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During the 12 years of project C6 of the SFB 676 it has achieved a set of signi�cant
contributions to our understanding of the dynamics of scalar �elds in early universe cos-
mology and its connection to string theory. In this contribution we describe our results at
this interface between theoretical cosmology and fundamental high-energy theory in their
impacts on `string in�ation' consequences of multi-�eld in�ation in string theory inspired
random potentials', `pole in�ation, f(R)-gravity, and exponential in�ationary plateaus',
the `phenomenological consequences of features before and during in�ation', `false-vacuum
tunneling and its consequences for the initial conditions of in�ation', connections between
slow-rolling scalar �elds and electroweak symmetry breaking due to couplings between the
Standard Model (SM) Higgs �eld and in�ation, `moduli stabilization and de Sitter (dS)
vacua in string theory', as well as the connection of dS vacua to `sequestering as a solution
to the cosmological constant problem', and on the connection between measurements of
ΛCDM parameters from the CMB as well as local data such as the local H0 determina-
tions, and e�ects from large-scale structure such as weak gravitational lensing. We �nish
in section with a summary of a review by one of the PIs on the topic of `String cosmology
� Large �eld in�ation in string theory'.

1 String in�ation

Our study of models of in�ation in string theory focused on two classes of in�aton candidates.
In�ation in string theory can be driven by the slow-roll evolution of volume/Kähler moduli, of
open-string moduli, or of axion �elds. Both are generically present in 4D compacti�cations of
string theory.

Here we �rst discuss models where in�ation is driven by string moduli scalar �elds. In our
projects we analyzed the possibility of realizing in�ation with a subsequent dS vacuum [1] in
the Kähler uplifting scenario [2,3] while building on [4]. The inclusion of several quantum cor-
rections to the 4d e�ective action evades previous no-go theorems and allows for construction of
simple and successful models of string in�ation. The predictions of several benchmark models
are in accord with current observations, i.e., a red spectral index, negligible non-Gaussianity,
and spectral distortions similar to the simplest models of in�ation. A particularly interesting
subclass of models are �left-rolling� ones, where the overall volume of the compacti�ed dimen-
sions shrinks during in�ation. We call this phenomenon �in�ation by de�ation� (IBD), where
de�ation refers to the internal manifold. This subclass has the appealing features of being
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insensitive to initial conditions, avoiding the overshooting problem, and allowing for observable
running α ∼ 0.012 and enhanced tensor-to-scalar ratio r ∼ 10−5. The latter results di�er
signi�cantly from many string in�ation models.

In large-�eld exponential plateau models one focus were the Large Volume Scenario (LVS) [5]
of IIB Calabi�Yau �ux compacti�cations. We constructed in�ationary models from higher
derivative α′3-corrections [6]. In this case in�ation is driven by a Kähler modulus whose po-
tential arises from the aforementioned corrections, while we used the inclusion of string loop
e�ects just to ensure the existence of a graceful exit when necessary. The e�ective in�aton
potential takes a Starobinsky-type form V = V0(1 − e−νφ)2, where we obtained one set-up
with ν = −1/

√
3 and one with ν = 2/

√
3 corresponding to in�ation occurring for increasing

or decreasing φ respectively. The in�ationary observables are thus in perfect agreement with
PLANCK, while the two scenarios remain observationally distinguishable via slightly varying
predictions for the tensor-to-scalar ratio r. Both set-ups yield r ' (2 . . . 7)× 10−3. They hence
realise in�ation with moderately large �elds (∆φ ∼ 6MPl) without saturating the Lyth bound.
Control over higher corrections relies in part on tuning underlying microscopic parameters,
and in part on intrinsic suppressions. The intrinsic part of control arises as a leftover from an
approximate e�ective shift symmetry at parametrically large volume.

The leading order dynamics of the type IIB Large Volume Scenario is characterised by
the interplay between α′ and non-perturbative e�ects which �x the overall volume and all
local blow-up modes leaving (in general) several �at directions. We showed [7] that, in an
arbitrary Calabi�Yau compacti�cation with at least one blow-up mode resolving a point-like
singularity, any remaining �at directions can be lifted at sub-leading order by the inclusions of
higher derivative α′ corrections. We also focused on simple �bred cases with one remaining �at
direction which can behave as an in�aton if its potential is generated by both higher derivative
α′ and winding loop corrections. Natural values of the underlying parameters give a spectral
index in agreement with observational data and a tensor-to-scalar ratio of order r = 0.01
which could be observed by forthcoming CMB experiments. Dangerous corrections from higher
dimensional operators are suppressed due to the presence of an approximate non-compact shift
symmetry [7].

These �bre in�ation models [8] are built in a speci�c string theory construction based on
the large volume scenario that produces an in�ationary plateau. We outlined its relation to α-
attractor models for in�ation, with the cosmological sector originating from certain string theory
corrections leading to α = 2 and α = 1/2 [9]. Above a certain �eld range, the steepening e�ect
of higher-order corrections leads �rst to the breakdown of single-�eld slow-roll and after that to
the onset of 2-�eld dynamics: the overall volume of the extra dimensions starts to participate
in the e�ective dynamics. Finally, we proposed e�ective supergravity models of �bre in�ation
based on an D3 uplift term with a nilpotent super�eld. Speci�c moduli dependent D3 induced
geometries lead to cosmological �bre models but have in addition a de Sitter minimum exit.
These supergravity models motivated by �bre in�ation are relatively simple, stabilize the axions
and disentangle the Hubble parameter from supersymmetry breaking.

We also discussed how α-attractors [10] may generalize to truly multi-�eld situations in-
cluding the open-string moduli sector of D-branes [11]. We started the discussion from the
observation, that a second order pole in the scalar kinetic term can lead to a class of in�ation
models with universal predictions referred to as pole in�ation or α-attractors. While this ki-
netic structure is ubiquitous in supergravity e�ective �eld theories, realizing a consistent UV
complete model in e.g. string theory is a non-trivial task. For one, one expects quantum
corrections arising in the vicinity of the pole which may spoil the typical attractor dynamics.
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As a conservative estimate of the range of validity of supergravity models of pole in�ation we
employ the weak gravity conjecture (WGC) [12]. We found that this constrains the accessible
part of the in�ationary plateau by limiting the decay constant of the axion partner. For the
original single complex �eld models, the WGC does not even allow the in�aton to reach the
in�ationary plateau region. We proposed addressing these problems by evoking the assistance
of N scalar �elds from the open string moduli [11]. This improves radiative control by reducing
the required range of each individual �eld. Furthermore, it relaxes the WGC bound allowing to
in�ate on the plateau, although remaining at �nite distance from the pole. Finally, we outlined
steps towards an embedding of pole N -�ation in type IIB string theory on �bred Calabi�Yau
manifolds.

Finally, we connected the structure and phenomenology of �bre in�ation as string theory
versions of α-attractors to the data from CMB observations. In particular, the Planck satellite
may have observed a lack of power on large scales (` < 40). We argued that this putative feature
can be explained by a phase of fast roll at the onset of in�ation [13]. We showed that in the
context of single �eld models what is required is an asymmetric in�ection point model of which
�bre in�ation is a string motivated example. We studied the ability of �bre in�ation to generate
a suppression of the CMB 2-point function power at low l, �nding that the potential derived
from string loops is not steep enough for this purpose. We introduced a steeper contribution
to the potential, that dominates away from the in�ationary region, and show that if properly
tuned it can indeed lead to a spectrum with lack of power at large scales.

