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Motivation

Inflation can be UV sensitive through higher dimensional operators, 
which can affect low energy model building and observations.  
String Theory provides a way to calculate the coefficients of these 
operators.

However, imposing symmetries can forbid these operators (e.g. 
work of Baumann and Green) and observations could determine 
these coefficients (e.g. EFT of Inflation).

Perhaps more interesting is how string theory established the 
importance of moduli and their stabilization. 
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Motivation
Questions remain:

Can inflation teach us something about string theory? 
(not just low-energy SUGRA)

or 
Does inflation censor the UV (Cosmic Censorship)?

Can we probe massive string states through cosmological observations?

Further motivation:
Recent work on “massive” fields and non-gaussianity [many authors]
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k⌘ ! �1ak|0i = 0

↵k ! 1 �k ! 0

Vacuum State



!0

!2
⌧ 1

!00

!3
⌧ 1

WKB Adiabatic Vacuum
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Adiabaticity Fails -- mode production
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Slow Roll Inflation

When does adiabaticity fail?



Light fields are excited at the Hubble radius

M ⌧ H
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Address eta problem, get perturbations for free
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Heavy (super-Hubble) fields are not excited

M � H

Super-Hubble modes decouple, 
Wilsonian intuition valid



A Number of ways this conclusion may fail
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• Departure from slow-roll

• Time dependent mass

• Multi-field Dynamics
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Outline:

The rest of the paper is organized as follows. In Section II we start by reviewing standard

notions of e↵ective field theory and decoupling in cosmology. Section III discusses the violation

of adiabaticity in the model, with the corresponding production of heavy modes. It also contains

the bounds on the size of these non-adiabatic e↵ects. Section IV is dedicated to a discussion of

work in progress, including initial estimates for the size of the e↵ect of the production event on

the power spectrum. In this section we also discuss the connection of our approach to the existing

literature on turns in field space, as well as the e↵ective field theory of inflation approach to heavy

field dynamics considered in [15]. Finally, the Appendix summarizes the geometric interpretation

of the two field model and gives a mapping between our notation and that used in [21].

We note that during the final stages of this work, the studies [42–44] appeared which have some

conceptional overlap with our discussion. A complementary feature of our approach to those works

is that our treatment of production of the heavy field can be viewed as addressing the choice of

initial conditions in these papers, where the heavy field is assumed displaced from the onset.

II. EFFECTIVE FIELD THEORY, MASSIVE FIELDS, AND COSMOLOGY

We begin with a theory described by the following two-derivative Lagrangian 2
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where �ab denotes the metric on field space, and for simplicity we restrict our attention to the case

with only two scalar fields �a = {'L,'H}. The notation is suggestive: 'L denotes a field which is

light compared to the Hubble scale, while 'H is a field whose e↵ective mass is assumed to be heavy

(naively mH > H, however this will be made more precise below). Given these assumptions for

the hierarchy of masses, at tree level we can ‘integrate out’ the heavy field to obtain an E↵ective

Field Theory (EFT) for the light field (see [2] for a pedagogical review). We now outline briefly

how such a procedure works. For concreteness we take the field space metric and the potential to

2 We will work with metric signature (�,+,+,+) and reduced Planck mass mp = 1/
p
8⇡GN = 2.43⇥ 1018 GeV.
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Assume:
•  Light field provides slow-roll inflation (no eta problem)

•  Heavy field begins in its vacuum state

•  Mass Hierarchy is ALWAYS preserved

m2
L ⌧ H ⌧ m2

H
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Frequency of the heavy field

Conclusion One: To probe massive states 
there must be a departure from slow-roll
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Departure from slow-roll:  Massive mode production

We introduce an ad-hoc feature into the inflaton 
(light field) trajectory which:

•  Violates adiabaticity 

• Does not spoil observations and returns to slow-roll 
following the creation event

•  Conserves energy
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As a result, the event must be localized in space and time 
(gravity is therefore negligible):

Departure from slow-roll:  Massive mode production

Rapid change in the acceleration of the field

How large can this effect be and the corresponding 
production of the heavy field?
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Departure from slow-roll:  Massive mode production

Strong time dependence leads to production

(see arxiv:1203.0016 for calculation) 
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Bound on amount of production
(see arxiv:1203.0016 for details) 

Thus, we require that the Hubble parameter is left unchanged by the period of non-adiabaticity.

