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Following the 2015 Planck release, we briefly comment on the status and some ongoing 
opportunities in the interface between inflationary cosmology, string theory, and CMB data. 
The constraints in the r–ns plane introduce a new parameter into inflationary cosmology 
relative to the simplest quadratic inflation model, in a direction which fits well with 
couplings to heavy fields as occurs in string theory. The precision of the data permits 
further searches for and constraints on additional model-dependent features, such as 
oscillatory N-spectra, a program requiring specific theoretically motivated shapes. Since the 
perturbations can easily be affected by additional sectors and couplings, null results can 
usefully bound such contributions. We also review the broader lessons string theory has 
contributed to our understanding of primordial inflation, and close with some approaches 
to a more complete framework.
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r é s u m é

À la suite de la publication, en 2015, des résultats du satellite Planck, nous commentons 
le statut de plusieurs recherches en cours à l’interface entre cosmologie inflationnaire, 
théorie des cordes et observation du fond diffus cosmologique. Par rapport au modèle 
le plus simple d’un champ massif, les contraintes dans le plan (r–ns) font intervenir 
un nouveau paramètre cosmologique qui donne une bonne description d’un couplage 
à des champs lourds, comme ceux apparaissant en théorie des cordes. La précision 
des données permet de rechercher et de contraindre des signatures supplémentaires et 
spécifiques de certains modèles, comme des oscillations dans les spectres d’ordre N , ce 
qui nécessite la détermination théorique préalable de la forme de ces spectres. Étant 
donné que les perturbations sont sensibles à l’introduction de nouveaux secteurs et de 
nouveaux couplages, des tests nuls sont utiles pour contraindre de telles contributions. 
Nous résumons les grandes leçons que la théorie des cordes a permis de tirer quant à notre 
compréhension de l’inflation primordiale, et concluons en décrivant quelques approches 
dans un cadre plus général.
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1. Introduction

With the Planck 2015 release, the highly nontrivial agreement between �CDM and the CMB remains robust [1–4], re-
produced via an independent set of tests in polarization. Inflationary cosmology fits this data extremely well, predicting that 
the power spectrum (which is a priori a general function) boils down to a few numbers to a good approximation. This is a 
spectacular development, giving an account of the origin of structure which follows from the basics of quantum mechan-
ics combined with accelerated expansion of the early universe [5]. At the same time, the subject is rich with interesting 
unanswered questions, both phenomenological and beyond – including the physics of earlier phases of the universe and the 
search for a complete framework for describing formal ‘observables’ in cosmology.

Moreover, although inflation provides a paradigm which can be described using familiar quantum field theory and 
general relativity, quantum gravity effects play a role: any low-energy model of inflation makes assumptions about Planck-
suppressed operators. This offers remarkable contact between string theory, low energy effective theory, and observables. 
More generally, the observable perturbations can easily be affected by additional sectors of fields (or higher dimensional 
defects), either heavy or light compared to Hubble during inflation, as well as being sensitive to nonlinear interactions in 
the inflation sector. As a result, either discoveries or constraints can be very informative for high energy physics.

The goal of understanding the underlying principles and mathematical structures in physics suffices to justify substantial 
effort in formal theory [6], and many important questions will always remain out of empirical reach. However, the interface 
with cosmology provides an overlap between thought experiments and real ones which is well worth exploiting to the 
full extent possible. From the point of view of string theory research, the formal questions in cosmology are certainly as 
interesting as in other areas, with the added benefit of potential connections with data given the relatively high energy 
scales and field strengths that may be involved in inflation.

Current observations provide powerful constraints and discovery potential along several axes of theoretical and phe-
nomenological interest, getting closer to important thresholds for tensor modes and various non-Gaussianity parameters. 
The data provides opportunities for additional searches for structures in the power spectrum or higher correlators. In this 
note,1 I will provide some updated comments on this interface and propose some next steps following the 2015 Planck 
release along with the progress in B mode detection by a number of experiments as well as new approaches in large scale 
structure.

2. r and ns: heavy field(s), deformations of m2φ2, and new cosmological parameter(s)

Although �CDM fits the data beautifully, there is already a sense in which we require an additional parameter given the 
latest CMB results.

