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Massive fields in the primordial universe function as standard clocks and imprint clock signals in
the density perturbations that directly record the scale factor of the primordial universe as a function
of time, a(t). A measurement of such signals would identify the specific scenario of the primordial
universe in a model-independent fashion. In this Letter, we introduce a new mechanism through
which quantum fluctuations of massive fields function as standard clocks. The clock signals appear
as scale-dependent oscillatory signals in the power spectrum of alternative scenarios to inflation.

Introduction. Recent debate [IH3] over cosmic infla-
tion as the origin of the standard Big Bang model has
sharpened the question of how to model-independently
distinguish the inflation scenario [4] from alternative sce-
narios [5H8] in which the density perturbations [9] might
be produced during a non-inflationary phase.

The main criticism is that inflation may not be falsi-
fiable as a scenario — notice that the key point here is
not whether any individual inflation model can be ruled
out or not. We use the terminology “scenario” instead of
“model” to emphasize this point. Sometimes, the process
of ruling out and selecting inflation models within the
framework of the inflation scenario is compared to the
process of selecting the particle physics Standard Model
within the framework of quantum field theory. However,
the current status of the inflation scenario is very dif-
ferent from that of quantum field theory. Independent
of the Standard Model and before the selection process,
quantum field theory had already passed many experi-
mental tests of its defining properties against alternative
frameworks.

Nonetheless, inflation indeed had a falsifiable predic-
tion as a mechanism for generating the density pertur-
bations. Namely, the perturbations have to be seeded on
superhorizon scales. This prediction was firmly verified
by observations. However, it has been shown through
at least toy examples [BH8] that this consequence does
not have to come from an inflationary background. For
example, this is possible even in certain contracting back-
grounds. It is these alternative scenarios that inflation is
now competing with, although they have more unsolved
challenges than inflation. On the other hand, due to
model-building flexibility, inflation has much more flex-
ible predictions on values of other observables such as
flatness, spectral index, adiabaticity, tensor mode and
non-Gaussianity. It is not clear which specific predictions
would have falsified or can be used as falsifiable predic-
tions of the inflation scenario [3]. This is the main criti-
cism. The central question is how to model-independently
establish any primordial scenario — among inflation and
alternative scenarios — through experimental data.

What are the defining properties of these scenarios?
And do we have potential observables that could directly
reveal these properties? The answer to the first question
is in fact very simple — the evolution of the scale factor as
a function of time, a(t). Different scenarios have drasti-
cally different a(t)’s. The problems arise because observ-
ables that are commonly used do not directly measure
a(t). The links between these observables and a(t) are
so indirect that different types of a(t) could predict the
same value for one observable. But, can we find any ob-
servable that directly measures a(¢)? It has been shown
that such observables indeed exist in principle [T0HIZ].

Primordial standard clocks. Any simple model of the
primordial universe in reality needs to be embedded into
a larger UV-complete framework. Despite our ignorance
about the details of this framework, we do know that,
whatever this theory is, it requires a tower of extra fields.
Some of these fields must have masses that are larger than
the characteristic energy scale of the simple model — the
scale of the event horizon. These fields oscillate like har-
monic oscillators. It has been shown that these harmonic
oscillations leave their imprints in the density perturba-
tions and directly record the background a(¢) [I0HI2]. We
call these massive fields the primordial standard clocks.
The oscillations may be excited classically or quantum-
mechanically. In the former case [I0, 1], an extra in-
gredient, namely some sharp feature, is required. On the
other hand, quantum excitation of standard clocks is uni-
versal, and it has been shown that the clock signals exist
in all inflationary models, and possibly in many models
of alternative scenarios too [I2]. Although the amplitude
is very model-dependent, the pattern of the clock signal
is not and directly measures a(t).

Previous realizations of primordial standard clocks, in-
cluding both classical and quantum, rely on the reso-
nance mechanism between the clock field and the field
seeding the density perturbations (see [I3] for a simple
review). Due to this mechanism, in the case of quantum
primordial standard clocks the clock signal hides in the
shape of non-Gaussianities [12].

In this Letter, we introduce a new mechanism through
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FIG. 1: Sketch of the three scales in contraction scenarios,
including the difference between the small and large k cases.

which quantum fluctuations of massive fields function as
standard clocks. This mechanism will be mainly applied
to alternative scenarios in this work. The clock signals
manifest themselves as scale-dependent oscillatory sig-
nals in the density perturbations. It is therefore much
easier to constrain or extract these from data than those
shape-dependent ones in non-Gaussianities.

