (2.15)

where A(t), eA(t) are slowly varying functions compared to theme↵ scale. From the equation

above, one could see that hosc(t) oscillates with a frequency ⇠ M .

In summary, there are three types of oscillations with di↵erent time scales in the Higgs

evolution:

• Slow oscillation of hvev with a period !vev ⇠ 2⇡/m�.
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small freq: mχ

large freq: M > mχ

hosc ⌧ hvev
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Imprint on the inflaton spectrum through  (∂ϕ)2h2

h2 ⇡ h2
vev + 2hvevhosc
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Imprint on the inflaton spectrum through  (∂ϕ)2h2

h2 ⇡ h2
vev + 2hvevhosc
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Figure 2. Comparison between the numerical result and the analytical estimate using Eq. (3.20)
in the low k range for the benchmark ⇤ = 104H,M = 103H,m� = 10H,mh = H,� = 1. Left:
numerical result. Right: analytical estimate based on Eq. (3.20).

3.2.2 hvevhosc contribution

Now let’s consider the fast oscillating hvevhosc’s contribution to the primordial spectrum.

Combining Eq. (2.13), (2.15) and Eq. (3.14), we have at ⌧ ! 0,

�u
(1)
k;osc '

y

2⇤2(2k)3/2(k⌧)

Z 0

�1
d⌘ e

�2ik⌘+
p
2i

R
t |me↵(t0)|dt0

s
�m

2
e↵(t)

�
A(t)f(⌘) , (3.21)

where f(⌘) = @⌘2

⇣
1� i

k⌘

⌘2
e
�2ik⌘

�
e
2ik⌘. At resonance, the condition of stationary phase

gives

k

a(t)
=

|me↵(t)|
p
2

. (3.22)

Since |me↵ | is oscillatory, the resonance happens many times for each k, each time with an

almost random phase. The amplitude of resonance also decays at time scales comparable

to 1/H. As an order-of-magnitude estimate, it makes sense to approximate the correction

to the wavefunction summing over all resonances, for each k mode

�u
(1)
k;osc ⇠

p
(number of resonances in 1/H time)⇥ (the contribution from the first resonance) .

(3.23)

The square root takes into account that the randomness of each resonance phase. Here,

the numbers of resonance per Hubble time is approximately m�/(⇡H).

To obtain a crude yet relatively clean analytical understanding of the resonance contri-

butions, we study the behavior near a (locally) maximally symmetry broken point t0. This

is illustrated in Fig. 3. Below we take H ! 0. In this limit, a ! 1 and ⌧ ! �
1
H
+t+O(H).

We also take mh ! 0.

For a given k, the resonance condition (3.22) can be written as

�t =
1

m�

arccos


2k2

M2

f

��(t0)

�
, (3.24)
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Resonances:

m2
e↵(t) ⇠ M2 cos(m�t)
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Both resonances contribute to the correction of the inflaton wavefunction
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where the sum runs over the two resonances at time tr’s and the resonance phases are given

by

✓r = �2k ⌘|
t=tr

+
p
2

Z
tr

t0

|me↵(t
0)|dt0

= 2
k

H
� 2ktr +

p
2

Z
tr

t0

|me↵(t
0)|dt0

⇡ 2
k

H
� 2k (t0 ±�t) +

r
2

�
Me

� 3Ht0
4

Z
tr

t0

q
cos (m�t

0)dt0

⇡ 2
k

H
� 2kt0 ⌥

2k

m�

arccos

✓
2k2

M2

f

��(t0)

◆
+

r
2

�

2M

m�

e
� 3Ht0

4 E

✓
1

2
m�(tr � t0)

���� 2
◆

(3.26)

where we used the approximation that when H ! 0, the conformal time ⌘ ⇡ �
1
H
+ t. The

resonance time tr takes one of the two values t0 ± �t for the first and second resonance,

respectively. In the last line above, we use Eq. (3.24). E (x|2) is the elliptic integral of the

second kind and is sub-dominant in the phase when M . 103H.

Numerically, we observe an interesting repeated “k-wavepacket” feature with two os-

cillation frequencies in the k-space in the correction to the two-point function at large k.

This is shown in Fig. 4. From the analytic estimate of the phases at resonance in Eq. (3.26),

we could understand the origins of the two frequencies as follows:

• The large frequency (fast oscillation in k-space): since we consider k � H, the leading

oscillation is proportional to cos(2k/H). In every �k/H = 10 range, there should be

about 3 peaks, which roughly agrees with the full numerical result in Fig. 4.
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effective Higgs mass

(in unit of )H

fast oscillation

slow modulation
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Potential Observable: fine structure in CMB 
unbinned Planck 
uncertainty (per  ) ℓ

Correction to 
temperature 
harmonics 
(⨉10)



~ 10% correction in primordial spectrum ⟹ ~1 % correction in the 
temperature spectrum

Yet the correction over a large range of ; 

Need a more thorough analysis to see whether it is within current 
sensitivity.

In the near future, LSS, CMB Stage-4 will improve sensitivity by one 
order of magnitude (Slosar et.al. ’19 “inflationary archaeology”) 

ℓ

where H0 is the Hubble today. From Fig. 5, we observe that 10% modification in the pri-

mordial spectrum leads to⇠ 1% modification in a wide range of `’s in the CMB temperature

spectrum. The deviation is only 10% of the Planck uncertainties and thus undetectable

currently. The reason for the reduction of the modification in the CMB spectrum is that

the temperature harmonic power spectrum is given by a convolution

C` ⌘
1

2⇡2

Z
dk

k
⇥2

`
(k)PR(k), (4.2)

where ⇥` is the spherical harmonic function and PR is the primordial spectrum. The

oscillations in the primordial spectrum is thus smoothed out by the integration with the

amplitude reduced.

Comment on the future prospects of observations. Comment on CMB binning may

reduce the sensitivity to the oscillations.

May comment on the parity anomaly even though we didn’t find a model to explain

it.

Figure 5. Left: primordial spectrum resulting from phase transition oscillations fixing ⇤ =
104H,M = 103H,m� = 10H,mh = H,� = 1, adding on top of a smooth spectrum with ns =
0.9649. Right: the corrections in the CMB temperature spectrum by subtracting that of the
inflation model with ns = 0.9649 (right). In plotting, we have multiplied the oscillating correction
by a factor of 10. The grey band denotes the PLANCK uncertainties.