Since during inflation 3H2m2
p ' V , this means that the source of energy for the transition must

come entirely from the kinetic term of the inflaton. If all of its energy went into producing heavy

particles with energy density ⇢H , conservation of energy would imply ⇢H < '̇2
L/2, where before the

event we have '̇2
L = 2✏H2m2

p. In practice we must require some kinetic energy of the light field to

remain so that inflation can end and so we have the upper bound ⇢H ⌧ '̇2
L.

Since the excitations of the heavy field will be massive the corresponding energy density will

scale like pressure-less matter with ⇢H = m(t)nH(t), where nH(t) is given by (30). We can again

neglect the diluting e↵ect of the expansion and set a = 1 in (30), since we are interested in

conserving energy at the moment of production. We find that the number density is
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where in the last step we have considered the case of interest where production is not highly

suppressed by the exponential. The energy density slightly after production is then

⇢H ' m0C
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✓
m0

q
C̈(r)

◆3/2

, (58)

and will then become diluted once inflation resumes as ⇢H ! ⇢H/a3 ⇠ ⇢He�3Ht. Using (52) and

the definition of C(r) we find that requiring ⇢H to be much less than the kinetic energy of the

inflaton leads to the following upper bound
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Combining this result with the previous lower bound (57) we find
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implying a rather tight window for whatever dynamics of the light field is responsible for driving

the period of non-adiabaticity. We see that the upper bound, although quite easily satisfied for

14 We note that we are interested in the situation where the net change in the slow-roll parameter will be negligible,
although during the transition slow-roll will be violated. This is the case because we require inflation to resume
after the violation, with little change in the Hubble scale and scalar potential as stressed above.

24

Require violation of 
adiabaticity and 
locality in time

Conservation of Energy 

Strength of coupling 
(curvature of field space)



⇢H ⇠ 1/a3 ⇠ exp(�3Ht)

Effect on observations

Local in time implies “instantaneous event” from 
gravitational perspective

Using exact delta function solution of 
- Shiu and Xu, arXiv:1108.0981
- hep-th/0307016  (Kaloper and Kaplinghat)
Possible subtleties: 
- Talk yesterday by K. Turzynski   

where we have been overly conservative in the last estimate.

For masses within the range H < Meff . 100H we make some crude estimates for the impact

on the power spectrum, with the best-case estimate giving

�P⇣ ⌧ 10�5 H2

Meff⇤
, (3)

suggesting that observations will be di�cult in the absence of strong coupling (which here corre-

sponds to ⇤ ⌧ mp). This estimate is based on the ‘sudden turn’ approximation scheme of [21] and

represents the most optimistic case, whereas other estimates lead to an even smaller e↵ect – a care-

ful study of this issue represents work in progress. We also find that the e↵ects of the heavy field

imply a negligible change in the sound speed from unity, and therefore negligible non-Gaussianity.

Independently of our estimate, we find that the contribution to the power spectrum is controlled

by the hierarchies between the Hubble scale, the heavy field e↵ective mass and the scale of strong

coupling – a conclusion that is in agreement with the results of [15, 19, 20] which were obtained

by di↵erent methods. We note that in the presence of strong coupling, unlike the case of DBI

inflation, here we would require a high energy completion of the two-field model. For reasons we

discuss throughout the text, this is both theoretically challenging and observationally interesting.

Our bounds can also be applied to constrain the initial conditions for models which consider a

‘sharp’ turn in field space. In such models [20–22] it has been argued that allowing for a sharp turn

in the trajectory of the inflaton can lead to a potentially large signal of non-Gaussianity. We find

that typically such scenarios require an initial displacement of the heavy field, an initial condition

which is di�cult to maintain for significant amount of efoldings of inflation. Given this, it is natural

to ask what is required to generate such a displacement, under the well-motivated assumption that

the heavy field starts out in its vacuum. Our conclusion is that such a displacement can only be

generated when the e↵ective mass of the heavy field is near the Hubble scale.