Clock signals in massive fields. We use the following
simple parametrization to characterize the background of
any arbitrary primordial universe scenario,
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where ¢ and 7 are physical and conformal time in the
FRW metric, respectively. The type of scenario is
uniquely determined by the value of p [10]. Inflation
scenario corresponds to |p| > 1. Contraction scenarios
correspond to 0 < p < 1. Non-inflationary expansion
scenarios correspond to —1 < p < 0. t runs from 0 to
+oo (with tg > 0) for p > 1, and from —oo to 0 (with
tg < 0) for all other p values. 7 always runs from —oo to
0 (with 7o < 0). Such a background has an event-horizon
with energy scale my, = |[(1 — p)/t|.

The equation of motion (EOM) for the mode function
(denoted as vy) of a field with mass m and wavenumber
k is

2
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where a dot denotes a derivative with respect to t.

The mode function v, may evolve through three differ-
ent regimes, determined by which of the last three terms
in dominates. The regime dominated by the mass
term is called the classical regime [12]. When the momen-
tum term dominates, the mode enters the k-dominated
regime; and when the second term of dominates, the
mode is in the horizon-dominated regime.

We now use contraction scenarios (0 < p < 1), such as
Ekpyrotic [5] and matter-bounce [7], as examples. The
three regimes are illustrated in Fig.

At early time the mass term dominates, and the EOM
behaves approximately as

i +mPup =0 . (3)

If k is sufficiently large to satisfy
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then there exists a period of time during which the k-
term dominates and the EOM reads approximately,

vy + ko, =0, (5)

where a prime denotes a derivative with respect to 7. For
smaller k, the k-term is never important. Note that the
condition is time-independent.

At late time, the 2nd term in Eq. will always be-
come more important than the last two terms. Physically
this means that the horizon shrinks faster than the scale
factor and perturbations eventually exit the horizon de-
spite the contracting background.

We now show an important property of the mas-
sive field mode function when condition is satisfied.
During the transition from the classical regime to the
k-dominated regime, the mode function develops a k-
dependent phase which directly records the evolution of
the scale factor a(t).

In these two regimes, the EOM is approximately,
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Neglecting an envelope with weaker time dependence, the
leading order solution to this equation is
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where we have defined y = ma(t)/k and yq is evaluated
at to in the far past. a(~V)(kz/m) denotes the inverse
function of a(t). We can already see how the inverse
function of a(t) gets encoded in the phase as a function
of k. More explicitly, we apply the parametrization
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In the far past (large y), we find vy, x exp (£imt). Thisis
the expected mass-dominated behavior in a contraction
scenario. In the k-dominated regime (small y), using the
same normalization for v, we find

Vi ~ eXp

. (8)

Vi ~ exp

V X exp (iiﬂifl/p) exp (£ikT) | 9)

where § = T (ﬁ + %) r (—ﬁ) /(2/7).



The k-dependence in the first phase factor in @ is
given by the inverse function of a(t) o t?. Recall that
the value of p determines the scenario. We will make use
of this important property when computing the density
perturbations. As in previous work, we label this phase
factor and related signal as the “clock signal”.

Before proceeding to the analyses of the density per-
turbations, a few comments about the generality and ro-
bustness of the clock signals are in order:

(i) Caution should be exercised in deriving the precise
values of 5. 8 becomes singular when p = 1/(2n) with n
a positive integer. The singularity is removed by higher
order terms in the series-expansion of the resulting inte-
gral in around y — oco. For example, with p = 1/2,
after the cancellation we find that 8 should be replaced
by 1/4+ (In2)/2 — (In k) /2, where the In k term is due to
normalizing a phase-shift at large y. Higher order terms
are also important if p is close to those singularities.

(ii) The results above for contraction scenarios can be
generalized to other scenarios with slight modifications.

For expansion alternative scenarios (—1 < p < 0), the
massive field starts from the k-dominated regime and
then enters the classical regime. The condition should
then be changed to

k<1. (10)

Also, yo < 1 and yy < y, instead of yg > 1 and yo > y.
Consequently, v initially behaves as v, o< exp(LikT),
and develops a k-dependent phase after entering the clas-
sical regime,

Vg X eXp (:Fiﬂfcl/p) exp (Limt) . (11)

For inflation models with |p| > 1, my never exceeds
m, so the clock signal phase factor is present for all k.
In the limit of the exponential inflation |p| — oo,
becomes

V), X exp [$ZZL In (—ZkT>:| , (12)

where we have used the relation and p/to — H. The
dependence of the phase on k is still the inverse function
of a(t); however, it depends on the combination k7 which
has special implications for this case.

(iii) Although mathematically the mode function can
contain an arbitrary k-dependent phase factor, physi-
cally such factors are constrained by initial conditions.
For contraction scenarios, the ground state of the initial
vacuum fluctuations of massive fields is k-independent
harmonic oscillations; for expansion scenarios, it is effec-
tively massless plane waves. One can also consider var-
ious physically motivated excited states, but it is clear
that a special initial state just able to cancel the very
special form of the clock signal in @ or , is highly
artificial.