5 Comparisons between di↵erent models

One natural question one could ask is that whether the wavepacket feature in the primordial

spectrum we find from the phase oscillation model could show up in a di↵erent model. In

other words, could there be a degeneracy in the model space for the same signal? We

survey several di↵erent kinds of models and do not find a model which could fully mimic

the patterns both in the low k and high k ranges as in the phase oscillation model. Yet

it is still possible at the qualitative level, the wavepacket feature shows up in a di↵erent

class of models with di↵erent details. One example in the literature is the “drifting axion

monodromy” model [13], in which the axion inflaton itself oscillates with a drifting period

set by moduli fields it couples to. Below we will present a comparison between a model

with no phase transition when Higgs field oscillates with the phase oscillation model.
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Cosmic microscope
Preheating: non-perturbative and out-of-equilibrium processes that 
transfer energy from inflaton to daughter particles. 

Happens soon when inflaton starts to oscillate after inflation and 
before perturbative reheating. 

Not many observables: happens at scales tens of e-folds smaller than 
the CMB scale and thus little impact on large scale observables.

Fan and Zhongzhi Xianyu (Qinghua), JHEP, 2005.12278

use results from an earlier paper: Amin (Rice), Fan, Lozanov (UIUC) and 
Reece (Harvard), PRD, 1802.00444. 



Key idea: probe/perturb the preheating dynamics by an additional 
light scalar field , the “modulating” field.  (  modulating field;  
direct daughter of inflaton .)

During inflation:   is light and acquires a nearly scale-invariant 
Gaussian background. Its field value is spatially dependent. 

After inflation:   becomes the effective coupling that controls 

preheating in each Hubble patch. In model with ,  .                                        

In each Hubble patch,  and  are constants. But  and  could vary 
across many different Hubble patches.    
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Figure 1: Schematic picture of modulated preheating in our paper. Time flows from top to

bottom. Column (a) is an illustration of the scenario with a single mode k. During inflation (I), a

light scalar field � acquires a spatially varying mode �k(x), which modulates particle production

during preheating (II). Preheating is triggered only when |�| > �c (light yellow region), and

the region with |�| < �c (dark green region) has negligible preheating. This then contributes a

“square wave” component to the curvature perturbation �⇣k(x) (III). Column (b) shows a scale

invariant Gaussian sample of �(x) and the corresponding �⇣(x) which is also scale invariant but

almost bivalued.

thus desirable to look for more direct observable e↵ects of preheating, especially the e↵ects from

its non-perturbative dynamics.

In this paper, we propose a scenario where the non-perturbative preheating dynamics could

a↵ect the large-scale fluctuation in a more direct manner. The key idea is to probe/perturb the

preheating dynamics by an additional light scalar field �, which we call the modulating field and

which is ubiquitous in beyond SM physics.2 During inflation, � acquires a nearly scale-invariant

Gaussian background �0(x). After inflation, �0(x) becomes the e↵ective coupling that controls

preheating. Later in this paper we will show with an example that preheating is triggered only

when |�0| is larger than a critical value �c. Consequently the patches with |�0| below or above �c

will experience very di↵erent expansion histories. In this way, the modulated preheating process

will generate a characteristic curvature perturbation �⇣(x). We illustrate this process with a

cartoon in Fig. 1.

In Fig. 1, we highlight the nonlinear nature of preheating, in contrast to modulated (perturba-

tive) reheating. In the perturbative case, a small variation �� in the modulating field (and thus

the coupling strength) would induce a small variation in the decay rate �� of the inflaton and

therefore a small curvature perturbation, ⇣ = �N , where N is the e-foldings of local expansion

during the reheating era. In particular, �N depends smoothly on � and a Taylor expansion in

�� is always feasible, resulting in a linear relation between the “incoming” � wave and the “out-

2
The SM Higgs could be a candidate for the modulating field, though it is subject to more constraints. This

includes the local non-Gaussianity generated by the Higgs self-interaction during the inflation, as well as the

post-inflationary evolution of the Higgs. See [13] for more discussions.
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Figure 1: Schematic picture of modulated preheating in our paper. Time flows from top to

bottom. Column (a) is an illustration of the scenario with a single mode k. During inflation (I), a

light scalar field � acquires a spatially varying mode �k(x), which modulates particle production

during preheating (II). Preheating is triggered only when |�| > �c (light yellow region), and

the region with |�| < �c (dark green region) has negligible preheating. This then contributes a

“square wave” component to the curvature perturbation �⇣k(x) (III). Column (b) shows a scale

invariant Gaussian sample of �(x) and the corresponding �⇣(x) which is also scale invariant but

almost bivalued.

thus desirable to look for more direct observable e↵ects of preheating, especially the e↵ects from

its non-perturbative dynamics.

In this paper, we propose a scenario where the non-perturbative preheating dynamics could

a↵ect the large-scale fluctuation in a more direct manner. The key idea is to probe/perturb the

preheating dynamics by an additional light scalar field �, which we call the modulating field and

which is ubiquitous in beyond SM physics.2 During inflation, � acquires a nearly scale-invariant

Gaussian background �0(x). After inflation, �0(x) becomes the e↵ective coupling that controls

preheating. Later in this paper we will show with an example that preheating is triggered only

when |�0| is larger than a critical value �c. Consequently the patches with |�0| below or above �c

will experience very di↵erent expansion histories. In this way, the modulated preheating process

will generate a characteristic curvature perturbation �⇣(x). We illustrate this process with a

cartoon in Fig. 1.

In Fig. 1, we highlight the nonlinear nature of preheating, in contrast to modulated (perturba-

tive) reheating. In the perturbative case, a small variation �� in the modulating field (and thus

the coupling strength) would induce a small variation in the decay rate �� of the inflaton and

therefore a small curvature perturbation, ⇣ = �N , where N is the e-foldings of local expansion

during the reheating era. In particular, �N depends smoothly on � and a Taylor expansion in

�� is always feasible, resulting in a linear relation between the “incoming” � wave and the “out-

2
The SM Higgs could be a candidate for the modulating field, though it is subject to more constraints. This

includes the local non-Gaussianity generated by the Higgs self-interaction during the inflation, as well as the

post-inflationary evolution of the Higgs. See [13] for more discussions.
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Figure 1: Schematic picture of modulated preheating in our paper. Time flows from top to

bottom. Column (a) is an illustration of the scenario with a single mode k. During inflation (I), a

light scalar field � acquires a spatially varying mode �k(x), which modulates particle production

during preheating (II). Preheating is triggered only when |�| > �c (light yellow region), and

the region with |�| < �c (dark green region) has negligible preheating. This then contributes a

“square wave” component to the curvature perturbation �⇣k(x) (III). Column (b) shows a scale

invariant Gaussian sample of �(x) and the corresponding �⇣(x) which is also scale invariant but

almost bivalued.

thus desirable to look for more direct observable e↵ects of preheating, especially the e↵ects from

its non-perturbative dynamics.

