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String Cosmology
Golden Age for Cosmology - precision science dominated by Big
Data at all scales:
I ΛCDM provides accurate match to most observations with only 6

parameters!
I Inflation provides solutions to flatness, horizon and monopole

problems – and seeds for structure formation – consistent with
observation.

Despite successes, Standard Model of Cosmology no underyling
fundamental theory – need to incorporate gravity and all other
particle interactions:
I UV problems – at early times we need such a theory at high

energies and high temperatures – quantum gravity?
I IR problems – how to formulate quantum mechanics in an

accelerating spacetime, what is Dark Matter and Dark Energy?
Can string theory provide the necessary framework for cosmology
and can cosmology provide opportunities to test string theory
observationally? Might we learn more about string theory on the way?
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Plan

String theory has a number of phenomena with potential cosmological
implications – moduli, extra dimensions, towers of states (susy or
misaligned), modular invariance and UV/IR mixing, hidden sectors,...

I String moduli and their stabilisation
I Update on string inflation
I Post-inflation – exotic cosmological epochs
I Novel scenarios for Dark Energy in string theory
I Outlook

Some physics I won’t mention - (p)re-heating, baryogenesis,
candidates for Dark Matter...
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String compactifications and moduli

The Calabi-Yau Moon, Mariam Hashemi (acrylic on canvas)

Extra dims/moduli v important physical implication of string theory!
I Quantum consistency⇒ string theory is 10D, well-understood

perturbatively in weak coupling gs and weak curvature/large
volume 1/V expansions.

I Six extra dimensions must be compact and small – at energies <
1/V1/6 ⇒ a 4D LEEFT – Einstein + (S)SM + Dark Sectors.

I Size V and shape of the extra dimensions and gs correspond to
scalar fields – moduli – in the 4D LEEFT.

I moduli vevs determine the masses and couplings of SM and
Dark Sectors – and must be consistent with perturbative
expansions!
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String Moduli

I May be hundreds or thousands of moduli! Their number
determined by topological data of Calabi-Yau manifold - we now
have databases of millions of CYs.

I Gauge-singlets typically interacting with gravitational strength.
I To leading order, massless with flat potential energy functional⇒

unobserved long-range fifth-forces.
I Various string theory ingredients – higher dimensional fluxes,

D-branes, gaugino condensates, instantons – induce a potential
energy functional for the moduli – schematically

V (φ) = M4

(
a0 + a1

(
φ

M

)
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(
φ
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)2

+O
((

φ
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with φ(x) related to e.g. string coupling or 1/V.
I Weak coupling/large V typically implies only leading order term

relevant⇒ runaway potentials in regime of control. Dine & Seiberg ’85
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Moduli stabilisation and Cosmological Constant
I For some topological choices, ai are such that φ(x) can be fixed

dynamically at weak coupling and large volume at dS vacuum.

e.g. for V (φ) = M4
(

a0 + a1

(
φ
M

)
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+ . . .

)
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with a2 � ai ⇒ φ ≈ − a1M
2a2
� M and Λ = (a0 +

4a3
2

27a2
3
)M4.

I Potential energy at minimum corresponds to full vacuum energy
– corrections from gs and α′ suppressed!

I We will only ever have numerical control, not parametric control...
I ...but compelling evidence that our unique theory has

& O(10272,000) possible solutions including anthropically viable
ones – is Λ just an environmental parameter?

Bousso & Polchinski ’00; Taylor & Wang ’15
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Motivations for String Inflation
Inflation can be driven by scalar field slowly-rolling down shallow
potential, with εV ≡ M2

pl (V
′/V )2 � 1 and ηV ≡ M2

pl
V ′′
V � 1.

UV complete description of inflation necessary, e.g. for single-field:

I Quantum corrections ∆V ∼ cV (φ)
(
φ
Λ

)2
tend to drive

ηV ≡ M2
pl

V ′′

V
∼ O(1)

⇒ need a fine-tuning or a symmetry to explain why c � 1.
I Tensor-to-scalar ratio and transplanckian field displacements:

∆φ

Mpl
=

∫ Nhc

Nend

√
r
8
.