Including the analysis [3], the paper [4] reports a reduction by 29 percent of the viable region of the r–ns plane, enough 
to further disfavor m2φ2 inflation [10] (as well as Natural Inflation [11]). Let us proceed under the assumption that these 
scenarios are in fact ruled out, although this may be premature. The m2φ2 model incorporates both the inflationary phase 
with the resulting density perturbations and the exit from inflation that is required to match to later-time cosmology, with 
just two nonzero parameters: m and the initial position of the field. Since inflation must exit, and assuming analyticity in 
field space, there must be one or more additional parameters in the inflaton action as compared to this model. Although 
the 6 parameters of �CDM suffice to characterize CMB data, the theory now requires an additional parameter in order to 
capture that combined with the empirical fact that inflation must end. There are many ways such a new parameter could 
enter.

The direction it goes fits very well with basic expectations from the point of view of UV completing gravity [12]: ad-
justments of heavy fields involved in the UV completion tend to flatten the potential since that is energetically favorable. 
It is worth emphasizing that this might be expected in any UV completion of gravity, since new degrees of freedom would 
be expected to take over at or below the Planck scale where the gravitational coupling becomes strong. It was articulated 
originally in the context of string theory, which is arguably the leading candidate2 for a theory of quantum gravity which 
has passed numerous thought-experimental ‘null tests’.3

String theory contains various scenarios for inflation. One basic mechanism, monodromy inflation [14–20], realizes 
large-field (‘chaotic’) inflation generalizing the m2φ2 model [10] (with elements of natural inflation [11]). This mecha-
nism descends in a robust way from higher dimensional gauge potentials and their couplings to magnetic fluxes, as well as 
various analogues related by string duality symmetries. Examples of this mechanism predict potentials flattened [12,20,19]
compared to fiducial monomial forms φn (and with small oscillatory features derived from the underlying periodicity of the 
theory in axionic directions). For n = 2, the adjustments of heavy fields typically produce a potential of the form φp<2 (for 

1 For more comprehensive introductions and reviews see, e.g., [7–9].
2 There are interesting proposals for alternative frameworks for quantum gravity including inflation, such as [13].
3 These include calculations of black hole entropy, duality relations which make sense of strong-coupling limits (including the AdS/CFT correspondence 

and other formulations of quantum field theories), a plethora of evidently metastable local minima of the scalar potential, permitting an interpretation of 
the cosmological constant as a selection effect, as well as the present topic of inflationary mechanisms which account for quantum gravity effects and fit 
well with current data.
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the single field version of the mechanism). This fits within the currently allowed region in the r–ns plane, as a direct result 
of the flattening effect.

This effect is just simple classical mechanics at the level of the potential V ({φH }, φ), incorporating its dependence on 
both the candidate inflaton φ and heavy fields {φH }. Note that another energetically favorable possibility is simply that the 
inflationary energy destabilize the potential in some direction in field space. To assess this it is useful to bring in some 
basic elements of string theory compactifications. The simplest structures entering in moduli stabilization are three-term or 
two-term stabilization mechanisms. The latter come from a balance of fluxes (magnetic fields) threading through different 
directions in the extra dimensions. The flux prevents either direction from shrinking too much at fixed overall volume, since 
the energy density in the magnetic field would blow up. This leads to a potential of the schematic form

f1(φ)xγ1 + f2(φ)x−γ2 (1)

(with f1, f2, γ1, γ2 > 0), where x is a ratio of length scales in the two different directions. At fixed y these two terms 
stabilize x. Because of the Stuckelberg structure of the gauge field kinetic terms, one obtains a potential depending on the 
flux quanta Q and axions φ for which the terms in (1) are schematically of the form

(Q 1 + φ

f
Q 2)

2xγ (2)

As a result, the potential fiducially depends on the inflaton φ as ∼ φ2, and the adjustment of x flattens the potential 
relative to this.4 In contrast, three-term stabilization mechanisms, with coefficients depending similarly on φ, do not tolerate 
large field ranges before getting destabilized at least for modest values of discrete parameters. It is therefore the former 
mechanism which operates in concrete models proposed in the literature. Couplings in the kinetic term similarly affect the 
potential for the canonically normalized field. These can go in either direction (flattening or steepening), something that 
would be interesting to characterize more systematically.