In this paper, we propose a scenario where the non-perturbative preheating dynamics could

a↵ect the large-scale fluctuation in a more direct manner. The key idea is to probe/perturb the

preheating dynamics by an additional light scalar field �, which we call the modulating field and

which is ubiquitous in beyond SM physics.2 During inflation, � acquires a nearly scale-invariant

Gaussian background �0(x). After inflation, �0(x) becomes the e↵ective coupling that controls

preheating. Later in this paper we will show with an example that preheating is triggered only

when |�0| is larger than a critical value �c. Consequently the patches with |�0| below or above �c

will experience very di↵erent expansion histories. In this way, the modulated preheating process

will generate a characteristic curvature perturbation �⇣(x). We illustrate this process with a

cartoon in Fig. 1.

In Fig. 1, we highlight the nonlinear nature of preheating, in contrast to modulated (perturba-

tive) reheating. In the perturbative case, a small variation �� in the modulating field (and thus

the coupling strength) would induce a small variation in the decay rate �� of the inflaton and

therefore a small curvature perturbation, ⇣ = �N , where N is the e-foldings of local expansion

during the reheating era. In particular, �N depends smoothly on � and a Taylor expansion in

�� is always feasible, resulting in a linear relation between the “incoming” � wave and the “out-

2
The SM Higgs could be a candidate for the modulating field, though it is subject to more constraints. This

includes the local non-Gaussianity generated by the Higgs self-interaction during the inflation, as well as the

post-inflationary evolution of the Higgs. See [13] for more discussions.
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Figure 1: Schematic picture of modulated preheating in our paper. Time flows from top to

bottom. Column (a) is an illustration of the scenario with a single mode k. During inflation (I), a

light scalar field � acquires a spatially varying mode �k(x), which modulates particle production

during preheating (II). Preheating is triggered only when |�| > �c (light yellow region), and

the region with |�| < �c (dark green region) has negligible preheating. This then contributes a

“square wave” component to the curvature perturbation �⇣k(x) (III). Column (b) shows a scale

invariant Gaussian sample of �(x) and the corresponding �⇣(x) which is also scale invariant but

almost bivalued.

thus desirable to look for more direct observable e↵ects of preheating, especially the e↵ects from

its non-perturbative dynamics.

In this paper, we propose a scenario where the non-perturbative preheating dynamics could

a↵ect the large-scale fluctuation in a more direct manner. The key idea is to probe/perturb the

preheating dynamics by an additional light scalar field �, which we call the modulating field and

which is ubiquitous in beyond SM physics.2 During inflation, � acquires a nearly scale-invariant

Gaussian background �0(x). After inflation, �0(x) becomes the e↵ective coupling that controls

preheating. Later in this paper we will show with an example that preheating is triggered only

when |�0| is larger than a critical value �c. Consequently the patches with |�0| below or above �c

will experience very di↵erent expansion histories. In this way, the modulated preheating process

will generate a characteristic curvature perturbation �⇣(x). We illustrate this process with a

cartoon in Fig. 1.

In Fig. 1, we highlight the nonlinear nature of preheating, in contrast to modulated (perturba-

tive) reheating. In the perturbative case, a small variation �� in the modulating field (and thus

the coupling strength) would induce a small variation in the decay rate �� of the inflaton and

therefore a small curvature perturbation, ⇣ = �N , where N is the e-foldings of local expansion

during the reheating era. In particular, �N depends smoothly on � and a Taylor expansion in

�� is always feasible, resulting in a linear relation between the “incoming” � wave and the “out-

2
The SM Higgs could be a candidate for the modulating field, though it is subject to more constraints. This

includes the local non-Gaussianity generated by the Higgs self-interaction during the inflation, as well as the

post-inflationary evolution of the Higgs. See [13] for more discussions.
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Figure 1: Schematic picture of modulated preheating in our paper. Time flows from top to

bottom. Column (a) is an illustration of the scenario with a single mode k. During inflation (I), a

light scalar field � acquires a spatially varying mode �k(x), which modulates particle production

during preheating (II). Preheating is triggered only when |�| > �c (light yellow region), and

the region with |�| < �c (dark green region) has negligible preheating. This then contributes a

“square wave” component to the curvature perturbation �⇣k(x) (III). Column (b) shows a scale

invariant Gaussian sample of �(x) and the corresponding �⇣(x) which is also scale invariant but

almost bivalued.

thus desirable to look for more direct observable e↵ects of preheating, especially the e↵ects from

its non-perturbative dynamics.

In this paper, we propose a scenario where the non-perturbative preheating dynamics could

a↵ect the large-scale fluctuation in a more direct manner. The key idea is to probe/perturb the

preheating dynamics by an additional light scalar field �, which we call the modulating field and

which is ubiquitous in beyond SM physics.2 During inflation, � acquires a nearly scale-invariant

Gaussian background �0(x). After inflation, �0(x) becomes the e↵ective coupling that controls

preheating. Later in this paper we will show with an example that preheating is triggered only

when |�0| is larger than a critical value �c. Consequently the patches with |�0| below or above �c

will experience very di↵erent expansion histories. In this way, the modulated preheating process

will generate a characteristic curvature perturbation �⇣(x). We illustrate this process with a

cartoon in Fig. 1.

In Fig. 1, we highlight the nonlinear nature of preheating, in contrast to modulated (perturba-

tive) reheating. In the perturbative case, a small variation �� in the modulating field (and thus

the coupling strength) would induce a small variation in the decay rate �� of the inflaton and

therefore a small curvature perturbation, ⇣ = �N , where N is the e-foldings of local expansion

during the reheating era. In particular, �N depends smoothly on � and a Taylor expansion in

�� is always feasible, resulting in a linear relation between the “incoming” � wave and the “out-

2
The SM Higgs could be a candidate for the modulating field, though it is subject to more constraints. This

includes the local non-Gaussianity generated by the Higgs self-interaction during the inflation, as well as the

post-inflationary evolution of the Higgs. See [13] for more discussions.
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Non-linear 
preheating 
dynamics

Preheating dynamics which happens at tiny scales could imprint 
on large scale fluctuations (CMB scales): cosmic microscope. 