We now move to the discussion of axion �elds arising from the higher-dimensional p-form
gauge �elds of string theory as in�aton candidates. Two relevant classes of such models involve
either an axion decay constant alignment mechanism for a few axions [14], or monodromy
extending the �eld range of the single axion [15�17]. Such extensions of the axion �eld range are
necessary, as there are no known cases of weakly coupled string theories with axions acquiring
a super-Planckian axion decay constant (and hence super-Planckian �eld range).

We proposed a new �eld theory mechanism for generating an e�ective trans-Planckian decay
constant from sub-Planckian ones [18]. Using the minimal two axions and a hierarchy between
two axion decay constants is su�cient for realizing in�ation through non-perturbative e�ects
only and with minimal tuning. The in�ationary motion is kept entirely within a sub-Planckian
domain. We outlined possible strategies of embedding the model in a string theory setup.

Moving from axion decay constant hierarchies to alignment, we provided type IIB string
embeddings of two axion variants of natural in�ation [19]. We used a combination of RR 2-
form axions as the in�aton �eld and had its potential generated by non perturbative e�ects in
the superpotential. Besides giving rise to the in�ation, the models developed took into account
the stabilization of the compact space, both in the scenario by Kachru, Kallosh, Linde and
Trivedi (KKLT) [20] and the LVS regime, an essential condition for any semi-realistic model of
string in�ation.

Flux couplings to string theory axions yield super-Planckian �eld ranges along which the
axion potential energy grows. At the same time, other aspects of the physics remain essentially
unchanged along these large displacements, respecting a discrete shift symmetry with a sub-
Planckian period. We presented new classes of speci�c models of monodromy in�ation, with
monomial potentials µ4−pφp [21]. A key simpli�cation in these models is that the in�aton
potential energy plays a leading role in moduli stabilization during in�ation. The resulting
in�aton-dependent shifts in the moduli �elds lead to an e�ective �attening of the in�aton
potential, i.e. a reduction of the exponent from a �ducial value p0 to p < p0. We focued on
examples arising in compacti�cations of type IIB string theory on products of tori or Riemann
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surfaces, where the in�aton descends from the NS�NS two-form potential B2, with monodromy
induced by a coupling to the R�R �eld strength F1. In this setting we exhibited models
with p = 2/3, 4/3, 2, and 3, corresponding to predictions for the tensor-to-scalar ratio of r ≈
0.04, 0.09, 0.13, and 0.2, respectively. Using mirror symmetry, we also motivated a second class
of examples with the role of the axions played by the real parts of complex structure moduli,
with �uxes inducing monodromy.

In this scenario, we also studied the pattern of oscillations in the primordial power spectrum
in axion monodromy in�ation [22], accounting for drifts in the oscillation period that can be
important for comparing to cosmological data [23]. In these models the potential energy has a
monomial form over a super-Planckian �eld range, with superimposed modulations whose size is
model-dependent. The amplitude and frequency of the modulations are set by the expectation
values of moduli �elds. We showed that during the course of in�ation, the diminishing energy
density can induce slow adjustments of the moduli, changing the modulations. We provided
templates capturing the e�ects of drifting moduli, as well as drifts arising in e�ective �eld theory
models based on softly broken discrete shift symmetries, and we estimated the precision required
to detect a drifting period. A non-drifting template su�ces over a wide range of parameters,
but for the highest frequencies of interest, or for su�ciently strong drift, it is necessary to
include parameters characterizing the change in frequency over the e-folds visible in the CMB.
We used these templates to perform a preliminary search for drifting oscillations in a part of
the parameter space in the Planck nominal mission data.

We now move to analyzing questions of backreaction from stabilized moduli �elds on the
mechanism of axion monodromy in�ation. For this purpose, we start with analyzing the in-
terplay between Kähler moduli stabilization and chaotic in�ation in string theory based super-
gravity models [24]. While heavy moduli decouple from in�ation in the supersymmetric limit,
supersymmetry breaking generically introduces non-decoupling e�ects. These lead to in�ation
driven by a soft mass term, m2

ϕ ∼ mm3/2, where m is a supersymmetric mass parameter. This
scenario needs no stabilizer �eld, but the stability of the moduli during in�ation imposes a large
supersymmetry breaking scale, m3/2 � H, and a careful choice of initial conditions. This iss
illustrated in three prominent examples of moduli stabilization: KKLT stabilization, Kähler
Uplifting, and the Large Volume Scenario. Remarkably, all models have a universal e�ective
in�aton potential which is �attened compared to quadratic in�ation. Hence, they share uni-
versal predictions for the CMB observables, in particular a lower bound on the tensor-to-scalar
ratio, r & 0.05.

Next, we address questions concerning the build-up of 3-brane and 5-brane charge in models
of axion monodromy built in warped double-throat geometries. We constructed a simple explicit
local geometry providing a `bi�d throat' for 5-brane axion monodromy [25]. A bi�d throat is
a throat that splits into two daughter throats in the IR, containing a homologous 2-cycle
family reaching down into each daughter throat. Our example consists of a deformed Z3 × Z2

orbifold of the conifold, which provides us with an explicit holographic dual of the bi�d throat
including D3-branes and fractional 5-branes at the toric singularities of our setup. Having the
holographic description in terms of the dual gauge theory allowed us to address the e�ect of
5-brane-antibrane pair backreaction including the warping e�ects. This leads to the size of the
backreaction being small and controllable after imposing proper normalization of the in�aton
potential and hence the warping scales.

Based on these explicit double-throat geometries, we presented a particularly simple model
of axion monodromy [26]: Our axion is the lowest-lying KK-mode of the RR-2-form-potential
C2 in the standard Klebanov-Strassler throat. One can think of this in�aton candidate as being
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de�ned by the integral of C2 over the S2 cycle of the throat. It obtains an exponentially small
mass from the IR-region in which the S2 shrinks to zero size both with respect to the Planck
scale and the mass scale of local modes of the throat. Crucially, the S2 cycle has to be shared
between two throats, such that the second locus where the S2 shrinks is also in a warped region.
Well-known problems like the potentially dangerous back-reaction of brane/antibrane pairs and
explicit supersymmetry breaking are not present in our scenario. However, the in�aton back-
reaction starts to deform the geometry strongly once the �eld excursion approaches the Planck
scale. We derived the system of di�erential equations required to treat this e�ect quantitatively.
We �nd it interesting that such a simple and explicit stringy monodromy model allows an
originally sub-Planckian axion to go through many periods with full quantitative control before
back-reaction becomes strong. Also, the mere existence of our ultra-light throat mode (with
double exponentially suppressed mass) is noteworthy.