Entertaining the idea that some day such fine-tuned features in the inflaton trajectory might

somehow be motivated, we take these bounds to suggest that only for ‘heavy’ fields near the

Hubble scale one should worry about violations of EFT methods. Of course, this is already

expected, since the cuto↵ of the EFT should always be taken slightly above the energy of interest

for observations – in this case E ' H. We take this result as motivation to further understand

the presence of additional massive degrees of freedom near the Hubble scale, as well as further

indication that ‘the EFT of Inflation’ may be a robust approach to connect data with fundamental

theory. The former has been a recent line of inquiry [40, 41], where it was shown that the presence

of supersymmetry may motivate additional massive fields slightly above the Hubble scale.
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Leading effect due to light field dynamics, 
NOT the heavy field!
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Effect on observations

Non-Gaussianity

to interesting features in the bi-spectrum or higher point functions. However, our preliminary

estimates suggest a bound for the sound speed of the light field model, and the corresponding level

of non-gaussianity fNL ⇠ 1/c2s. Using the bound (81) and comparing to the power spectrum we

see that the corresponding speed of sound will be bounded by
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Meff⇤
. (82)

For a hierarchy of scales corresponding to H < Meff and H < ⇤, with the latter required to

avoid the perturbative breakdown of the two-field model, we find negligible variation of the sound

speed from cs ' 1 and non-gaussianity fNL ⇠ 1/c2s ' 1. This result for the sound speed and

its dependence on the strong coupling scale agrees with [15, 19, 21, 69], whose authors used very

di↵erent methods.

Independently of our estimate, we find that the contribution to the power spectrum is controlled

by the hierarchies between the Hubble scale, the heavy field e↵ective mass and the scale of strong

coupling – a conclusion that is in agreement with the results of [15, 19, 20]. We note that in the

presence of strong coupling, unlike the case of DBI inflation, here we would require a high energy

completion of the two-field model. A careful study of these issues represents work in progress.

B. Connection to the Geometric Approach to Multi-field Inflation

In this section we would like to briefly discuss how our model relates to recent studies of multi-

field models of inflation, where dynamics may result from the non-trivial geometry of the scalar

field space [18–22, 34]. Additional details on the relationship between our approach and geometric

methods for the field space can be found in the Appendix.

We begin by recalling that the original light and heavy field fluctuations are related to curvature

and isocurvature perturbations by the rotation (66), controlled by �✓ ' '̇Hp
f '̇2

L

. This description

makes the physical interpretation manifest – the misalignment between the two sets of perturbations

is a measure of how dynamical the heavy field is. If 'H were exactly at rest, the two sets of

fluctuations would remain aligned as the system evolves. A turn in the inflaton trajectory (as

discussed in the references above) is one example of how such a misalignment �✓ 6= 0 may occur. In

this paper we are interested in cases where the heavy field always has a super-Hubble scale mass.

Thus, although in (66) we allow for a slight turn during the period of violation of adiabaticity

�✓ 6= 0, we expect the hierarchy of masses to keep this angle small. In fact, we can estimate

the size of �✓ by using the fact that 1
2 '̇

2
H . ⇢H , with ⇢H the energy density of the heavy modes
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Conclusion 2:  Two cases of interest

(very conservative estimate)

Approach Strong Coupling
Cremonini, Lalak, Turzynski  arXiv:1010.3021
Baumann and Green arXiv:1102.5343



Comments / Open questions

• Can this ad-hoc feature be motivated?

• Radiative stability during approach to strong coupling?   
Need more examples like DBI -- (AdS/CFT useful?)

• Role of backreaction of massive modes (as in moduli 
trapping?)

• Motivates further study of near-Hubble massive fields as 
may be generic in SUSY theories (e.g. recent work of 
Baumann and Green)