The predictions for the tensor to scalar ratio for the earliest examples of this mechanism are very close to the current 
peak value of the posterior on r in the BICEP–Keck–Planck joint analysis [3], but the latter is also consistent with r = 0, as 
is all current data at the present writing. The constraints on ns are also interesting, although significantly more fungible in 
these models including the possibility of multiple fields, which reddens the tilt [21]. I will discuss oscillatory features, non-
Gaussianities, and related effects separately below. The observational progress on the tensor to scalar ratio r is extremely 
interesting in its connection to quantum gravity, enabling a measurement or constraint on quantum-gravitational waves and 
on the field range relative to the Planck scale during inflation [22].

It will be interesting to improve the theoretical constraints on model parameters as the observational constraints con-
tinue to tighten. One basic question is whether it has simply been a coincidence that the predictions originally landed 
within the viable region of r and ns and remain so at the present writing. Starting from the quadratic model, we had 
explained this improvement of fit in a simple way above via the energetically favorable flattening effect [12]. But as de-
scribed in [20] and [19], there exist couplings in the theory which admit a starting (un-backreacted) power V ∝ φn with 
higher n. In fact, n is in principle unbounded, taking into account that perturbative string theory can be formulated in any 
total dimensionality D , as long as one properly accounts for the tree level potential energy ∝ (D − 10)g2

eff , with geff the 
four-dimensional effective string coupling. These models are (so far) less well studied, and involve additional fields which 
may have unrealistic consequences, but they raise the question of how large the theoretically-allowed region of r, ns is in 
this general mechanism.

One approach to this is to push the theory toward putatively large values of the fiducial power p0 = n, to see whether the 
kinetic terms and potential adjustments generally conspire to lower the power to a viable regime. There is some evidence 
for this [23]: for example, considering twisted tori in any dimension, generalizing [24,14] yields at most a finely spaced 
‘discretuum’ of models with p < 2.

Another direction of current interest is the relation of multi-field Natural Inflation [25] (where the monodromy effect is 
turned off, but multiple axion fields are included) to the ‘weak gravity conjecture’ [26–28]. Theoretical constraints on the 
charge to mass ratio of black holes are related to certain instanton effects which can reduce the period and hence field 
range if their amplitude is sufficiently large. However, at least at the present writing there is no evidence for a universal 
constraint on this mechanism [27]. In monodromy inflation, the value of the underlying axion period f is not relevant 
for the field range; a classical potential lifts the axion, and residual periodic effects are subdominant, leading to small 
oscillations in the potential and periodic particle or string production effects as we will discuss further below. At large 
radius and weak coupling, perturbation theory is a good approximation and nonperturbative effects such as instantons are 
exponentially suppressed. Much stronger conditions have been considered, for example in [29], which noted that in axion 
monodromy one does not have the same light spectrum all along the field range. This is well known, already true in simpler, 
less realistic systems with large field ranges in string theory, such as supersymmetric gauge theory moduli spaces. In the 
inflationary context, this arises in two ways: (i) from the monodromy of wrapped branes of all dimensions in the theory, 
leading to a new set of lightest degrees of freedom each time around the underlying period, and (ii) an increasing number 

4 Higher fiducial powers are also possible [19,20].
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of light modes carried by the monodromy-inducing brane/flux sector. Concrete models address these effects, and no physical 
principle forbids them; they do not generally present complications at the Planck field range (or well beyond).

There are other string-theoretic mechanisms for slow roll inflation which predict small r and viable ns (depending 
on details), such as the pioneering work [30] (with undetectably small r) and proposals to realize, among other things, 
Starobinsky-like inflation with exponential terms in the potential [31,32] (with potentially detectable r ∼ 10−3). This can 
also arise naturally from extra-dimensional geometry in some regimes (see the talk by C. Burgess [9] for a recent review). It 
would be interesting to understand more systematically the corrections in Starobinsky inflation [7]. Other interesting defor-
mations studied recently in a supergravity framework include parameters α in the kinetic terms, related to the geometry of 
scalar field space [33] (covered in another chapter in this volume by A. Linde). It would be interesting to understand how 
these might be connected to UV physics.

3. Comments on the nature of observational predictions in string theory

It is notoriously difficult, if not impossible, to produce useful global predictions from string theory. On the one hand, the 
theory is highly constrained – the absence of a hard cosmological constant in any dimension, and the sub-Planckian range of 
single axion fields (without incorporating monodromy) being two basic examples relevant to cosmology. The theory codifies 
basic principles such as unitarity, ultraviolet completeness, black hole statistical mechanics and holography. On the other 
hand, there are many solutions of string theory.5

This is quite analogous to quantum mechanics or quantum field theory models of physical phenomena. General principles 
such as unitary evolution are very important and powerful, but do not in themselves provide specific predictions. Such 
predictions only arise after specifying the degrees of freedom, Hamiltonian, and wavefunction of the particular model or 
class of models. The difference in inflationary cosmology is that understanding the process requires control of quantum 
gravity effects. So one models them ideally in a quantum gravity theory, in particular string theory.