Finally, we return the impact of general quantum gravity constraints such as the weak
gravity conjecture in the context of axion monodromy in�ation. Axions with broken discrete
shift symmetry (axion monodromy) have played a central role both in the discussion of in�ation
and the `relaxion' approach to the hierarchy problem. We suggested a very minimalist way to
constrain such models by the weak gravity conjecture for domain walls [27]: While the electric
side of the conjecture is always satis�ed if the cosine-oscillations of the axion potential are
su�ciently small, the magnetic side imposes a cuto�, Λ3 ∼ mfMpl, independent of the height
of these `wiggles'. We compared our approach with the recent related proposal by Ibañez,
Montero, Uranga and Valenzuela [28]. We also discussed the non-trivial question which version,
if any, of the weak gravity conjecture for domain walls should hold. In particular, we showed
that string compacti�cations with branes of di�erent dimensions wrapped on di�erent cycles
lead to a `geometric weak gravity conjecture' relating volumes of cycles, norms of corresponding
forms and the volume of the compact space. Imposing this `geometric conjecture', e.g. on the
basis of the more widely accepted weak gravity conjecture for particles, provides at least some
support for the (electric and magnetic) conjecture for domain walls.

2 Consequences of multi-�eld in�ation in string theory in-

spired random potentials

We determined the frequency of regions of small-�eld in�ation in the Wigner landscape [29,30]
as an approximation to random supergravities/type IIB �ux compacti�cations [31]. We showed
that small-�eld in�ation occurs exponentially more often than large-�eld in�ation. The power
of primordial gravitational waves from in�ation is generically tied to the scale of in�ation. As
for small-�eld models this is below observational reach, their exponential enhancement seems
to indicate a tendency towards small tensor-to-scalar ratio r. However, cosmologically viable
in�ationary regions must provide for a successful exit from in�ation into a meta-stable dS
minimum. Hence there is a need to determine the `graceful exit likelihood' before any statement
about the statistically expected level of tensor modes r is possible.

In order to determine this `graceful exit likelihood' we needed to describe the transition
probability for a non-equilibrium ensemble of Wigner matrices to relax back to its equilibrium
con�guration via the stochastic process of Dyson Brownian Motion. We presented an analytic
method for calculating the transition probability between two random Gaussian matrices with
given eigenvalue spectra in the context of Dyson Brownian motion [32]. We showed that in the
Coulomb gas language, in large N limit, memory of the initial state is preserved in the form of
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a universal linear potential acting on the eigenvalues. We computed the likelihood of any given
transition as a function of time, showing that as memory of the initial state is lost, transition
probabilities converge to those of the static ensemble.

We then applied this general result to small-�eld in�ation in a Wigner random landscape.
For this purpose, we developed a stochastic description of small-�eld in�ationary histories with
a graceful exit in a random potential whose Hessian is a Gaussian random matrix as a model of
the unstructured part of the string landscape [33]. The dynamical evolution in such a random
potential from a small-�eld in�ation region towards a viable late-time de Sitter (dS) minimum
maps to the dynamics of Dyson Brownian motion describing the relaxation of non-equilibrium
eigenvalue spectra in random matrix theory. We analytically computed the relaxation proba-
bility in a saddle point approximation of the partition function of the eigenvalue distribution
of the Wigner ensemble describing the mass matrices of the critical points. When applied to
small-�eld in�ation in the landscape, this leads to an exponentially strong bias against small-
�eld ranges and an upper bound N � 10 on the number of light �elds N participating during
in�ation from the non-observation of negative spatial curvature.

Moving beyond the in�ationary dynamics, we discussed the structure of the phenomenolog-
ical consequences such as the CMB observables in multi�eld random landscape in�ation. This
leads us to rather strong large-N universality governing the CMB observables. For this pur-
pose, we constructed ensembles of random scalar potentials for Nf interacting scalar �elds using
non-equilibrium random matrix theory, and used these to study the generation of observables
during small-�eld in�ation [34]. For Nf = O(few), these heavily featured scalar potentials give
rise to power spectra that are highly non-linear, at odds with observations. For Nf � 1, the
super-horizon evolution of the perturbations is generically substantial, yet the power spectra
simplify considerably and become more predictive, with most realisations being well approxi-
mated by a linear power spectrum. This provides proof of principle that complex in�ationary
physics can give rise to simple emergent power spectra. We explained how these results can be
understood in terms of large Nf universality of random matrix theory.

Extending this analysis, we studied in�ation in models with many interacting �elds subject
to randomly generated scalar potentials. We used methods from non-equilibrium random matrix
theory to construct the potentials and an adaption of the 'transport method' to evolve the two-
point correlators during in�ation. This construction allows for an explicit study of models with
up to 100 interacting �elds supporting a period of 'approximately saddle-point' in�ation [35].
We determined the statistical predictions for observables by generating over 30,000 models with
2�100 �elds supporting at least 60 efolds of in�ation. These studies lead us to seven lessons: i)
Many-�eld in�ation is not single-�eld in�ation, ii) The larger the number of �elds, the simpler
and sharper the predictions, iii) Planck compatibility is not rare, but future experiments may
rule out this class of models, iv) The smoother the potentials, the sharper the predictions,
v) Hyperparameters can transition from sti� to sloppy, vi) Despite tachyons, isocurvature can
decay, vii) Eigenvalue repulsion drives the predictions. We conclude that many of the `generic
predictions' of single-�eld in�ation can be emergent features of complex in�ation models.

3 Pole in�ation, f(R)-gravity, and in�ationary plateaus

Our next topic deals with the study of α-attractor/pole in�ation models and their connection
to f(R) models of in�ation, mainly using the bottom-up 4D e�ective description.

We studied a model of in�ation with terms quadratic and logarithmic in the Ricci scalar,
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where the gravitational action is f(R) = R + αR2 + βR2 lnR [36]. These terms are expected
to arise from one loop corrections involving matter �elds in curved space-time. The spectral
index ns and the tensor to scalar ratio yield 10−4 . r . 0.03 and 0.94 . ns . 0.99, i.e. r is
an order of magnitude bigger or smaller than the original Starobinsky model which predicted
r ∼ 10−3. Further enhancement of r gives a scale invariant ns ∼ 1 or higher. Other in�ationary
observables are dns/d ln k & −5.2× 10−4, µ . 2.1× 10−8, y . 2.6× 10−9.

We discussed the general structure and observational consequences of some of the simplest
versions of chaotic in�ation in supergravity in relation to the data by Planck 2013 and BI-
CEP2 [37]. We showed that minimal modi�cations to the simplest quadratic potential are
su�cient to provide a controllable tensor mode signal and a suppression of CMB power at large
angular scales.

In�ationary attractors predict the spectral index and tensor-to-scalar ratio to take speci�c
values that are consistent with Planck. An example is the universal attractor for models with
a generalized non-minimal coupling, leading to Starobinsky in�ation. We demonstrated that it
also predicts a speci�c relation between the amplitude of the power spectrum and the number
of e-folds [38]. The length and height of the in�ationary plateau are related via the non-minimal
coupling: in a wide variety of examples, the observed power normalization leads to at least 55
�at e-foldings. Prior to this phase, the in�ationary predictions vary and can account for the
observational indications of power loss at large angular scales.