Local non-Gaussianity of n-point (n⪰3) correlators of curvature 
perturbations. 

Side comment on modulated reheating: a small spatial variation in 𝜒 
induces a small variation in the perturbative decay rate of inflaton and a 
small curvature perturbation. It leads to a smooth linear relation between 
incoming  and outgoing .    Dvali, Gruzinov, Zaldarriaga; Kofman 2003χ Δζ



A: proportional 
to the fraction of 
energy density in 
inflaton going 
through 
modulated 
preheating  

: ratio of fluctuation amplitude of 𝜒 and critical 𝜒.  Δχ /χc

O(1) non-
Gaussianity, 
within the reach 
of next-
generation 
measurements.

Even a subdominant fraction of energy density going through 
modulated preheating gives a testable signal in NG. 



Conclusions
Couplings/masses in low-energy effective theories, instead of being 
constants, could originate from dynamical fields in their UV 
completions. 

This general idea has been applied to construct interesting particle 
physics models quite often. 

If the time/spatial dependent coupling/mass exists in the early Universe 
(e.g., during inflation or preheating), they could lead to interesting 
CMB observables (spectrum and bispectrum), that could be probed by 
near-future CMB measurements. 



Thank you! 



In the early universe, various weakly-coupled scalar fields could have 
had large field range and the Higgs could couple to them. So 
effective mass of the Higgs could be different.

Could have had unbroken electroweak symmetry or much more 
badly broken electroweak symmetry.

Even better, could have dynamics — oscillations between different 
electroweak phases.



Well motivated theories supply lots of good candidates of scalars 
with large field range: moduli, saxions, D-flat directions, radion…

Classic example in supersymmetric theories: modulus/moduli 

A scalar with a flat potential; when the Hubble drops around its 
mass, it starts to oscillate coherently around the minimum.

Ubiquitous in string construction and low energy pheno models. It 
couples to the SM through high scale suppressed operators.



A simple model 

SM Higgs potential

Modulus potential

Trilinear coupling 
between Higgs and 
modulus
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In our evaluation below, we use ns = 0.9677 ± 0.006 (Planck TT+lowP+lensing) [30]. We also fix c = 1/16⇡. For
↵ = 1, the lower bounds on m� as a function of ns or r are illustrated in Fig. S6. In this case, the central value of ns

gives us Nk ⇡ 46.4, r ⇡ 0.086, ⇢k/⇢end ⇡ 9. This leads to a conservative lower mass bound of the modulus, m� > 477
TeV when wmod = 0 and a much weaker bound when wmod increases, e.g., m� > 8 MeV when wmod = 0.1. Yet the
potential strong mass bound on the modulus for wmod = 0 may not be solid given the current precision of ns. If
we allow for ns to vary in the 1� range, for instance, when ns takes the value at the lower 1� bound, ns = 0.962,
Nk ⇡ 39.2, r ⇡ 0.10, ⇢k/⇢end ⇡ 8.3. When wmod = 0, m� > 0.14 MeV, which is negligible. In the future, if the
precision of ns could be improved by a factor of 2 to 3 with the CMB-S4 measurements [35], we will have a better
assessment of the compatibility of the modulus scenario and di↵erent classes of inflation models.

A more optimistic scenario is that in the near future, we will detect primordial gravitational waves and measure
r. The precision of CMB-S4 measurement of r is projected to be significantly improved to 5 ⇥ 10�4. Assuming a
measured r = 0.085 and CMB-S4’s sensitivity, we could obtain a solid lower bound on m�: m� > 1000 TeV, when
w = 0 as shown in the right panel of Fig. S6. When w is increased to 0.1, the bound is considerably relaxed to be
well below the cosmological moduli bound.

S4 Aspects of the model

1. Fine tuning and duration of non-linear dynamics

In an untuned scenario, e.g., �0 . f in Eq. 1, at the beginning of the modulus oscillation, there is still a transition
between the unbroken and broken electroweak phases, associated with tachyonic Higgs production. The initial frag-
mentation of the modulus and burst of gravitational waves are thus possible even in theories that are not fine-tuned.
However, as the universe expands, the amplitude of the modulus oscillation quickly reduces. Once |�(t)| < �0, the
Higgs potential is always in the broken phase, so we expect that the coupled phase with exotic equation of state turns
o↵ and the system quickly returns to a standard moduli-dominated phase with w ⇡ 0. The bigger �0 is, the shorter
the duration of the non-linear dynamics. In other words, the number of electroweak-flipping oscillations and hence
the duration of non-linear dynamics is a probe of fine-tuning.

2. Origin of moduli couplings

In this section we will explain the origin of the M
2(�/f)h†

h ansatz for the modulus coupling to the Higgs, and
some variations that can arise. We first start by supposing that the modulus is a chiral superfield X � X + FX✓

2,
with a supersymmetry breaking VEV

hXi = X0 + FX,0✓
2
, where X0 ⇠ mpl, FX,0 ⇠ m3/2mpl. (S43)

Generic chiral superfields will obtain soft SUSY-breaking mass terms through couplings to X,
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i.e. Z has a soft mass ⇠ m
2
3/2. If X deviates from its vacuum expectation value, then in general this mass term will

also fluctuate. For example, we might suppose that X has a superpotential
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where gX , �X ⇠ O(1) and factors of mX/m
k�2
pl have been extracted to ensure that mX acts as an overall spurion for

shift-symmetry breaking. That is to say, it ensures that if X ⇠ mpl all terms in the potential are of comparable size.
Now, if X has a canonical Kähler potential
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From this we see that requiring that X is the dominant source of SUSY breaking leads to m3/2 ⇠ mX . This then
parametrically guarantees that

FX ⇠ m3/2mplg(X) (S47)

where g(X) is an order-one function of X/mpl. In particular, the term (S44) contains a trilinear coupling:

2⇠XZRe(FX,0mX)

m
2
pl

Re(X)Z†
Z. (S48)

The prefactor here parametrically has size m
2
3/2/mpl. This is the analogue of our toy model, with Z playing the

role of the Higgs boson, Re(X) playing the role of the modulus �, and a prefactor of order M
2
/f with f ⇠ mpl and

M ⇠ m3/2. In other words, a typical Planckian field displacement of X from its minimum will lead to an order-1
variation in the soft mass of Z.