(iv) We examine whether the clock signal may be con-
taminated during the subsequent evolution of vy.

For contraction scenarios, the horizon scale my will
eventually dominate. The transition from the k-
dominated to the horizon-dominated regime is described
approximately by with the last term neglected. This
is the same as the EOM of the massless mode and the
solutions are Hankel functions of k7 for arbitrary p. The
k-dependent factor generated in the transition can be
seen by taking the limit k7 — 0. It is in power-law in k
and not important for our purpose.

For expansion scenarios, the massive mode either stays
in the classical regime (for the inflation scenario), so the
clock signal remains the same; or transitions from the
classical to the horizon-dominated regime (for alternative
scenarios), in which case the k-term is negligible, so there
is no extra k-dependent term generated.

Therefore, in all cases the clock signal generated in the

transition from the classical to the k-dominated regime
(or the reverse) will not change during the subsequent
evolution of the massive field.
(v) So far, approximations are used to extract the clock
signal because the EOM and @ cannot be solved an-
alytically for arbitrary p. Nonetheless, a few special cases
with analytical solutions are available for us to check our
results:

a) v with p = 1/2 is analytically solvable. With the
initial condition vy o e”*™, v, has a phase factor o
exp {z <71/4 —(In2)/2+ (In l~c)/2> I::Q} at late time. This
matches what we found above.

b) p = 1/3 is solvable analytically when neglecting
the horizon term. This approximation is fine because,
as discussed, the horizon term does not change the clock
signal. Imposing vy o e~"™ as initial condition, in the
k-dominated regime we find a phase factor o exp(%lz‘g),
agreeing with @

¢) The exponential inflation case is also analytically
solvable. At late time the massive field has a phase fac-
tor o< (k7)~"/H if we impose the Bunch-Davies initial
condition and consider m > H. This agrees with .

For general cases, one can always perform numerical
calculations to find the forms of clock signals.

FIG. 2: Examples of the massive field contribution to the (a)
two-point and (b) three-point correlation functions. The solid
line represents the massless curvature perturbation ¢, and the
dashed line represents the massive clock field.

Clock signals in density perturbations. Now we con-
sider the correction from massive field to the two-point



correlation of curvature perturbation ¢ (with mode func-
tion uy) in Fig.[2 We take a direct coupling between the
two modes for simplicity with a general time-dependent
but non-oscillatory coupling strength Az(7). One can
choose other types of couplings without changing the re-
sults here. Then Fig. a) reads

Tend
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— 4Re [uﬂmnd/ dﬁ)\g(ﬁ)quk/ dTQ/\Q(TQ)'LLZ’UZ] .
(13)

The prime on A(¢?) means that the momentum conser-
vation delta-function is removed.

In the classical and k-dominated regimes, vy rapidly os-
cillates in time, and so the integrand does not contribute
much to the integral. Resonance between different os-
cillatory components may give larger contributions, but
this requires at least two modes with different wavenum-
bers (for reasons see [13]). Consequently, in previous
realizations of primordial standard clocks, either some
background oscillation [I0] or soft limits of non-Gaussian
correlations [12] were required.

However, to study the scale dependence of the cor-
relation functions, all mode functions share the same
wavenumber and the resonance does not occur. For alter-
native scenarios, the main contribution to the integrals in
originates from the horizon-dominated epoch, dur-
ing which both v, and wu; stop oscillating. As we have
shown, v has developed a phase factor — the clock signal
— until this epoch. This phase is time-independent and
can be pulled out of the integral. It is then straightfor-
ward to figure out the clock signals in various correlation
functions.

For contraction scenarios, if we start the massive field
as vy ~ cpe ™ 4 ¢ et then until the horizon-
dominated regime these two components will evolve into
the two in @D This is the regime where the integral in
receives the main contribution. So the two-point
correlation function contains a k-dependent oscillatory
component, namely the clock signal, as follows,

A(C?) = |eic |sin (2/31%1/P + ¢>) FE) ..., (14)
where both ¢4 and ¢ are approximately constants. We
use f(k) to denote the envelope and dots to denote other
terms, which have much weaker k-dependence than the
oscillations in the clock signal. The pattern of the clock
signal (parameterized by p) is the unique prediction of
a particular scenario. Measuring such a pattern would
directly determine a(t). Two examples are plotted in
Fig. [B]in comparison with numerical results [14]. On the
other hand, the amplitude of the clock signal depends
on couplings and does not belong to model-independent
predictions of any particular scenario.
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FIG. 3: Corrections to scalar power spectrum from a mas-
sive field for two contraction scenarios. In each panel, two
numerical results (described by blue and magenta solid lines)
with different initial conditions are plotted against the analyt-
ical clock signals in (dashed). In numerical calculations,
the EOM approach [15] is applied and we use the examples
A2 = 0.05a(T) (p = 1/2) and A2 = 0.02a(7) (p = 2/3) for
faster convergence.
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Expansion scenarios are similar except for the case of
exponential inflation (|p| — o0), for which due to the
special form of the mode function , the k-dependent
clock signal gets cancelled after integration over time.
This is possible because, unlike the alternative scenar-
ios, the massive field never exits the classical regime
and keeps oscillating rapidly. The cancellation can be
easily seen by redefining the integration variable as k.
This result is also expected from the scale-invariance of
the exponential inflation. With large but finite p, the
scale-dependent clock signal is present but suppressed by
1/p. For nearly exponential inflation, we should look
for quantum standard clock signals in the shape of non-
Gaussianities instead [12].