Motivated by UV realisations of Starobinsky-like in�ation models, we studied generic ex-
ponential plateau-like potentials to understand whether an exact f(R)-formulation may still
be obtained when the asymptotic shift-symmetry of the potential is broken for larger �eld val-
ues [39]. Potentials which break the shift symmetry with rising exponentials at large �eld values
only allow for corresponding f(R)-descriptions with a leading order term Rn with 1 < n < 2,
regardless of whether the duality is exact or approximate. The R2-term survives as part of a
series expansion of the function f(R) and thus cannot maintain a plateau for all �eld values. We
further found a lean and instructive way to obtain a function f(R) describing m2φ2-in�ation
which breaks the shift symmetry with a monomial, and corresponds to e�ectively logarithmic
corrections to an R + R2 model. These examples emphasise that higher order terms in f(R)-
theory may not be neglected if they are present at all. Additionally, we related the function
f(R) corresponding to chaotic in�ation to a more general Jordan frame set-up. In addition,
we considered f(R)-duals of two given UV examples, both from supergravity and string the-
ory. Finally, we outlined the CMB phenomenology of these models which show e�ects of power
suppression at low-`.

We also studied universality properties of in�ationary models with a singular non-canonical
kinetic term: a Laurent expansion of the kinetic function translates into a potential with a
nearly shift-symmetric plateau in canonical �elds. The shift symmetry can be broken at large
�eld values by including higher-order poles, which need to be hierarchically suppressed in order
not to spoil the in�ationary plateau. The resulting corrections to the in�ationary dynamics
and predictions were shown to be universal at lowest order and possibly induce power loss at
large angular scales [40]. At lowest order there are no corrections from a pole of just one order
higher and we argued that this phenomenon is related to the well-known extended no-scale
structure arising in string theory scenarios. We also outlined which other corrections may arise
from string loop e�ects.

A generic non-minimal coupling can push any higher-order terms of the scalar potential suf-
�ciently far out in �eld space to yield observationally viable plateau in�ation. We provided ana-
lytic and numerical evidence that this generically happens for a non-minimal coupling strength
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ξ of the order N2
e [41]. In this regime, the non-minimally coupled �eld is sub-Planckian during

in�ation and is thus protected from most higher-order terms. For larger values of ξ, the in�a-
tionary predictions converge towards the sweet spot of PLANCK. The latter includes ξ ' 104

obtained from CMB normalization arguments, thus providing a natural explanation for the
in�ationary observables measured.

4 Phenomenological consequences of features before and

during in�ation

In this section we analyze the impact of the features in the in�aton kinetic term or structure
in the in�ationary scalar potential, either right before the observable O(60) e-folds of slow-roll,
or as periodic features along the scalar potential, on the CMB phenomenology, such as the
2-point or 3-point correlation functions (`non-Gaussianity') of the curvature perturbations. We
begin with two observations, which show degeneracies in the shape function of non-Gaussianity
between DBI in�ation [42] and axion monodromy with a spectrum of periodic corrections, as
well the curvature perturbation 2-point function of two suitably related models of canonical
and non-canonical in�ation.

As an example of the �rst kind, we discussed the e�ect of superimposing multiple sources
of resonant non-Gaussianity, which arise for instance in models of axion in�ation [43]. The
resulting sum of oscillating shape contributions can be used to �Fourier synthesize� di�erent non-
oscillating shapes in the bispectrum. As an example we reproduced an approximately equilateral
shape from the superposition of O(10) oscillatory contributions with resonant shape. This
implies a possible degeneracy between the equilateral-type non-Gaussianity typical of models
with non-canonical kinetic terms, such as DBI in�ation, and an equilateral-type shape arising
from a superposition of resonant-type contributions in theories with canonical kinetic terms.
The absence of oscillations in the 2-point function together with the structure of the resonant
N-point functions, imply that detection of equilateral non-Gaussianity at a level greater than
the PLANCK sensitivity of fNL ∼ O(5) will rule out a resonant origin. We commented on the
questions arising from possible embeddings of this idea in a string theory setting.

Next, we looked for potential observational degeneracies between canonical and non-
canonical models of in�ation of a single �eld φ [44]. Non-canonical in�ationary models are
characterized by higher than linear powers of the standard kinetic term X in the e�ective La-
grangian p(X,φ) and arise for instance in the context of the Dirac�Born�Infeld (DBI) action in
string theory. An on-shell transformation was introduced that transforms non-canonical in�a-
tionary theories to theories with a canonical kinetic term. The 2-point function observables of
the original non-canonical theory and its canonical transform were found to match in the case
of DBI in�ation.

We then moved towards features of the in�ationary scalar potential such as `steepening' just
outside the �eld range corresponding to the last observable ' 60 e-folds of slow-roll. We showed
that models of `just enough' in�ation, where the slow-roll evolution lasted only 50�60 e-foldings,
feature modi�cations of the CMB power spectrum at large angular scales [45]. We performed a
systematic and model-independent analysis of any possible non-slow-roll background evolution
prior to the �nal stage of slow-roll in�ation. We found a high degree of universality since most
common backgrounds like fast-roll evolution, matter or radiation-dominance give rise to a power
loss at large angular scales and a peak together with an oscillatory behavior at scales around
the value of the Hubble parameter at the beginning of slow-roll in�ation. Depending on the
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value of the equation of state parameter, di�erent pre-in�ationary epochs lead instead to an
enhancement of power at low-`, and so seem disfavored by the observational hints for a lack
of CMB power at ` . 40. We also commented on the importance of initial conditions and the
possibility to have multiple pre-in�ationary stages.

Besides features in the scalar potential itself, the presence of a spectrum of `spectator' scalar
�elds during in�ation can signi�cantly modify the properties of the curvature perturbation n-
point functions. We presented a complete framework for numerical calculation of the power
spectrum and bispectrum in canonical in�ation with an arbitrary number of light or heavy
�elds [46]. Our method includes all relevant e�ects at tree-level in the loop expansion, includ-
ing (i) interference between growing and decaying modes near horizon exit; (ii) correlation and
coupling between species near horizon exit and on super-horizon scales; (iii) contributions from
mass terms; and (iv) all contributions from coupling to gravity. We tracked the evolution of
each correlation function from the vacuum state through horizon exit and the superhorizon
regime, with no need to match quantum and classical parts of the calculation; when integrated,
our approach corresponds exactly with the tree-level Schwinger or 'in-in' formulation of quan-
tum �eld theory. We gave the equations necessary to evolve all two- and three-point correlation
functions together with suitable initial conditions. The �nal formalism is suitable to compute
the amplitude, shape, and scale dependence of the bispectrum in models with |fNL| of order
unity or less, which are a target for galaxy surveys such as Euclid, DESI and LSST. As an illus-
tration we applied our framework to a number of examples, obtaining quantitatively accurate
predictions for their bispectra.

We also discussed a particular source of deviations from standard slow-roll in�ation which
arise when the asymptotic past vacuum state of quantum �elds during in�ation itself gets
modi�ed. When modeling in�aton �uctuations as a free quantum scalar �eld, the initial vacuum
is conventionally imposed at the in�nite past. This is called the Bunch�Davies (BD) vacuum.
If however an asymptotically Minkowskian past does not exist, this requires modi�cations.
We derived corrections to the scalar spectral index ns and the tensor tilt nt descending from
arbitrary mixed states or from explicit non-BD initial conditions [47]. The former may stem
from some pre-in�ationary background and can redshift away whereas the latter are induced
by a time-like hypersurface parametrizing a physical cut-o�. In both cases, we found that
corrections scale in parts or fully as O(ε) where ε is the �rst slow-roll parameter. The precise
observational footprint is hence dependent on the model driving in�ation. Further, we showed
how the in�ationary consistency relation is altered. We thus provided an analytic handle on
possible high scale or pre-in�ationary physics.