We can also read o↵ from this discussion that the |FX |
2 term in the Lagrangian contains pieces that behave like
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In other words, we expect that moduli will inevitably generate quartic couplings of our fields with parametric size
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Such F -term quartic couplings can also originate, as mentioned in the main text, from additional Kähler potential

terms like
R

d
4
✓
X†X
⇤4 (Z†Z)2. They will exist even, for instance, along D-flat directions of fields with gauge charges,

as discussed in more detail below. The value of the quartic will be sensitive to the modulus value, but the parametric
size will not.

In the context of the MSSM, moduli can a↵ect Higgs soft masses by replacing Z†Z with h†
u,dhu,d, or they can

a↵ect holomorphic (bµ-term) masses by coupling to huhd. If the modulus primarily a↵ects the bµ-term rather than
the soft masses, the dynamics can be rather di↵erent from our toy model, as a tachyonic direction exists both for
large positive bµ and for large negative bµ, possibly disappearing in an intermediate region as the modulus oscillates.
It would be interesting to simulate this scenario in future work.

Many theories of moduli have special points in field space where the metric is singular and a tower of particles
becomes light, e.g. in string theory where many moduli fields T have Kähler potentials of the form a log(T + T †).
Our field � should be thought of as expanding around a value of T � 1, far from the singularity in moduli space
at T = 0. The noncanonical Kähler term expanded around the minimum will give rise to terms like 1

m2
pl

�
2
@µ�@

µ
�,

which may influence the dynamics. We assume that the field remains far from the singularity at T = 0, so that it
is valid to work in terms of the canonically normalized field �. Nonetheless, as mentioned in §II, the omitted terms
could have important dynamical e↵ects. It would be interesting to include such terms in future simulations.

In general, working with moduli whose imaginary parts have associated shift symmetries, which appear via the
combination T + T †, does not qualitatively change the discussion. In certain sequestered scenarios, couplings may
take a di↵erent form. For example, in the context of the large-volume scenario, we expect that the SM matter fields
are sequestered from the overall volume modulus and the leading modulus decay is from the coupling [36, 37]
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Here eT is a modified chiral superfield missing its F -component, which is related to the conformal compensator in
a superspace formulation of the theory [38]. In the presence of an oscillating solution ⇤T ⇠ m

2
T , this generates

similar physics to a bµ term linearly proportional to the modulus. After the modulus fragments, it could lead to
rather di↵erent dynamics due to the derivatives acting on the modulus. Again, it could be interesting to simulate
such variations in the future.

3. The potential along a D-flat direction

Supersymmetric theories with renormalizable superpotentials generically have a variety of flat directions [39, 40].
The flat directions of the renormalizable, supersymmetric MSSM, together with the leading non-renormalizable oper-
ators that lift them, have been catalogued in [41]. The existence of these flat directions is well known to have potential
e↵ects on cosmology, most famously for baryogenesis [42, 43].

Embed the toy model in SUSY
Modulus superfield: 

Z: generic chiral  
superfield (e.g., Higgs 
superfield)

soft mass: m3/22 trilinear coupling: m3/22/mpl

16

In our evaluation below, we use ns = 0.9677 ± 0.006 (Planck TT+lowP+lensing) [30]. We also fix c = 1/16⇡. For
↵ = 1, the lower bounds on m� as a function of ns or r are illustrated in Fig. S6. In this case, the central value of ns

gives us Nk ⇡ 46.4, r ⇡ 0.086, ⇢k/⇢end ⇡ 9. This leads to a conservative lower mass bound of the modulus, m� > 477
TeV when wmod = 0 and a much weaker bound when wmod increases, e.g., m� > 8 MeV when wmod = 0.1. Yet the
potential strong mass bound on the modulus for wmod = 0 may not be solid given the current precision of ns. If
we allow for ns to vary in the 1� range, for instance, when ns takes the value at the lower 1� bound, ns = 0.962,
Nk ⇡ 39.2, r ⇡ 0.10, ⇢k/⇢end ⇡ 8.3. When wmod = 0, m� > 0.14 MeV, which is negligible. In the future, if the
precision of ns could be improved by a factor of 2 to 3 with the CMB-S4 measurements [35], we will have a better
assessment of the compatibility of the modulus scenario and di↵erent classes of inflation models.

A more optimistic scenario is that in the near future, we will detect primordial gravitational waves and measure
r. The precision of CMB-S4 measurement of r is projected to be significantly improved to 5 ⇥ 10�4. Assuming a
measured r = 0.085 and CMB-S4’s sensitivity, we could obtain a solid lower bound on m�: m� > 1000 TeV, when
w = 0 as shown in the right panel of Fig. S6. When w is increased to 0.1, the bound is considerably relaxed to be
well below the cosmological moduli bound.

S4 Aspects of the model

1. Fine tuning and duration of non-linear dynamics

In an untuned scenario, e.g., �0 . f in Eq. 1, at the beginning of the modulus oscillation, there is still a transition
between the unbroken and broken electroweak phases, associated with tachyonic Higgs production. The initial frag-
mentation of the modulus and burst of gravitational waves are thus possible even in theories that are not fine-tuned.
However, as the universe expands, the amplitude of the modulus oscillation quickly reduces. Once |�(t)| < �0, the
Higgs potential is always in the broken phase, so we expect that the coupled phase with exotic equation of state turns
o↵ and the system quickly returns to a standard moduli-dominated phase with w ⇡ 0. The bigger �0 is, the shorter
the duration of the non-linear dynamics. In other words, the number of electroweak-flipping oscillations and hence
the duration of non-linear dynamics is a probe of fine-tuning.

2. Origin of moduli couplings

In this section we will explain the origin of the M
2(�/f)h†

h ansatz for the modulus coupling to the Higgs, and
some variations that can arise. We first start by supposing that the modulus is a chiral superfield X � X + FX✓

2,
with a supersymmetry breaking VEV

hXi = X0 + FX,0✓
2
, where X0 ⇠ mpl, FX,0 ⇠ m3/2mpl. (S43)

Generic chiral superfields will obtain soft SUSY-breaking mass terms through couplings to X,
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2
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†
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i.e. Z has a soft mass ⇠ m
2
3/2. If X deviates from its vacuum expectation value, then in general this mass term will

also fluctuate. For example, we might suppose that X has a superpotential
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where gX , �X ⇠ O(1) and factors of mX/m
k�2
pl have been extracted to ensure that mX acts as an overall spurion for

shift-symmetry breaking. That is to say, it ensures that if X ⇠ mpl all terms in the potential are of comparable size.
Now, if X has a canonical Kähler potential

R
d
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✓X†X, then we can solve for the ✓

2 component FX as:
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Connection to Fine-tuning

Fine-tuning: if we could change SM parameters, e.g., Higgs mass 
parameter, the electroweak physics could be changed dramatically. 