In that context, similarly to quantum mechanics or QFT, specific predictions arise only after further specifications. Mech-
anisms and models have been identified in this way, which take into account structures and constraints in string theory. 
Those which produce detectable r (or do not) and those which predict interesting shapes of non-Gaussianity (or do not), 
are very different microscopically. Being able to cleanly distinguish different models in quantum gravity, in a field which 
requires control of such effects, is groundbreaking (thanks to the monumental observational progress in the field). This is 
true despite the absence (at least at the present writing) of a universal prediction.

Independently of the observational constraints, another application of string-theoretic inflation has been to illustrate very 
concretely the full range of inflationary dynamics, feeding into more systematic effective field theory (EFT) treatments. Even 
if in the end the date hones in on single-field slow roll inflation with undetectably small r, this more accurate understanding 
of the dynamic range of inflation is important.

That said, there is room for progress in the direction of more powerful no go theorems, or more general, less model-
dependent string theoretic effects (for example exploiting the intrinsic non-localities arising from its extended objects [34], 
or the pattern of massive states arising in string theory [35]). Regardless, it is very important not to generalize prematurely 
from a small set of examples or conjectures. The ultimate lessons will reveal themselves on an appropriate timescale, and 
patience is warranted both theoretically and experimentally.

4. Structures in the power spectrum and non-Gaussianity

Although the data favors �CDM over all alternatives so far analyzed – and does so in a highly nontrivial, overconstrained 
way – it still leaves room in principle for additional structures. Once again for both the power spectrum and the higher point 
correlators the Planck 2015 results impose important constraints [1,4,2], finding no statistically significant evidence for such 
additional structures.6 But it remains an open possibility worth exploring in the spirit of making the most of the data, 
particularly since various mechanisms and symmetry structures lead to ancillary predictions along these lines, analyzed in 
interesting work such as [36–38]. Turning this around, tightening constraints can put very interesting limits on inflaton 
couplings and additional sectors [39].

This is a place where the ‘UV completion’ can play a special role. Although from a low energy effective field theory point 
of view [40,41], one can beautifully organize the observables [5], there are arbitrary functions of time t in the resulting 
Lagrangian (without additional symmetry assumptions beyond what is required for inflation [38]). Even if some additional 
structure were present, searching for such arbitrary functions (with many parameters) could never provide a significant 
detection. To make progress in constraining such possibilities therefore requires theoretically motivated structures with a 
limited number of parameters.

Broadly speaking, mechanisms that produce inflation via nontrivial interactions which slow the inflaton tend to produce 
strong non-Gaussianity at the single-clock level, leading to overlap with the equilateral and flattened shapes for the bis-
pectrum. An early example of this was DBI inflation [42] and its cousin trapped inflation [43] (which is related to both 

5 This latter property can in itself be considered a feature rather than a bug, as it lines up with a viable interpretation of the dark energy as a selection 
effect.

6 Although Planck reports a set of 3σ anomalies in multifrequency oscillatory non-Gaussianity and at low � in the power spectrum.
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DBI inflation and monodromy inflation by varying parameters, with some interesting intermediate regimes where all may 
play a role as in the Unwinding Inflation scenario [18]). From the bottom up, at the single-field level these obey a model-
independent relation to the sound speed of perturbations [41]. Some mechanisms contain an underlying periodic structure, 
leading to oscillatory features; in general features can arise in a variety of ways via interactions of the inflaton with addi-
tional degrees of freedom. With multiple fields, the possibilities proliferate.

The Planck team analyzed a plethora of non-Gaussian shapes, including templates combining equilateral and flattened 
shapes with features or oscillations. When allowing for multiple frequencies, some such combinations grew in significance 
with the inclusion of polarization, some exceeding 3σ after look elsewhere effects were taken into account according to 
the analysis of [2]. The �3σ improvements could well be statistical fluctuations, or as yet unresolved systematics, consis-
tent with the underlying model being simple slow roll inflation. Nonetheless, it is interesting to take a phenomenological 
approach to the problem and ask whether an appropriate theoretical structure could underlie the templates which yielded 
the greatest significance in the data – and if so whether the structure might tie together the parameters in a way that 
substantially improves the significance and/or makes further testable predictions. Let me make a few comments along these 
lines, based on preliminary discussions [44]; see also [45] for another approach.