But ∆V ∼∑ cnV (φ) φ
n

Mn
pl
⇒ observable tensors would require

control of all QG corrections! Superplanckian field distances also
tend to imply towers of states becoming light.
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String Inflation - symmetries
see also e.g. M-flation, Ashoorioon, Sheikh-Jabbari et al

Moduli stabilisation may lead to sufficiently flat potentials to source
cosmic inflation – protected by shift symmetries, e.g:
I closed string saxions - Kähler moduli in IIB flux compactifications

V (φ) = V0

(
1− C0e−(φ/f )p

)

I open string saxions - D7-brane moduli or Wilson line moduli, e.g.

V (φ) = V0

(
1 + α

(
φ

φ0

))

I axions - perturbatively exact but broken non-perturbatively:

V (φ) = V0

(
1− cos

(
θ

f

))

where we need f & Mpl via alignment mechanism or N-flation.
I axions - broken at tree-level giving ‘axion-monodromy’:

V (φ) = µ4−p
(
φ

f

)p

in addition to many models with fine-tuning. 8



String Inflation - status
Comparison among the predictions for the main models of string
inflation, using benchmark Ne ' 52.

String model ns r
Fibre Inflation 0.967 0.007

Blow-up Inflation 0.961 10−10

Poly-instanton Inflation 0.958 10−5

Aligned Natural Inflation 0.960 0.098
N-Flation 0.960 0.13

Axion Monodromy 0.971 0.083
D7 Fluxbrane Inflation 0.981 5× 10−6

Wilson line Inflation 0.971 10−8

D3-D3 Inflation 0.968 10−7

Inflection Point Inflation 0.923 10−6

D3-D7 Inflation 0.981 10−6

Racetrack Inflation 0.942 10−8

Volume Inflation 0.965 10−9

DBI Inflation 0.923 10−7

c.f. Planck ’18: ns = 0.9649± 0.0042 (68%CL), r < 0.036 (95%CL).
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String Inflation - status
Many favourite string models from a decade ago, with very low r , are
now ruled out by precision data on ns:

Figure from Akrami et al ’18

WMAP ’10 in red, Planck ’18 in blue
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String Inflation - multifield

I Multifield models well-motivated theoretically.
I Trajectories can be non-geodesic, with strong turns,
ηm

V = M2
pl |min∇a∇bV/V | can be large.

I Predictions altered, e.g. for strongly non-geodesic D5-brane
multifield inflation:

Chakraborty & Zavala ’19

Single-field natural inflation predictions in cyan dashed, multifield predictions in red continuous.

providing targets also for future observations on
non-gaussianities, anisotropies, inhomogeneities and tensors.
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Post String Inflation

I In ‘standard cosmology’ inflation ends with reheating to SM dofs.
I String inflation ends with rolling moduli with energies� particle

physics scales:
V(𝝋)

𝝋
𝝋min

𝚫𝝋 ≤ 𝑴𝒑

𝚫𝝋 ≈ 𝟏𝟎𝑴𝒑

(1016 GeV)4

inflation

kination

Moduli 
domination
and reheating

V ≈ e-𝜆𝜑

Scaled by  
≈ 1030

Overshoot problem...

evaded by kination followed by moduli
domination⇒ reheating temperature lowered.

12



Post String Inflation

I In ‘standard cosmology’ inflation ends with reheating to SM dofs.
I String inflation ends with rolling moduli with energies� particle

physics scales:
V(𝝋)

𝝋
𝝋min

𝚫𝝋 ≤ 𝑴𝒑

𝚫𝝋 ≈ 𝟏𝟎𝑴𝒑

(1016 GeV)4

inflation

kination

Moduli 
domination
and reheating

V ≈ e-𝜆𝜑

Scaled by  
≈ 1030

Overshoot problem... evaded by kination

followed by moduli
domination⇒ reheating temperature lowered.

12



Post String Inflation

I In ‘standard cosmology’ inflation ends with reheating to SM dofs.
I String inflation ends with rolling moduli with energies� particle

physics scales:
V(𝝋)

𝝋
𝝋min

𝚫𝝋 ≤ 𝑴𝒑

𝚫𝝋 ≈ 𝟏𝟎𝑴𝒑

(1016 GeV)4

inflation

kination

Moduli 
domination
and reheating

V ≈ e-𝜆𝜑

Scaled by  
≈ 1030

Overshoot problem... evaded by kination followed by moduli
domination

⇒ reheating temperature lowered.