5 False-vacuum tunneling and its consequences for the ini-

tial conditions of in�ation

The string landscape relies on tunneling processes as a cosmological dynamics to physically
populate its set of discrete meta-stable vacua. One such process is Coleman�De Luccia (CDL)
tunneling in QFT on curved space-time [48]. As this instanton is ubiquitous (though not always
the dominant tunneling instanton) in the string landscape, we analyzed its consequence for the
initial conditions of a stage of slow-roll in�ation taking place after tunneling inside a bubble of
lowered vacuum energy formed by the CDL process.

At �rst, we showed the absence of the usual parametrically large overshoot problem of
small-�eld in�ation if initiated by a CDL tunneling transition from an earlier vacuum in the
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limit of small in�ationary scale compared to the tunneling scale [49] building on prior results
of [50]. For low-power monomial exit potentials V (φ) ∼ φn , n < 4, we derived an expression
for the amount of overshoot. This is bounded from above by the width of the steep barrier
traversed after emerging from tunneling and before reaching a slow-roll region of the potential.
For n ≥ 4 we showed that overshooting is entirely absent. We extended this result through
binomials to a general potential written as a series expansion, and to the case of arbitrary �nite
initial speed of the in�aton. This places the phase space of initial conditions for small-�eld and
large-�eld in�ation on the same footing in a landscape of string theory vacua populated via
CDL tunneling.

Next, we presented exact bounce solutions and amplitudes for tunneling in i) a piecewise
linear-quartic potential and ii) a piecewise quartic-quartic potential [51]. We cross checked their
correctness by comparing with results obtained through the thin-wall approximation and with
a piecewise linear-linear potential.

We close this discussion with an analysis of the e�ects of the kinks in using kinked scalar
potential for deriving exact CDL solutions. This is due to the fact, that Coleman tunneling in
a general scalar potential with two non-degenerate minima is known to have an approximation
in terms of a piecewise linear triangular-shaped potential with sharp 'kinks' at the place of
the local minima. This approximate potential has a regime where the existence of the bounce
solution needs the scalar �eld to 'wait' for some amount of Euclidean time at one of the 'kinks'.
We discussed under which conditions a kink approximation of locally smooth 'cap' regions
provides a good estimate for the bounce action [52].

6 From slow-rolling scalar �elds to the EW vacuum � im-

plications of in�aton-Higgs portal couplings and string

theory constraints

Models of axions with large �eld ranges in string theory based on axion monodromy may
provide both for models of in�ation including portal-like couplings to the Standard Model (SM)
Higgs sector, and relaxation-like slow-roll dynamics which may explain the electroweak (EW)
hierarchy [53]. We analyzed phenomenological consequences of such setups for the stability
of the EW vacuum as well as possible UV completion of Higgs relaxation dynamics in string
theory.

Within the Standard Model, the Higgs and top quark data favor metastability of the elec-
troweak vacuum, although the uncertainties are still signi�cant. The true vacuum is many
orders of magnitude deeper than ours and the barrier separating the two is tiny compared to
the depth of the well. This raises a cosmological question: how did the Higgs �eld get trapped
in the shallow minimum and why did it stay there during in�ation? The Higgs initial conditions
before in�ation must be �ne-tuned to about one part in 108 in order for the Higgs �eld to end
up in the right vacuum. We show that these problems can be resolved if there is a small positive
coupling between the Higgs and the in�aton [54].

We examined the relaxion mechanism [53] in string theory. An essential feature is that
an axion winds over N � 1 fundamental periods. In string theory realizations via axion
monodromy, this winding number corresponds to a physical charge carried by branes or �uxes.
We showed that this monodromy charge backreacts on the compact space, ruining the structure
of the relaxion action. In particular, the barriers generated by strong gauge dynamics have
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height ∝ e−N , so the relaxion does not stop when the Higgs acquires a vev [55]. Backreaction
of monodromy charge can therefore spoil the relaxion mechanism.

7 Moduli stabilization and de Sitter vacua in string theory

Here we report on a series of works, which established both a very general necessary condition
for de Sitter (dS) vacua in 4D N = 1 supergravity, and derived explicitly su�cient conditions
from the leading-order quantum corrected Kähler moduli spaces in the context of a class of
moduli stabilized Calabi�Yau compacti�cations of type IIB and heterotic string theory.

We started by performing a general analysis on the possibility of obtaining metastable vacua
with spontaneously broken N=1 supersymmetry and non-negative cosmological constant in the
moduli sector of string models [56]. More speci�cally, we studied the condition under which
the scalar partners of the Goldstino are non-tachyonic, which depends only on the Kähler
potential. This condition is not only necessary but also su�cient, in the sense that all of the
other scalar �elds can be given arbitrarily large positive square masses if the superpotential
is suitably tuned. We considered both heterotic and orientifold string compacti�cations in
the large-volume limit and showed that the no-scale property shared by these models severely
restricts the allowed values for the `sGoldstino' masses in the superpotential parameter space.
We found that a positive mass term may be achieved only for certain types of compacti�cations
and speci�c Goldstino directions. Additionally, we showed how sub-leading corrections to the
Kähler potential which break the no-scale property may allow to lift these masses.

Next, we extended our discussion of necessary conditions for dS vacua in supergravity to
the related case of slow-roll in�ation. For this purpose, we performed a general algebraic anal-
ysis on the possibility of realizing slow-roll in�ation in the moduli sector of string models [57].
This problem turned out to be very closely related to the characterization of models admitting
metastable vacua with non-negative cosmological constant. In fact, we showed that the con-
dition for the existence of viable in�ationary trajectories is a deformation of the condition for
the existence of metastable de Sitter vacua. This condition depends on the ratio between the
scale of in�ation and the gravitino mass and becomes stronger as this parameter grows. After
performing a general study within arbitrary supergravity models, we analyzed the implications
of our results in several examples. More concretely, in the case of heterotic and orientifold string
compacti�cations on a Calabi�Yau in the large volume limit we showed that there may exist
fully viable models, allowing both for in�ation and stabilization. Additionally, we showed that
sub-leading corrections breaking the no-scale property shared by these models always allow for
slow-roll in�ation but with an in�ationary scale suppressed with respect to the gravitino scale.
A scale of in�ation larger than the gravitino scale can also be achieved under more restrictive
circumstances and only for certain types of compacti�cations.