Vacuum states are in general more complicated in al-
ternative scenarios than in inflation. In some scenarios
the thermal state is required to achieve a scale-invariant
spectrum [8]. For generality, we have kept both posi-
tive and negative frequency components in the massive
field initial state. Both are required for the leading order
clock signal to show up as scale-dependent corrections in
density perturbations.

Next we consider the three-point correlation in
Fig. 2[b). The appearance of the intermediate massive
field is the same as before, except that now we have per-
mutation of the three momenta. We leave the general
configuration for future studies. For the purpose of this
work, the overall scale dependence of non-Gaussianity
can be studied by looking at the equilateral configura-
tion where k1 = ko = k3 = k. The scale dependence as a
function of k is exactly the same as in . Notice that
this clock signal is not only correlated with the signal
in the power spectrum , but also with the shape-
dependent clock signal in the same three-point correla-
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FIG. 4: Illustration of clock signals for two types of alternative
scenarios - expansion and contraction scenarios. Two different
masses are plotted in each case.

tion studied in [12]. These correlations distinguish the
standard clocks from other models (such as models with
periodic features) which may mimic the signals in the
power spectrum.

Discussion. Could the clock signals in alterna-
tive scenarios be mimicked by inflation models? Scale-
dependent oscillatory features may be generated during
inflation if there are disturbances to the attractor solu-
tion, which may be due to new physics at short distances
(see [I6] for a review), or sharp or periodic features in the
model (see [I7] for reviews). Depending on whether the
disturbances are generated for all modes at the same time
or at the same energy scale, the power spectrum acquires
an oscillatory component that behaves as ~ sin(k/ko+¢)
or ~ sin(Qlog(k) + ¢), where kg, Q and ¢ are all con-
stants. These are distinctively different from .

To mimic the clock signal , one has to construct a
series of non-periodic features on the inflation potential
and adjust all the spacings between adjacent features in
such a way to just reproduce the oscillatory patterns in
. Comparing to the simple physics of one massive
state in an alternative scenario, this finely tuned proce-
dure is highly artificial with many extra parameters. It
would be clearly disfavored even without a complete un-
derstanding of the subtle measure problem in inflation.
The differences become more clear if non-Gaussianities
can be measured. As mentioned, the clock signal
is correlated with corresponding clock signals residing in
both scale and shape-dependence of non-Gaussianities.
On the other hand, the inflation model with artificial
features also has correlated features in non-Gaussianities
[I7]. It is easy to see that the two are very different.

How density perturbations in contraction scenarios
survive the bounce remains an open question [I8]. How-
ever, since the most important pattern of the clock signal
is unchanged under a universal rescaling of all wavenum-
bers or the amplitude, the information about a(t) in the
clock signal most likely remains unchanged under what-
ever bounce mechanism is at work.

We conclude by making the following interesting com-
parison between the inflation and alternative scenarios.
The energy scale of horizon during inflation is roughly
a constant. Particles with a mass around or below this

scale are created quantum-mechanically and leave their
imprints in the shapes of non-Gaussianities of the den-
sity perturbations. In this sense, inflation works like a
particle collider with a fixed energy scale [I9H35].

In contrast, the energy scale of the horizon in alter-
native scenarios increases with time. Fields with a mass
much larger than the horizon scale (and hence more dif-
ficult to create spontaneously) may eventually become
lighter (hence easier to create). These are the fields of
interest here. We have shown that with some generic as-
sumptions on the initial state, they leave imprints in the
density perturbations in terms of scale-dependent oscilla-
tory signals. These signals appear in wavenumbers that
satisfy condition or for contraction or expansion
scenarios, respectively (see Fig. . Therefore, the alter-
native scenarios are more like particle scanners — they
scan over a tower of massive fields one by one and dis-
play each of them as a pulse of signals at different length
scales in the density perturbations.

Besides particle spectra, clock signals from both types
of particle detectors also carry direct information about
a(t), and therefore are predictions which can be used
to falsify competing primordial universe scenarios in a
model-independent fashion.
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