Unbroken EWSEWSB

Today, SM parameters are fixed. Yet in the early Universe,

the toy model I just present realizes the dynamics associated 
with fine-tuning: oscillations between different electroweak phases.



Recap
 Higgs could oscillate between different phases in the early 
Universe if Higgs couples to weakly-coupled oscillating scalar with 
a large field range. 

 This possibility could arise in BSM scenarios explaining the 
origin of the Higgs potential, for instance, in a meso-tuned SUSY 
scenario with moduli and natural Higgs mass >> weak scale.   



High-scale/meso-tuned SUSY
Given the current LHC data, nature is probably tuned or more 
precisely “meso-tuned”: Higgs is the only light scalar with a little 
hierarchy and no other random light scalars around, e.g., mini-split 
SUSY scenario (Hall et. al; Arkani-Hamed et al.; Arvanitaki et al., … 
2012).

V (�, h) = +
1

2
m2

��
2

�m2
hh

†h+
�

4
|h|4,

+
M2

f
�h†h
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M2  ~m3/22>> |mh2|

Embed in high-scale SUSY



Consider: a) energy density is dominated by inflaton. b) interactions 
between the higgs and inflaton could be treated as perturbations; c) 
back-reaction from Higgs to modulus is small.

⇤
<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>

M
<latexit sha1_base64="LYKb6VVKloxBSLpM78v6ttRQbOI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ZbjNU=</latexit>

m�
<latexit sha1_base64="JFUra+Yv56Vw0JIs6AnYemqLcT0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1RL9HRqxfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukVasGF9Xa/WWlfpPHUYQTOIVzCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/g7qPFg==</latexit>

mh
<latexit sha1_base64="4VSpY+0od9F3DkN7YTf39lJSnc8=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7I/6pcrXtWbA68SPycVyNHol796g5imkilLBTGm63uJDTKiLaeCTUu91LCE0DEZsq6jikhmgmx+6hSfOWWAo1i7UhbP1d8TGZHGTGToOiWxI7PszcT/vG5qo+sg4ypJLVN0sShKBbYxnv2NB1wzasXEEUI1d7diOiKaUOvSKbkQ/OWXV0mrVvUvqrX7y0r9Jo+jCCdwCufgwxXU4Q4a0AQKQ3iGV3hDAr2gd/SxaC2gfOYY/gB9/gBPmI3Q</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

modulus field range

energy scale suppressing 
Higgs and inflaton coupling

Higgs mass

modulus mass

weak scale
Hubble

f ⇠ |�0|
<latexit sha1_base64="j1YpBCRU8i51jbZF5AcWZaGwvvA=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mqoMeiF48V7Ac0IWy2m3bpZhN2N0JN+0u8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MOVMacf5ttbWNza3tks75d29/YOKfXjUVkkmCW2RhCeyG2JFORO0pZnmtJtKiuOQ0044up35nUcqFUvEgx6n1I/xQLCIEayNFNiVCHmKxWjikSELnElgV52aMwdaJW5BqlCgGdhfXj8hWUyFJhwr1XOdVPs5lpoRTqdlL1M0xWSEB7RnqMAxVX4+P3yKzozSR1EiTQmN5urviRzHSo3j0HTGWA/VsjcT//N6mY6u/ZyJNNNUkMWiKONIJ2iWAuozSYnmY0MwkczcisgQS0y0yapsQnCXX14l7XrNvajV7y+rjZsijhKcwCmcgwtX0IA7aEILCGTwDK/wZj1ZL9a79bFoXbOKmWP4A+vzB/xQkqc=</latexit>



Classical primordial clocks
Chen, Namjoo, Wang, …   ’11 - present

Heavy fields could always be present during inflation (heavy fields 
from UV physics, SUSY breaking; SM fields obtain masses of 
Hubble through gravitational coupling…)

Classical oscillation of a massive field (due to a sharp turn in the 
inflaton trajectory)

Density fluctuation (subhorizon) 

Correction to the spectrum 

Fortunately, this is indeed the case and in this letter we shall introduce the primordial

standard clock (PSC). There exist many massive fields in the primordial universe. These

massive fields originate from the UV completion (such as the moduli fields, KK modes and

stringy excitations, which are typically quite heavy) and IR uplifting (such as the standard

model fields and other light fields, which become heavier through radiative corrections or

couplings to the background curvature). If the massive fields are heavy enough, at some point

during their evolution in any time-dependent background, they oscillate either classically

or quantum mechanically in a model and scenario-independent way, similarly to that of

harmonic oscillators in the flat spacetime. These oscillations can be regarded as a PSC,

generating ticks for the time coordinate. The ticks get imprinted in the density fluctuations

in terms of special oscillatory features – the clock signals – that directly encode a(t) [8–11].

To demonstrate how a(t) is encoded in the clock signal, let us first look at the case of the

classical PSC [8, 9]. In this case, the oscillation of massive fields is excited by certain sharp

features in models. Once excited, the massive field � oscillates as a background component

if the mass m is larger than the horizon scale,

� / e
imt

. (1)

These oscillations induce small oscillatory components to the couplings in various correlation

functions. On the other hand, the density fluctuation ⇣ corresponds to a massless mode in

the primordial universe. At subhorizon, this mode oscillates as

⇣k / e
�ik⌧

, (2)

where the conformal time ⌧ is related to the physical time t by d⌧ = dt/a(t), and k is the

comoving momentum of the mode.

The correlation function between ⇣’s schematically contains the following term,

h⇣2ki �
Z

e
i(mt�2k⌧)

d⌧ . (3)

Notice that the oscillation frequency of ⇣ is t-dependent, given by the background evolution.