12



Post String Inflation

I In ‘standard cosmology’ inflation ends with reheating to SM dofs.
I String inflation ends with rolling moduli with energies� particle

physics scales:
V(𝝋)

𝝋
𝝋min

𝚫𝝋 ≤ 𝑴𝒑

𝚫𝝋 ≈ 𝟏𝟎𝑴𝒑

(1016 GeV)4

inflation

kination

Moduli 
domination
and reheating

V ≈ e-𝜆𝜑

Scaled by  
≈ 1030

Overshoot problem... evaded by kination followed by moduli
domination⇒ reheating temperature lowered.

12



Alternative Cosmological Histories

Radiation domination Matter domination Dark energy   
dominationInflation?

≥10-35sec

≤1015 GeV

Higgs mass BBN CMB Today
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5.1. Moduli Domination
In expanding universes, matter and radiation redshift as

⇢matter /
1

a(t)3 ,

⇢radiation /
1

a(t)4 , (152)

and so matter wins out over radiation. Although both familiar and basic, Eq. (152) implicitly contains one of
the most important elements of string cosmology. As discussed in section XXREFXX, moduli originate from
higher-dimensional modes of the graviton and interact through gravitationally suppressed couplings. On dimensional
grounds, the decay rates of such moduli are set as

�� =
�

16⇡
m3
�

M2
P

, (153)

where � is a dimensionless O(1) constant, whereas particle with renormalisable perturbative decays have decay rates
given by Eq. (150). Compared to these, the lifetimes of the scalar moduli are enhanced by a factor of M2

P

m2
�

. Indeed,
as the Planck scale is the silverback gorilla of energy scales in physics, moduli also outlive other particles with non-
renormalisable interactions suppressed by (merely) the GUT scale.

When heavy particles decay, their decay products are normally relativistic. With radiation redshifting as ⇢� ⇠ a�4

and matter redshifting as ⇢ ⇠ a�3, the relativistic products from ‘early’ decays rapidly grow sub-dominant to any
matter present. With the evolution of cosmic time, a universe crowded with particles inevitably becomes dominated
by the longest-living, latest-decaying matter. As gravity is, both empirically and theoretically, the weakest force, this
implies that it is a generic expectation of string compactifications that the universe will go through a stage where its
energy density is dominated by the mass-energy of moduli particles for which all interactions are non-renormalisable
and suppressed by the Planck scale.

This era of moduli domination is one of the most generic and distinctive expectations of string cosmology, and it is
one of the most notable ways in which string cosmology di↵ers quite substantially from many field theory approaches
to inflation where reheating is assumed to be driven by fields with couplings that are either renormalisable or, at least,
suppressed by scales far lower than the Planck scale. While not strictly unique to string theory (the key feature is the
presence of massive scalars with gravitational-strength interactions), it represents a very di↵erent cosmological history
to many Beyond-the-Standard-Model post-inflationary scenarios, which involve a rapid transfer of energy from the
inflationary degrees of freedom into Standard Model particles.

Sometimes string theory is seen as an esoteric UV issue of little interest to hard-working practical-minded cos-
mologists studying the universe one trillionth of a second after the Big Bang. It is, therefore, important to note that
the cosmology of such field theory scenarios is unstable to the inclusion of a sector with only gravitationally coupled
particles (i.e. moduli). As described above, as long as there is some initial amplitude in the moduli fields, we expect
this energy density to grow so that the universe passes through an epoch of moduli domination.

Naively, one may think it possible to avoid this by assuming that the inflaton is charged only under Standard
Model degrees of freedom, and that all inflationary dynamics only involves a displacement in the inflaton field. The
claim is that, in this case, there would be no amplitude in the moduli degrees of freedom or, put another way, the
post-inflation moduli would not be displaced from their final minimum during inflation. However, in practice it is
very hard to engineer this: in the context of any e↵ective Lagrangian with a UV completion in string theory, there
will almost always be an initial displacement of the moduli from the final minimum, and thus some amplitude in the
moduli field. This is particularly so for the universal moduli – the overall volume and the dilaton.