From the string-theoretic point of view, logarithmic-spaced oscillations arise automatically from the structure underlying 
axion monodromy, with model dependent amplitude. These periodic effects in general include both an instanton-generated 
sinusoidal term in the potential and also particle or string production events of various types. The former have been ana-
lyzed extensively, but the latter are also as intrinsic to the mechanism. They have been studied in more extreme regimes 
of parameters [43], where they provide a novel mechanism for inflation with strongly non-Gaussian perturbations. In that 
regime, the perturbations were studied in a continuum approximation which washed out the oscillations. It will be inter-
esting to instead work in an essentially slow roll inflation regime and relax the continuum approximation, incorporating the 
production-induced oscillations and deriving the resulting amplitudes and shapes [44] of non-Gaussianity and its relation to 
additional features in the power spectrum.

Finally, it is worth noting that although the CMB data has provided useful constraints, it cannot reach some important 
thresholds – in particular the thresholds separating slow roll inflation from alternative mechanisms [41]. These will require 
additional data such as large-scale structure [46], which may ultimately provide additional constraints on new physics.

4.1. Multifield dynamics and statistics

There has been a lot of interesting recent work on multifield effects, and also on statistics of multiple vacua in certain 
classes of effective actions. The presence of multiple light (or temporarily light) fields brings in a variety of additional 
phenomena. In addition to enriching the basic geometry of the field trajectories, non-adiabatic and renormalization effects 
arise with back reaction on the inflaton motion and perturbations. This is a complicated problem in general, but some very 
interesting results have been obtain in particular circumstances. Some recent examples include [47,45].

5. Signatures of defects (bubbles, strings, etc.)

In some sense, the most striking potential observables related to string theory might arise from defects such as bubble 
walls (and/or the negative curvature inside a bubble), or cosmic strings, or even inflation at such a high scale compared to 
the string tension that string-theoretic effects become directly detectable [35].

The observation of bubble nucleation or collision requires special conditions – a small enough number Ne ≈ 50 of 
e-foldings of inflation to preserve evidence of the onset of inflation, i.e. just enough to be phenomenologically viable. In 
an interesting class of examples based on the KKLMMT mechanism [30], with accidental cancellations among several hun-
dred operator contributions to inflation, the distribution of e-foldings was shown to decrease at large Ne [48]. This is related 
to the percent level tuning required in this type of mechanism for small-field inflation.

However, it is very important to note that inflation need not be fine-tuned from the point of view of the standard, 
Wilson–’t Hooft naturalness criteria. With a shift symmetry, corrections do not ruin slow roll, and the hierarchy between 
the scale of the potential and the Planck scale can easily be obtained via dimensional transmutation (as well as its various 
duals). These criteria embed consistently in string theory given the discrete shift symmetries along axion directions, given 
proper adjustments of fields which couple to them such as the ‘moduli’ scalars. (There may be other Wilsonian-natural 
regimes, but this is enough to suggest a very large class of examples with no reason for a minimal Ne .) For this reason, 
I know of no non-circular arguments for a minimal number of e-folds of inflation in the string landscape. Regardless, this is 
a very interesting class of observables to pursue [49].7

Cosmic strings may be produced during inflation, influencing the inflaton evolution and perturbations [50], or during the 
exit [51], remaining potentially visible in the late universe. There is no evidence for such sources currently, but again further 
searches will be possible with additional data. Reheating is generally an interesting phase that is not completely mapped 
out, with some interesting connections to string inflation as well (see, e.g., [52]).

7 The low power at low �, another non-statistically significant potential hint in the data can be interpreted in terms of this hypothesis. Other approaches 
to that include a wide initial oscillation, perhaps correlated with higher-� physics (see some of the references in [36]). However, given that the dust 
contribution to [3] is at least half the signal, there is less significant evidence favoring such modifications than would have been the case otherwise.
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6. Null results and Planck-suppressed operators

So far in this note we focused on the rapidly developing observations and related opportunities for connections to 
string theory. Let us finally discuss the possibility that the data will reveal no new parameters (aside from the one argued 
for above). This may or may not be the case, but it is worth asking the question: if tensor modes above r ∼ .01–.001, 
non-Gaussianity above the slow-roll threshold, and additional structures are all eventually excluded to the extent possible 
in the data, what would we have learned from this approach to early universe cosmology?