After studying the necessary conditions for dS vacua in 4D N = 1 supergravity, we gen-
eralized the analysis to extended supersymmetry. Hence, we studied the stability of vacua
with spontaneously broken supersymmetry in N=2 supergravity theories with only hypermulti-
plets [58]. Focusing on the projection of the scalar mass matrix along the sGoldstino directions,
we were able to derive a universal upper bound on the lowest mass eigenvalue. This bound
only depends on the gravitino mass and the cosmological constant, but not on the details of
the quaternionic manifold spanned by the scalar �elds. Comparing with the Breitenlohner�
Freedman bound showed that metastability requires the cosmological constant to be smaller
than a certain negative critical value. Therefore, only AdS vacua with a su�ciently negative

SFB 676 � Particles, Strings and the Early Universe 351



Jan Louis, Alexander Westphal

cosmological constant can be stable, while Minkowski and dS vacua necessarily have a tachyonic
direction.

In a �rst step towards handling dS vacua in string theory, we developed a method for
constructing metastable de Sitter vacua in N=1 supergravity models describing the no-scale
volume moduli sector of Calabi�Yau string compacti�cations [59]. We considered both heterotic
and orientifold models. Our main guideline was the necessary condition for the existence of
metastable vacua coming from the Goldstino multiplet, which constrains the allowed scalar
geometries and supersymmetry-breaking directions. In the simplest non-trivial case where
the volume is controlled by two moduli, this condition simpli�es and turns out to be fully
characterised by the intersection numbers of the Calabi�Yau manifold. We analyzed this case
in detail and showed that once the metastability condition is satis�ed it is possible to reconstruct
in a systematic way the local form of the superpotential that is needed to stabilize all the �elds.
We applied this procedure to construct some examples of models where the superpotential takes
a realistic form allowed by �ux backgrounds and gaugino condensation e�ects, for which a viable
vacuum arises without the need of invoking corrections to the Kähler potential breaking the
no-scale property or uplifting terms. We also discussed the prospects of constructing potentially
realistic models along these lines.

Based on this analysis of necessary conditions for dS vacua in supergravity, we moved on to
construct two classes of explicit dS vacua based on Calabi�Yau compacti�cations of type IIB
and of heterotic string theory. The structure of the leading quantum corrections to the Kähler
moduli space of these string compacti�cations played a crucial role here.

For the �rst class of dS vacua, we derived a su�cient condition for realizing them within
type IIB string theory �ux compacti�cations with spontaneously broken supersymmetry [60].
There are a number of `lamp post' constructions of de Sitter vacua in type IIB string theory
and supergravity. We showed that one of them � the method of `Kähler uplifting' by F-terms
from an interplay between non-perturbative e�ects and the leading α′-correction [2,3] � allows
for a more general parametric understanding of the existence of de Sitter vacua. The result
is a condition on the values of the �ux induced superpotential and the topological data of the
Calabi�Yau compacti�cation, which guarantees the existence of a meta-stable de Sitter vacuum
if met. Our analysis explicitly included the stabilization of all moduli, i.e. the Kähler, dilaton
and complex structure moduli, by the interplay of the leading perturbative and non-perturbative
e�ects at parametrically large volume.

Next, we constructed an explicit example of a de Sitter vacuum in type IIB string theory
that realizes the proposal of Kähler uplifting [61]. As the large volume limit in this method
depends on the rank of the largest condensing gauge group we carried out a scan of gauge group
ranks over the Kreuzer�Skarke set of toric Calabi�Yau three-folds. We found large numbers
of models with the largest gauge group factor easily exceeding a rank of one hundred. We
constructed a global model with Kähler uplifting on a two-parameter model on CP4

11169, by
an explicit analysis from both the type IIB and F-theory point of view. The explicitness of
the construction lies in the realization of a D7 brane con�guration, gauge �ux and RR and
NS �ux choices, such that all known consistency conditions are met and the geometric moduli
are stabilized in a metastable de Sitter vacuum with spontaneous GUT scale supersymmetry
breaking driven by an F-term of the Kähler moduli.

We then studied in detail the exhaustive construction method of all �ux vacua of the Green�
Plesser invariant subsector of a Calabi�Yau consistent with tadpole constraints. To do so, we
explicitly constructed all supersymmetric �ux vacua of a particular Calabi�Yau compacti�cation
of type IIB string theory for a small number of �ux carrying cycles and a given D3-brane
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tadpole [62]. The analysis was performed in the large complex structure region by using the
polynomial homotopy continuation method, which allows to �nd all stationary points of the
polynomial equations that characterize the supersymmetric vacuum solutions. The number of
vacua as a function of the D3 tadpole is in agreement with statistical studies in the literature.
We calculated the available tuning of the cosmological constant from �uxes and extrapolate to
scenarios with a larger number of �ux carrying cycles. We also veri�ed the range of scales for
the moduli and gravitino masses found for a single explicit �ux choice giving a Kähler uplifted
de Sitter vacuum in the same construction.

We also constructed a class of dS vacua in the context of the heterotic E8 × E′8 string
compacti�ed on Calabi�Yau manifolds or their orbifold limits. For this purpose, we performed
a systematic analysis of moduli stabilization for weakly coupled heterotic string theory com-
pacti�ed on manifolds which are Calabi�Yau up to α′-e�ects [63]. We reviewed how to �x all
geometric and bundle moduli in a supersymmetric way by fractional �uxes, the requirement of
a holomorphic gauge bundle, and D-terms [64], using the addition of higher order perturbative
contributions toW , non-perturbative and threshold e�ects. We then showed that α′-corrections
to K lead to new stable Minkowski (or dS) vacua where the complex structure moduli Z and
the dilaton are �xed supersymmetrically, while the �xing of the Kähler moduli at a lower scale
leads to spontaneous SUSY breaking. The minimum lies at moderately large volumes of all ge-
ometric moduli, at a perturbative string coupling and at the right value of the GUT coupling.
We also gave a dynamical derivation of anisotropic compacti�cations which allow for gauge
coupling uni�cation around 1016 GeV. The gravitino mass can be anywhere between the GUT
and TeV scale depending on the �xing of the Z-moduli. In general, these are �xed by turning on
background �uxes, leading to a gravitino mass around the GUT scale since the heterotic 3-form
�ux does not contain enough freedom to tune W to small values. Moreover accommodating
the observed value of the cosmological constant (CC) was a challenge. Low-energy SUSY could
instead be obtained in particular situations where the gauge bundle is holomorphic only at a
point-like sub-locus of Z-moduli space, or where the number of Z-moduli is small (like orbifold
models), since in these cases one may �x all moduli without turning on any quantized �ux.
However tuning the CC is even more of a challenge in these cases.

The above heterotic de Sitter vacua utilize the presence of certain quantum corrections
to the Kähler moduli sector at O(α′2). A similar type of corrections appears in the type IIB
context as well. We analyzed this new N = 1 string tree level correction at O(α′2) to the Kähler
potential of the volume moduli of type IIB Calabi�Yau �ux compacti�cation and its impact
on the moduli potential [65]. We found that it imposes a strong lower bound the Calabi�Yau
volume in the Large Volume Scenario of moduli stabilization. For KKLT-like scenarios we found
that consistency of the action imposes an upper bound on the �ux superpotential |W0| . 10−3,
while parametrically controlled survival of the KKLT minimum needs extreme tuning of W0

close to zero. We also analyzed the Kähler uplifting mechanism showing that it can operate
on Calabi�Yau manifolds where the new correction is present and dominated by the 4-cycle
controlling the overall volume if the volume is stabilized at values V & 103. We discussed the
phenomenological implication of these bounds on V in the various scenarios.