Why? We illustrate this in the context of IIB compactifications, but the argument extends easily. The supergravity
scalar potential is (with MP = 1)

V = eK
⇣
Ki j̄DiWDj̄W̄ � 3|W |2

⌘
. (154)

The Kähler potential is

K = �2 lnV(T + T̄ ) � ln
 Z

i⌦ ^ ⌦̄
!
� ln(S + S̄ ), (155)
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Here the initial condition has been set as �(t0) = �0. The residual integration constant has been fixed by requiring
that a time coordinate of t = 0 represents (at least formally) an initial singularity where the energy densities diverge.
It is worth noting that during kination, the field moves through approximately one Planckian distance in field space
each Hubble time. This is an interesting feature from the perspective of string cosmology, as transPlanckian field
excursions are home territory for string theory and require a theory of quantum gravity to ensure adequate control of
the e↵ective field theory expansion over such large displacements. Any extended kination epoch, lasting for many
Hubble times, will result in a field traversing a markedly transPlanckian distance.

The scale factor behaves as
a(t) / t1/3, (180)

which follows immediately from H2 ⌘ ȧ(t)2

a(t)2 =
�̇2

6M2
P
. During a kination epoch, the energy density therefore drops o↵ as

⇢kination(t) / 1
a(t)6 . (181)

By comparing with ⇢ / a�3 or ⇢ / a�4 (behaviours of matter and radiation domination), we see that kinetic energy
dilutes much faster. This implies that during a fast-rolling kination phase, any initial sources of matter or radiation
will – over time – catch up with the kination energy. At this point, their additional Hubble friction can e↵ectively stop
the evolution of the field (it becomes overdamped) until the energy densities of the universe have fallen su�ciently
for the slope of the potential to become important again.

At this point, the evolution enter an attractor tracker solution. The ‘attractor’ nature refers to the fact that many
initial conditions converge onto the same solution. The ‘tracker’ property refers to the fact that fixed proportions
of the energy density lie in each of potential energy, kinetic energy and radiation (or matter) (28; 296; 297). The
use of tracker solutions, and additional Hubble friction to avoid overshoot, goes back a long way (for example, see
(298; 299; 300; 301; 302; 303)).

We now describe the properties of the tracker solution (mostly following the analysis of (297)). The existence of
the tracker solution relies on the presence additional contributions to energy density which redshift slower than kinetic
energy. For a generic cosmic fluid with equation of state

P = (� � 1)⇢, ⇢ ⇠ a�3�,

and so a slower redshift than kinetic energy requires � < 2. Both matter and radiation satisfy this condition. Given
the high inflationary scales, there does not appear to be an obvious candidate for stable matter at the end of inflation
(although, as possibilities, one could consider either primordial black holes or relatively heavy axions with ma < H,
which become non-relativistic shortly after the end of inflation).

Instead, we focus on the relatively universal case of initial radiation, where ⇢extra = ⇢� (note we use ⇢� to denote
any form of radiation, not just photons). There are many good candidates for such radiation (for example, gravitons,
axion-like particles or extra U(1) gauge bosons).

The Friedmann equations are

Ḣ = � 1
2M2

P

⇣
⇢� + P� + �̇2

⌘
= � 1

2M2
P

⇣
�⇢� + �̇

2
⌘
, (182)

H2 =
1

3M2
P

⇣
⇢� +

1
2
�̇2 + V(�)

⌘
, (183)

with energy conservation set by
⇢̇� = �3H

�
⇢� + P�

�
= �3H�⇢�. (184)

The attractor nature is made manifest by transforming to the variables

x =
�̇

MP

1
p

6H
, y =

r
V(�)

3
1

MPH
. (185)
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with energy conservation set by
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The attractor nature is made manifest by transforming to the variables
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Alternative histories of our Universe

UV complete models may connect otherwise uncorrelated aspects of
early universe and particle physics.
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Dark Energy in string theory
I Consistency of long-lived metastable dS vacua being tested and

challenged by Swampland Conjectures, stimulating new ideas...

I Runaway potentials ubiquitous in string compactifications; were
φ frozen by Hubble friction, Λ ∼ e−λφ exponentially suppressed!