Although at most places this integral averages to zero, once the frequency of ⇣ matches to

that of the massive clock field, the resonance condition is satisfied

d

dt
(mt� 2k⌧) = 0 , (4)

and the correlation function receives a large contribution [12]

h⇣2ki � e
i(mt⇤�2k⌧⇤) , (5)

3

Fortunately, this is indeed the case and in this letter we shall introduce the primordial

standard clock (PSC). There exist many massive fields in the primordial universe. These

massive fields originate from the UV completion (such as the moduli fields, KK modes and

stringy excitations, which are typically quite heavy) and IR uplifting (such as the standard

model fields and other light fields, which become heavier through radiative corrections or

couplings to the background curvature). If the massive fields are heavy enough, at some point

during their evolution in any time-dependent background, they oscillate either classically

or quantum mechanically in a model and scenario-independent way, similarly to that of

harmonic oscillators in the flat spacetime. These oscillations can be regarded as a PSC,

generating ticks for the time coordinate. The ticks get imprinted in the density fluctuations

in terms of special oscillatory features – the clock signals – that directly encode a(t) [8–11].

To demonstrate how a(t) is encoded in the clock signal, let us first look at the case of the

classical PSC [8, 9]. In this case, the oscillation of massive fields is excited by certain sharp

features in models. Once excited, the massive field � oscillates as a background component

if the mass m is larger than the horizon scale,

� / e
imt

. (1)

These oscillations induce small oscillatory components to the couplings in various correlation

functions. On the other hand, the density fluctuation ⇣ corresponds to a massless mode in

the primordial universe. At subhorizon, this mode oscillates as

⇣k / e
�ik⌧

, (2)

where the conformal time ⌧ is related to the physical time t by d⌧ = dt/a(t), and k is the

comoving momentum of the mode.

The correlation function between ⇣’s schematically contains the following term,

h⇣2ki �
Z

e
i(mt�2k⌧)

d⌧ . (3)

Notice that the oscillation frequency of ⇣ is t-dependent, given by the background evolution.

Although at most places this integral averages to zero, once the frequency of ⇣ matches to

that of the massive clock field, the resonance condition is satisfied

d

dt
(mt� 2k⌧) = 0 , (4)

and the correlation function receives a large contribution [12]

h⇣2ki � e
i(mt⇤�2k⌧⇤) , (5)

3

Fortunately, this is indeed the case and in this letter we shall introduce the primordial

standard clock (PSC). There exist many massive fields in the primordial universe. These

massive fields originate from the UV completion (such as the moduli fields, KK modes and

stringy excitations, which are typically quite heavy) and IR uplifting (such as the standard

model fields and other light fields, which become heavier through radiative corrections or

couplings to the background curvature). If the massive fields are heavy enough, at some point

during their evolution in any time-dependent background, they oscillate either classically

or quantum mechanically in a model and scenario-independent way, similarly to that of

harmonic oscillators in the flat spacetime. These oscillations can be regarded as a PSC,

generating ticks for the time coordinate. The ticks get imprinted in the density fluctuations

in terms of special oscillatory features – the clock signals – that directly encode a(t) [8–11].

To demonstrate how a(t) is encoded in the clock signal, let us first look at the case of the

classical PSC [8, 9]. In this case, the oscillation of massive fields is excited by certain sharp

features in models. Once excited, the massive field � oscillates as a background component

if the mass m is larger than the horizon scale,

� / e
imt

. (1)

These oscillations induce small oscillatory components to the couplings in various correlation

functions. On the other hand, the density fluctuation ⇣ corresponds to a massless mode in

the primordial universe. At subhorizon, this mode oscillates as

⇣k / e
�ik⌧

, (2)

where the conformal time ⌧ is related to the physical time t by d⌧ = dt/a(t), and k is the

comoving momentum of the mode.

The correlation function between ⇣’s schematically contains the following term,

h⇣2ki �
Z

e
i(mt�2k⌧)

d⌧ . (3)

Notice that the oscillation frequency of ⇣ is t-dependent, given by the background evolution.

Although at most places this integral averages to zero, once the frequency of ⇣ matches to

that of the massive clock field, the resonance condition is satisfied

d

dt
(mt� 2k⌧) = 0 , (4)

and the correlation function receives a large contribution [12]

h⇣2ki � e
i(mt⇤�2k⌧⇤) , (5)

3

�
<latexit sha1_base64="uveq51XskeZ/BmBbyb/DEzkG8yU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPna2PJw==</latexit>⌦

<latexit sha1_base64="ovRNf7q3nyBJSILjhaQ8/mRQUgg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT2WTI7Mwy0yuEkI/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVmeG8QbTUpt2RC2XQvEGCpS8nRpOk0jyVjS6m/mtJ26s0OoRxykPEzpQIhaMopNaXY0i4bZXKvsVfw6ySoKclCFHvVf66vY1yxKukElqbSfwUwwn1KBgkk+L3czylLIRHfCOo4q6JeFkfu6UnDulT2JtXCkkc/X3xIQm1o6TyHUmFId22ZuJ/3mdDOObcCJUmiFXbLEoziRBTWa/k74wnKEcO0KZEe5WwobUUIYuoaILIVh+eZU0q5XgslJ9uCrXbvM4CnAKZ3ABAVxDDe6hDg1gMIJneIU3L/VevHfvY9G65uUzJ/AH3ucPhzmPsQ==</latexit>

⇣k
<latexit sha1_base64="yGJX0rIhqiDX9UWD6j3P6VoHEQE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN2N0IN/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHssHM0nQj+hQ8pAzaqzU7j2hof1xv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7ulJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jsZcIXMiIkllClubyVsRBVlxiZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gBqa4+e</latexit>

⇣k
<latexit sha1_base64="yGJX0rIhqiDX9UWD6j3P6VoHEQE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN2N0IN/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHssHM0nQj+hQ8pAzaqzU7j2hof1xv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7ulJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jsZcIXMiIkllClubyVsRBVlxiZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gBqa4+e</latexit>



Fortunately, this is indeed the case and in this letter we shall introduce the primordial

standard clock (PSC). There exist many massive fields in the primordial universe. These

massive fields originate from the UV completion (such as the moduli fields, KK modes and

stringy excitations, which are typically quite heavy) and IR uplifting (such as the standard

model fields and other light fields, which become heavier through radiative corrections or

couplings to the background curvature). If the massive fields are heavy enough, at some point

during their evolution in any time-dependent background, they oscillate either classically

or quantum mechanically in a model and scenario-independent way, similarly to that of

harmonic oscillators in the flat spacetime. These oscillations can be regarded as a PSC,

generating ticks for the time coordinate. The ticks get imprinted in the density fluctuations

in terms of special oscillatory features – the clock signals – that directly encode a(t) [8–11].