In a next step we performed a thorough analysis of the higher-derivative corrections to the
Kähler moduli sector arising at O(α′3 in string theory [66]. For this purpose, we started by
reviewing the ghost-free four-derivative terms for chiral super�elds in N = 1 supersymmetry
and supergravity. These terms induce cubic polynomial equations of motion for the chiral
auxiliary �elds and correct the scalar potential. We discussed the di�erent solutions and argue
that only one of them is consistent with the principles of e�ective �eld theory. Special attention
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was paid to the corrections along �at directions which can be stabilized or destabilized by the
higher-derivative terms. We then computed these higher-derivative terms explicitly for the type
IIB string compacti�ed on a Calabi�Yau orientifold with �uxes via Kaluza�Klein reducing the
(α′)3R4 corrections in ten dimensions for the respective N = 1 Kähler moduli sector. We
proved that together with �ux and the known (α′)3-corrections [67] the higher-derivative term
stabilizes all Calabi�Yau manifolds with positive Euler number, provided the sign of the new
correction is negative.

Based on these results, a full matching between the structure of the 10D O(α′3) R4 cor-
rection and the 4D e�ective higher superspace derivative terms requires knowledge of the full
structure of such 4D higher superspace derivative operators allowed in supergravity. The super-
symmetric completion of such higher-derivative operators often requires introducing corrections
to the scalar potential. Hence, we studied these corrections systematically in the context of
theories with N = 1 global and local supersymmetry in D = 4 focusing on ungauged chiral
multiplets [68]. In globally supersymmetric theories the most general o�-shell e�ective scalar
potential can be captured by a dependence of the Kähler potential on additional chiral su-
per�elds. For supergravity we found a much richer structure of possible corrections. In this
context we classi�ed the leading order and next-to-leading order superspace derivative oper-
ators and determine the component forms of a subclass thereof. Moreover, we presented an
algorithm that simpli�es the computation of the respective on-shell action. As particular appli-
cations we studied the structure of the supersymmetric vacua for these theories and commented
on the form of the corrections to shift-symmetric no-scale models. These results are relevant
for the computation of e�ective actions for string compacti�cations and, in turn, for moduli
stabilization and string in�ation.

Models of 4D N = 1 supergravity coupled to chiral multiplets with vanishing or positive
scalar potential have been denoted as no-scale. Of particular interest in the context of string
theory are models which additionally possess a shift-symmetry. In this case there exists a
dual description of chiral models in terms of real linear multiplets. We classi�ed all ungauged
shift-symmetric no-scale supergravities in both formulations and veri�ed that they match upon
dualization [69]. Additionally, we commented on the realizations within e�ective supergravities
descending from string compacti�cations.

We return to the topic of backreaction, but now in the context of meta-stable dS vacua. The
historically �rst class of dS vacua in string theory relies on using an anti-D3-brane in a warped
region of the Calabi�Yau manifold as a tunable source of SUSY breaking and positive vacuum
energy on top of supersymmetric AdS vacuum where the volume moduli are stabilized using
non-perturbative quantum e�ects. Using a 10D lift of non-perturbative volume stabilization in
type IIB string theory we study the limitations for obtaining de Sitter vacua. Based on this
we found that the simplest KKLT vacua with a single Kähler modulus stabilized by a gaugino
condensate cannot be uplifted to de Sitter. Rather, the uplift �attens out due to stronger
backreaction on the volume modulus than has previously been anticipated, resulting in vacua
which are meta-stable and SUSY breaking, but that are always AdS [70]. However, we also
showed that setups such as racetrack stabilization can avoid this issue. In these models it is
possible to obtain supersymmetric AdS vacua with a cosmological constant that can be tuned
to zero while retaining �nite moduli stabilization. In this regime, it seems that de Sitter uplifts
are possible with negligible backreaction on the internal volume. We exhibited this behavior
also from the 10D perspective.

Finally, we come full circle to study the structure of the supersymmetric moduli spaces of
N = 1 andN = 2 supergravity theories in AdS4 backgrounds [71]. These moduli spaces underlie
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all of the dS constructions discussed throughout this section. In the N = 1 case, the moduli
space cannot be a complex submanifold of the Kähler �eld space, but is instead real with respect
to the inherited complex structure. In N = 2 supergravity the same result holds for the vector
multiplet moduli space, while the hypermultiplet moduli space is a Kähler submanifold of the
quaternionic-Kähler �eld space. These �ndings are in agreement with AdS/CFT considerations.

8 Sequestering as solution to the cosmological constant

problem

Stringy solutions to the cosmological constant (CC) problem rely on a variant of Weinberg's
anthropic reasoning enabled by a very large landscape of discrete meta-stable dS vacua with
varying vacuum energy. The landscape argument draws its strength in part from Weinberg's
no-go theorem, which poses a stringent test for any form of adjustment or self-tuning solution to
the CC problem. However, subtle non-local modi�cations of Einstein gravity coupled to shift
and scale symmetry arguments similar to those which help protecting in�ation models from
dangerous quantum corrections may provide avenues for viable 4D models of `sequestering' of
the perturbative contributions to the vacuum energy.

In a series of papers Kaloper and Padilla proposed such a mechanism to sequester standard
model vacuum contributions to the cosmological constant, see e.g. [72, 73]. We studied the
consequences of embedding their proposal into a fully local quantum theory. In the original
work, the bare cosmological constant Λ and a scaling parameter λ are introduced as global
�elds. We found that in the local case the resulting Lagrangian is that of a spontaneously
broken conformal �eld theory where λ plays the role of the dilaton [74]. A vanishing or a small
cosmological constant is thus a consequence of the underlying conformal �eld theory structure.

Kaloper and Padilla also proposed a mechanism of vacuum energy sequester as a means
of protecting the observable cosmological constant from quantum radiative corrections. The
original proposal was based on using global Lagrange multipliers, but later a local formulation
was provided [73]. Subsequently other interesting claims of a di�erent non-local approach to
the cosmological constant problem were made, based again on global Lagrange multipliers.
Given this situation, we examined some of these proposals and �nd their mutual relationship.
We explained that the proposals which do not treat the cosmological constant counterterm
as a dynamical variable require �ne tunings to have acceptable solutions [75]. Furthermore,
the counterterm often needs to be retuned at every order in the loop expansion to cancel the
radiative corrections to the cosmological constant, just like in standard GR. These observations
are an important reminder of just how the proposal of vacuum energy sequester avoids such
problems.

9 Large-scale structure, lensing e�ects and the determina-

tion of H0

In this series of works we discuss the e�ects which perturbation-induced stochastic luminosity-
distance dispersion and gravitational weak lensing have on the precision determination of cos-
mological parameters such as e.g. H0 which underlie our current test of models of dark energy
or cosmological in�ation.
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Starting from the luminosity-redshift relation given up to second order in the Poisson gauge,
we calculated the e�ects of the realistic stochastic background of perturbations of the so-called
concordance model on the combined light-cone and ensemble average of various functions of
the luminosity distance, and on their variance, as functions of redshift [76]. We applied a
gauge-invariant light-cone averaging prescription which is free from infrared and ultraviolet
divergences, making our results robust with respect to changes of the corresponding cuto�s.
Our main conclusions were that such inhomogeneities not only cannot avoid the need for dark
energy, but also cannot prevent, in principle, the determination of its parameters down to
an accuracy of order 10−3 . . . 10−5, depending on the averaged observable and on the regime
considered for the power spectrum. However, taking into account the appropriate corrections
arising in the non-linear regime, we predicted an irreducible scatter of the data approaching
the 10% level which, for limited statistics, will necessarily limit the attainable precision. The
predicted dispersion appears to be in good agreement with current observational estimates of
the distance-modulus variance due to Doppler and lensing e�ects (at low and high redshifts,
respectively), and represents a challenge for future precision measurements.