I If modulus hidden and sequestered from visible sector, we may
avoid fifth-forces and time-variation of fundamental constants...
e.g. Berg, Marsh, McAllister, Pajer ’10; Aparicio, Cicoli, Krippendorf, Maharana, Muia, Quevedo ’14; Acharya, Maharana, Muia ’18

I V (φ) arising in N=1 LEEFT sugras from string compactifications
are always either too steep or negative:

Model V (φ) > 0 and εV < 1 at tail

bulk/fibre modulus
K = −n log(Φ + Φ̄) , W = W0 + Ae−aΦ no-go

K = −n log(Φ + Φ̄) , W = W0 + AΦp no-go

deformation modulus

K = k0 +
|Φ|2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
|Φ|2n

k1
, W = W0 + AΦp p = n

blow-up modulus

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + AΦp p = n

I Generalises to multifield - no asymptotic accelerated expansion
(for k = 0) – conceptual issues around cosmological horizons.

Tonioni & Shiu ’23; see however Andriot, Tsimpis, Wrase ’23 for k=-1

14



Dark Energy in string theory
I Consistency of long-lived metastable dS vacua being tested and

challenged by Swampland Conjectures, stimulating new ideas...
I Runaway potentials ubiquitous in string compactifications; were
φ frozen by Hubble friction, Λ ∼ e−λφ exponentially suppressed!

I If modulus hidden and sequestered from visible sector, we may
avoid fifth-forces and time-variation of fundamental constants...
e.g. Berg, Marsh, McAllister, Pajer ’10; Aparicio, Cicoli, Krippendorf, Maharana, Muia, Quevedo ’14; Acharya, Maharana, Muia ’18

I V (φ) arising in N=1 LEEFT sugras from string compactifications
are always either too steep or negative:

Model V (φ) > 0 and εV < 1 at tail

bulk/fibre modulus
K = −n log(Φ + Φ̄) , W = W0 + Ae−aΦ no-go

K = −n log(Φ + Φ̄) , W = W0 + AΦp no-go

deformation modulus

K = k0 +
|Φ|2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
|Φ|2n

k1
, W = W0 + AΦp p = n

blow-up modulus

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + AΦp p = n

I Generalises to multifield - no asymptotic accelerated expansion
(for k = 0) – conceptual issues around cosmological horizons.

Tonioni & Shiu ’23; see however Andriot, Tsimpis, Wrase ’23 for k=-1

14



Dark Energy in string theory
I Consistency of long-lived metastable dS vacua being tested and

challenged by Swampland Conjectures, stimulating new ideas...
I Runaway potentials ubiquitous in string compactifications; were
φ frozen by Hubble friction, Λ ∼ e−λφ exponentially suppressed!

I If modulus hidden and sequestered from visible sector, we may
avoid fifth-forces and time-variation of fundamental constants...
e.g. Berg, Marsh, McAllister, Pajer ’10; Aparicio, Cicoli, Krippendorf, Maharana, Muia, Quevedo ’14; Acharya, Maharana, Muia ’18

I V (φ) arising in N=1 LEEFT sugras from string compactifications
are always either too steep or negative:

Model V (φ) > 0 and εV < 1 at tail

bulk/fibre modulus
K = −n log(Φ + Φ̄) , W = W0 + Ae−aΦ no-go

K = −n log(Φ + Φ̄) , W = W0 + AΦp no-go

deformation modulus

K = k0 +
|Φ|2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
|Φ|2n

k1
, W = W0 + AΦp p = n

blow-up modulus

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + AΦp p = n

I Generalises to multifield - no asymptotic accelerated expansion
(for k = 0) – conceptual issues around cosmological horizons.

Tonioni & Shiu ’23; see however Andriot, Tsimpis, Wrase ’23 for k=-1

14



Dark Energy in string theory
I Consistency of long-lived metastable dS vacua being tested and

challenged by Swampland Conjectures, stimulating new ideas...
I Runaway potentials ubiquitous in string compactifications; were
φ frozen by Hubble friction, Λ ∼ e−λφ exponentially suppressed!

I If modulus hidden and sequestered from visible sector, we may
avoid fifth-forces and time-variation of fundamental constants...
e.g. Berg, Marsh, McAllister, Pajer ’10; Aparicio, Cicoli, Krippendorf, Maharana, Muia, Quevedo ’14; Acharya, Maharana, Muia ’18

I V (φ) arising in N=1 LEEFT sugras from string compactifications
are always either too steep or negative:

Model V (φ) > 0 and εV < 1 at tail

bulk/fibre modulus
K = −n log(Φ + Φ̄) , W = W0 + Ae−aΦ no-go

K = −n log(Φ + Φ̄) , W = W0 + AΦp no-go

deformation modulus

K = k0 +
|Φ|2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
|Φ|2n

k1
, W = W0 + AΦp p = n

blow-up modulus

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + AΦp p = n

I Generalises to multifield - no asymptotic accelerated expansion
(for k = 0) – conceptual issues around cosmological horizons.