To demonstrate how a(t) is encoded in the clock signal, let us first look at the case of the

classical PSC [8, 9]. In this case, the oscillation of massive fields is excited by certain sharp

features in models. Once excited, the massive field � oscillates as a background component

if the mass m is larger than the horizon scale,

� / e
imt

. (1)

These oscillations induce small oscillatory components to the couplings in various correlation

functions. On the other hand, the density fluctuation ⇣ corresponds to a massless mode in

the primordial universe. At subhorizon, this mode oscillates as

⇣k / e
�ik⌧

, (2)

where the conformal time ⌧ is related to the physical time t by d⌧ = dt/a(t), and k is the

comoving momentum of the mode.

The correlation function between ⇣’s schematically contains the following term,

h⇣2ki �
Z

e
i(mt�2k⌧)

d⌧ . (3)

Notice that the oscillation frequency of ⇣ is t-dependent, given by the background evolution.

Although at most places this integral averages to zero, once the frequency of ⇣ matches to

that of the massive clock field, the resonance condition is satisfied

d

dt
(mt� 2k⌧) = 0 , (4)

and the correlation function receives a large contribution [12]

h⇣2ki � e
i(mt⇤�2k⌧⇤) , (5)

3

Resonances: (saddle point approximation)

Fortunately, this is indeed the case and in this letter we shall introduce the primordial

standard clock (PSC). There exist many massive fields in the primordial universe. These

massive fields originate from the UV completion (such as the moduli fields, KK modes and

stringy excitations, which are typically quite heavy) and IR uplifting (such as the standard

model fields and other light fields, which become heavier through radiative corrections or

couplings to the background curvature). If the massive fields are heavy enough, at some point

during their evolution in any time-dependent background, they oscillate either classically

or quantum mechanically in a model and scenario-independent way, similarly to that of

harmonic oscillators in the flat spacetime. These oscillations can be regarded as a PSC,

generating ticks for the time coordinate. The ticks get imprinted in the density fluctuations

in terms of special oscillatory features – the clock signals – that directly encode a(t) [8–11].

To demonstrate how a(t) is encoded in the clock signal, let us first look at the case of the

classical PSC [8, 9]. In this case, the oscillation of massive fields is excited by certain sharp

features in models. Once excited, the massive field � oscillates as a background component

if the mass m is larger than the horizon scale,

� / e
imt

. (1)

These oscillations induce small oscillatory components to the couplings in various correlation

functions. On the other hand, the density fluctuation ⇣ corresponds to a massless mode in

the primordial universe. At subhorizon, this mode oscillates as

⇣k / e
�ik⌧

, (2)

where the conformal time ⌧ is related to the physical time t by d⌧ = dt/a(t), and k is the

comoving momentum of the mode.

The correlation function between ⇣’s schematically contains the following term,

h⇣2ki �
Z

e
i(mt�2k⌧)

d⌧ . (3)

Notice that the oscillation frequency of ⇣ is t-dependent, given by the background evolution.

Although at most places this integral averages to zero, once the frequency of ⇣ matches to

that of the massive clock field, the resonance condition is satisfied

d

dt
(mt� 2k⌧) = 0 , (4)

and the correlation function receives a large contribution [12]

h⇣2ki � e
i(mt⇤�2k⌧⇤) , (5)

3

Figure 1: The classical PSC signals, plotted as the amplitude of the oscillatory component of
the two-point correlation function as a function of the scale k, for four di↵erent types of scenarios
characterized by di↵erent a(t). The light green lines are the sharp feature signals, which are
qualitatively the same for di↵erent scenarios. The dark blue lines are the clock signals. The
relative spacing between the ticks of the clock signals, namely the phases of these oscillations,
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are also shown in Fig.1 & 3.
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Using these relations we see that
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where t(2k/m) and ⌧(2k/m) are inverse functions of the scale factor a(t) and a(⌧), respec-

tively. Therefore, the scale factor evolution is directly recorded in the phase of this signal as

a function of the comoving momentum k. Superhorizon physics can only change the envelops

of the clock signals. See Fig. 1 for illustrations.

The classical PSC requires presence of sharp features, which limits its generality. So

it still remained a question whether there exist some types of signals that are as general
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relative spacing between the ticks of the clock signals, namely the phases of these oscillations,
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are also shown in Fig.1 & 3.

where t⇤ or ⌧⇤ denotes the time at which the resonance happens,
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tively. Therefore, the scale factor evolution is directly recorded in the phase of this signal as

a function of the comoving momentum k. Superhorizon physics can only change the envelops
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The classical PSC requires presence of sharp features, which limits its generality. So

it still remained a question whether there exist some types of signals that are as general
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Inverse function

Scale factor evolution directly recorded in the phase.

Could be used to distinguish inflation and alternatives.



Inflation a(t) = eHt
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h⇣2ki � ei(mt⇤�2k⌧⇤) + h.c.
<latexit sha1_base64="rhw/o0Z1FE+vU9fmWY401WFczoc="></latexit>
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⇣
m

H
log(k/m)

⌘
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As an aside, quantum fluctuations of massive field modify the bi-
spectrum (non-Gaussianity). 

e.g, quasi-single inflation: Chen, Wang ’09 …

could be used to: 

a) differentiate inflation and alternatives: Chen, Namjoo, Wang, 
’15…; 

b) probe masses and spins of heavy fields: “Cosmological collider 
physics” Arkani-Hamed, Maldacena ’15 … In particular, could be 
used to probe Higgs sector and high dimensional GUT, Kumar 
and Sundrum ’17, ’18. 



Side comments:

a) Do not discuss modulus-inflaton coupling. It leads to some 
well-known modifications of the inflaton spectrum (similar to 
signal of classical primordial clock).

b) How do oscillations start: multiple possibilities. Modulus starts 
from the flat part of its potential and starts to oscillate when it 
rolls to the non-flat part of the potential.



Imprint on the inflaton spectrum through  (∂ϕ)2h2

h2 ⇡ h2
vev + 2hvevhosc
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small freq: mχ

Low  modificationk piece-wise cosine function (full 
cosine function leads to a  
spectrum as in the classical primordial 
clock scenario by Chen, Namjoo, 
Wang 2011)  

sin(ln k)

beats: superposition of multiple 
periodic functions with similar 
periods



Comparison between different models