The (absence of detecting) lensing dispersion of Supernovae type Ia (SNIa) can be used as
an extremely e�cient probe of cosmology. In this example we analyzed its consequences for
the primordial power spectrum [77]. The main setback is the knowledge of the power spectrum
in the non-linear regime, 1Mpc−1 < k < 102 . . . 103Mpc−1 up to redshift of about unity. By
using the lensing dispersion and conservative estimates in this regime of wave numbers, we
showed how the current upper bound σµ(z = 1) < 0.12 on existing data gives strong indirect
constraints on the primordial power spectrum. The probe extends our handle on the spectrum
to a total of 12�15 in�ation e-folds. These constraints are so strong that they are already ruling
out a large portion of the parameter space allowed by PLANCK for running α = dns/d ln k
and running β = d2ns/d ln k2. The bounds follow a linear relation to a very good accuracy. A
conservative bound disfavors any enhancement above the line β(k0) = 0.036− 0.42α(k0) and a
realistic estimate disfavors any enhancement above the line β(k0) = 0.022− 0.44α(k0).

Local measurements of the Hubble expansion rate are a�ected by structures like galaxy clus-
ters or voids. We presented a fully relativistic treatment of this e�ect, studying how clustering
modi�es the mean distance (modulus)-redshift relation and its dispersion in a standard ΛCDM
universe [78]. The best estimates of the local expansion rate stem from supernova observations
at small redshifts (0.01 < z < 0.1). It is interesting to compare these local measurements with
global �ts to data from cosmic microwave background anisotropies. In particular, we argued
that cosmic variance (i.e. the e�ects of the local structure) is of the same order of magnitude
as the current observational errors and must be taken into account in local measurements of
the Hubble expansion rate.

Probing the primordial power spectrum at small scales is crucial for discerning in�ationary
models. We demonstrated this necessity by brie�y reviewing single small �eld models that
give a detectable gravitational waves signal, thus being degenerate with large �eld models on
CMB scales [79]. A distinct prediction of these small �eld models is an enhancement of the
power spectrum at small scales, lifting up the degeneracy. We proposed a way to detect this
enhancement, and more generally, di�erent features in the power spectrum at small scales
1 . k . 102 . . . 103Mpc−1 by considering the existing data of lensing dispersion in Type Ia
supernovae. We showed that for various deviations from the simplest ns ' 0.96 the lensing
dispersion cuts considerably into the allowed parameter space by PLANCK and constrains the
spectrum to smaller scales beyond the reach of other current data sets.

We studied soft limits of correlation functions for the density and velocity �elds in the theory
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of structure formation [80]. First, we re-derived the (resummed) consistency conditions at
unequal times using the eikonal approximation. These are solely based on symmetry arguments
and are therefore universal. Then, we explore the existence of equal-time relations in the soft
limit which, on the other hand, depend on the interplay between soft and hard modes. We
scrutinize two approaches in the literature: The time-�ow formalism, and a background method
where the soft mode is absorbed into a locally curved cosmology. The latter has been used to
set up (angular averaged) `equal-time consistency relations'. We explicitly demonstrated that
the time-�ow relations and `equal-time consistency conditions' are only ful�lled at the linear
level, and fail at next-to-leading order for an Einstein�de Sitter universe. While applied to
the velocities both proposals break down beyond leading order, we found that the `equal-time
consistency conditions' quantitatively approximates the perturbative results for the density
contrast. Thus, we generalized the background method to properly incorporate the e�ect of
curvature in the density and velocity �uctuations on short scales, and discussed the reasons
behind this discrepancy.

Local measurements of the Hubble expansion rate are a�ected by structures like galaxy clus-
ters or voids. We presented a fully relativistic treatment of this e�ect, studying how clustering
modi�es the dispersion of the mean distance (modulus)-redshift relation in a standard ΛCDM
universe [81]. Our �ndings were that cosmic variance (i.e. the e�ects of the local structure)
is, for supernova observations at small redshifts (0.01 < z < 0.1), of the same order of mag-
nitude as the current observational errors. The cosmic variance has to be taken into account
in local measurements of the Hubble expansion rate and it reduces the tension with the CMB
measurement.

We provided predictions on small-scale cosmological density power spectrum from supernova
lensing dispersion [82]. Parameterizing the primordial power spectrum with running α and
running of running β of the spectral index, we exclude large positive α and β parameters
which induce too large lensing dispersions over current observational upper bound. We ran
cosmological N-body simulations of collisionless dark matter particles to investigate non-linear
evolution of the primordial power spectrum with positive running parameters. The initial small-
scale enhancement of the power spectrum is largely erased when entering into the non-linear
regime. For example, even if the linear power spectrum at k > 10h ×Mpc−1 is enhanced by
1 to 2 orders of magnitude, the enhancement much decreases to a factor of 2 to 3 at late time
(z ≤ 1.5). Therefore, the lensing dispersion induced by the dark matter �uctuations weakly
constrains the running parameters. When including baryon-cooling e�ects (which strongly
enhance the small-scale clustering), the constraint is comparable or tighter than the PLANCK
constraint, depending on the UV cut-o�.

10 PhD-theses and review articles

This work described above was also part of a number of PhD-theses. These are [83�86].

Furthermore, our work has been supplemented by a short review of string cosmology [87].
We wish to connect string-scale physics as closely as possible to observables accessible to current
or near-future experiments. Our possible best hope to do so is a description of in�ation in string
theory. The energy scale of in�ation can be as high as that of Grand Uni�cation (GUT). If
this is the case, this is the closest we can possibly get in energy scales to string-scale physics.
Hence, GUT-scale in�ation may be our best candidate phenomenon to preserve traces of string-
scale dynamics. Our chance to look for such traces is the primordial gravitational wave, or
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tensor mode signal produced during in�ation. For GUT-scale in�ation this is strong enough to
be potentially visible as a B-mode polarization of the cosmic microwave background (CMB).
Moreover, a GUT-scale in�ation model has a trans-Planckian excursion of the in�aton scalar
�eld during the observable amount of in�ation. Such large-�eld models of in�ation have a clear
need for symmetry protection against quantum corrections. This makes them ideal candidates
for a description in a candidate fundamental theory like string theory. At the same time the
need of large-�eld in�ation models for UV completion makes them particularly susceptible to
preserve imprints of their string-scale dynamics in the in�ationary observables, the spectral
index ns and the fractional tensor mode power r. Hence, we focussed in this review on axion
monodromy in�ation as a mechanism of large-�eld in�ation in string theory.
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