Tonioni & Shiu ’23; see however Andriot, Tsimpis, Wrase ’23 for k=-1

14



Dark Energy in string theory
I Consistency of long-lived metastable dS vacua being tested and

challenged by Swampland Conjectures, stimulating new ideas...
I Runaway potentials ubiquitous in string compactifications; were
φ frozen by Hubble friction, Λ ∼ e−λφ exponentially suppressed!

I If modulus hidden and sequestered from visible sector, we may
avoid fifth-forces and time-variation of fundamental constants...
e.g. Berg, Marsh, McAllister, Pajer ’10; Aparicio, Cicoli, Krippendorf, Maharana, Muia, Quevedo ’14; Acharya, Maharana, Muia ’18

I V (φ) arising in N=1 LEEFT sugras from string compactifications
are always either too steep or negative:

Model V (φ) > 0 and εV < 1 at tail

bulk/fibre modulus
K = −n log(Φ + Φ̄) , W = W0 + Ae−aΦ no-go

K = −n log(Φ + Φ̄) , W = W0 + AΦp no-go

deformation modulus

K = k0 +
|Φ|2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
|Φ|2n

k1
, W = W0 + AΦp p = n

blow-up modulus

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + Ae−aΦ no-go

K = k0 +
(Φ+Φ̄)2n

k1
, W = W0 + AΦp p = n

I Generalises to multifield - no asymptotic accelerated expansion
(for k = 0) – conceptual issues around cosmological horizons.

Tonioni & Shiu ’23; see however Andriot, Tsimpis, Wrase ’23 for k=-1
14



Interacting Dark Sectors

Elephant in the Room by Banksy

Claim: interacting Dark Sectors can source a transient dS epoch for
the steep runaway potentials typical from string compactifications.
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Interacting Dark Sectors
Gomes, Hardy & SLP ’23

Toy model - two interacting dark scalar fields:

L =
1
2

gµν∂µφ∂νφ+
1
2

gµν∂µψ∂νψ + V (φ, ψ) ,

with canonical kinetic terms and a scalar potential of the form:

V (φ, ψ) = V (φ) +
1
2

m2
ψψ

2 +
1
2

m2
int

Λ2 φ
2ψ2 .

and Higgs-like hilltop or runaway potential for φ:

V (φ) = ρde

((
φ

Λ

)2

− 1

)2

or V (φ) = ρde e−
φ
Λ

With mint = 0 either φ or ψ could source slowly-rolling quintessence...
but only with fine-tuning i.c’s or dangerous large field distances.

With mint 6= 0 and ψ behaving as DM, DR or subdominant DE - can
stabilise φ near φ = 0 to source observed DE as transient dS!
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DM Assisted DE - Runaway Example
Dvali & Kachur ’03; Axenides & Dimopoulos ’04; Copeland & Rajantie ’05; Gomes, Hardy & SLP to appear

I For ψinit 6= ψmin = 0 and mψ > H0 ⇒ ψ classically oscillates:

ψ(t) = ψ0e−3H(t−t0)/2 cos(mψt)

I Quartic interaction m2
int

Λ2 〈ψ2〉φ2 ⇒ φmin
Λ = W0

(
ρde

mint〈ψ2〉

)

I No tuning of initial conditions, no super-Planckian distances, a
transient dS with no fine-tuning in Lagrangian parameters!
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Outlook

I String theory provides new testable ideas for cosmology - extra
dimensions, moduli and axions, interacting dark sectors...

I ...stringy symmetries, supersymmetry breaking, finite
temperature effects, swampland constraints...

I Alternative histories and plenty of good candidates for inflatons,
Dark Matter, Dark Energy, with testable predictions.

I Nature likely to go beyond simplest, single-field models –
multifield inflation, coupled Dark Sectors.

I Solving the CC problem and DE will hopefully provide some deep
insights into string theory and help us connect to observations.
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