• Since the perturbations can so easily be infected by additional sectors and couplings to give effects beyond �CDM, one 
can turn it around and place interesting bounds on additional sectors and couplings (see, e.g., [39] for some examples).

• The sensitivity to Planck suppressed operators strictly speaking requires control over quantum gravity, so the develop-
ments showing how inflation very plausibly fits into string theory naturally in a variety of ways has been important [7]. 
The string theoretic mechanisms studied thus far by and large remain viable, and some would remain so if all results 
are null.

• String theory taught us interesting lessons about how broadly inflation works. A null result is basically as interesting as 
what it excludes, so learning via concrete mechanisms that inflation could be large-field or small, that it could essen-
tially Gaussian or not, is worthwhile. Then deciding among these classes in our observed universe is useful, especially 
since they are so different microscopically.

• Relatedly, the ‘top down’ approach feeds directly into the effective field theory analysis and some data searches. It has 
greatly clarified the role of high energy fields and quantum gravity, and helped expose some of the limitations of folk 
theorems in the subject.

• Finally, at a purely theoretical level it has taught us some interesting lessons about time-dependent quantum field 
theory and string theory. One example is the speed limit on scalar field evolution in certain strongly coupled large-N 
gauge theories [42], and the interpolation between this and weak-coupling particle production effects [43]. From the 
point of view of formal theory, the subject is as interesting as any other set of topics in string theory, but with the 
added chance for further connection to observational data.

7. Toward a framework

Although the phenomenology of inflation works very well, there is not a complete theoretical framework for cosmol-
ogy, something that is challenging for a variety of reasons. String theory is massively dominated by cosmological solutions 
– almost every choice of dimensionality and topology of the extra dimensions leads to a leading positive term in the 
scalar potential energy.8 However, its flat and anti-de Sitter solutions, while unrepresentative, are far simpler to analyze 
systematically. This has led to a complete framework for quantum gravity in anti-de Sitter spacetime and its relevant de-
formations [53], with the observables defined as those of a quantum field theory (QFT), with the warping (gravitational 
redshift) in the gravity solution corresponding to the energy scale in the QFT.

A straightforward method to upgrade this to a partial formulation of de Sitter and other cosmological backgrounds is 
to start from an AdS/CFT solution and add ingredients which produce a cosmological solution instead, determining their 
effect on the ‘brane construction’ from which the dual QFT description arises. The de Sitter observer patch constitutes a 
warped geometry with two low-energy (i.e. strongly gravitationally redshifted) regions, but without arbitrarily high energy 
regions. This suggests a dual description in terms of two low energy theories cut off at a finite scale in the UV, and coupled 
to gravity in one lower dimension. As explained in [54,8], this is precisely what happens to the brane construction. Most 
interestingly, this is a direct result of the structure of runaway directions in moduli space in string theory, which does 
not admit a hard positive cosmological constant. The non-perturbative decay of de Sitter spacetime leads to a description 
ultimately decoupled from gravity. This duality is known as the dS/dS correspondence. Another approach, known as the 
dS/CFT correspondence [55], has proved useful in characterizing the aspects of observables (including phenomenological 
ones) that descend from the symmetries of global de Sitter spacetime. However, it is less clear how to obtain this (at large 
radius) from an ultraviolet-complete theory, although a very interesting intrinsically small-radius example is given in [56]. 
For another perspective on this problem see [57].

8. Final remarks

The coming years promise to be exciting, with a crucial range of r to be covered observationally along with further 
opportunities for new physics searches in CMB and large scale structure data. It will be interesting to fully flesh out the 
phenomenology of well-defined inflationary mechanisms and test for their signatures, in the spirit of making the most of 
this precious resource. Theoretically we are driven by major puzzles in cosmology and beyond, with hints of new effects 
that in turn might lead to additional opportunities for contact with observations. In any case, the characterization of the 

8 This may not be familiar, as much early work in string theory involved setting this to zero by hand, working in the critical dimension with Ricci-flat 
extra dimensions.
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primordial seeds for structure remains a spectacular development, with the added benefit of a connection to quantum 
gravity.
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