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String Infla+on A.er Planck 2013 
Burgess,  Cicoli, Quevedo 1306.3512

CMB targets after Planck 2018    RK, Linde   1909.04687

From Worldsheet to Spacetime 

100 3 Elements of String Theory

M-theory

IIA

IIB

S-dual
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heterotic

heterotic

I

T-dual

S-dualorientifold

Fig. 3.1. Dualities relating the supersymmetric string theories and M-theory. S-
duality exchanges strong coupling and weak coupling, while in compactification on
a circle, T-duality exchanges momentum and winding.

the worldsheet and supergravity actions: one finds [272]

22 = (2⇡)7(↵0)4 . (3.11)

In addition, type IIA supergravity has an R-R one-form C1 and a three-form
C3. The complete action then takes the form

SIIA = SNS + S(IIA)
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with Fp = dCp�1 and F̃4 = F4 + C1 ^ H3. The R-R fields in type IIB
supergravity are a zero-form (scalar) C0, a two-form C2, and a four-form C4

with self-dual field strength. The complete action is

SIIB = SNS + S(IIB)
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Supergravity limit of critical superstring theory.—The low-
energy limit is a  D=10 supergravity theory with local sources, 
D-branes and O-planes.  Compactification to D=4 supergravity
to explain the observations

String cosmology can be also studied without supersymmetry.
Non-critical string theory D-10           see  talk by Silverstein on 
(Non-)SUSY 2021 and Cosmology

TASI lectures on cosmological observables and string 
theory 1606.03640Silverstein

UV comple^on ?

6= 0

Challenges in supersymmetric cosmology, talk by Antoniadis

Gravitino production during inflation, talk by Sorbo

Microscopic description of brane gauginos, talk by Shiu

On anomalous production of slow gravitinos in minimal 
supergravity inflation and its resolution, talk by Terada

Infla%on and String Theory
textbook

Baumann, McAllister

Cosmology/supergravity talks at this conference:

https://arxiv.org/abs/1306.3512
https://arxiv.org/abs/1909.04687
https://arxiv.org/abs/1606.03640
https://www.amazon.com/s/ref=dp_byline_sr_ebooks_1?ie=UTF8&field-author=Daniel+Baumann&text=Daniel+Baumann&sort=relevancerank&search-alias=digital-text
https://www.amazon.com/s/ref=dp_byline_sr_ebooks_2?ie=UTF8&field-author=Liam+McAllister&text=Liam+McAllister&sort=relevancerank&search-alias=digital-text


String Inflation After Planck 2013 

Burgess,  Cicoli, Quevedo 

in string units, a high inflationary scale, Minf ' 1015 GeV, a small tensor-to-scalar

ratio, r ' 10�5, and a spectral index which is perfectly in agreement with observations:

ns ' 0.96.

2.3 The ns vs r plane

Predictions of the scalar spectral tilt, ns, and the primordial scalar-to-tensor ratio, r, are the

bread and butter of comparisons of inflationary models with observations. As functions of

the slow-roll parameters, ✏ and ⌘, single-field models predict these to be [60]:

ns � 1 = 2⌘ � 6✏ and r = 16 ✏ . (2.16)

The experimental constraints on these coming from WMAP [61] and Planck [5] are respec-

tively given on the left- and right-hand panels of Fig. 1, which both show an error ellipse

that encircles a central point near ns ' 0.96 with r consistent with zero.

Also shown in Fig. 1 are the predictions of several inflationary models. Most of these are

provided for comparison purposes by the observers themselves, but to these have been added

a collection of string-inflationary predictions as well. All of these predictions are pre-2013,

since the left-hand panel is taken directly from a 2008 summary [62] given at the ICHEP

meeting. We have transferred these by eye in the right-hand panel to the Planck results for

ease of comparison. For convenience we also collect the predictions of the above models for

50  Ne  60 in the table below.

String Scenario ns r

D3/D3 Inflation 0.966  ns  0.972 r  10�5

InflectionPoint Inflation 0.92  ns  0.93 r  10�6

DBI Inflation 0.93  ns  0.93 r  10�7

WilsonLine Inflation 0.96  ns  0.97 r  10�10

D3/D7 Inflation 0.95  ns  0.97 10�12
 r  10�5

Racetrack Inflation 0.95  ns  0.96 r  10�8

N� flation 0.93  ns  0.95 r  10�3

AxionMonodromy 0.97  ns  0.98 0.04  r  0.07

KahlerModuli Inflation 0.96  ns  0.967 r  10�10

Fibre Inflation 0.965  ns  0.97 0.0057  r  0.007

Poly � instanton Inflation 0.95  ns  0.97 r  10�5

,

Of the models depicted, ‘D3/D3 inflation’ [18] represents the predictions of the first

bona-fide string implementation of brane-antibrane inflation [19, 20], including modulus sta-

– 14 –

Testable soon

Testable 

Most models of string inflation either are 
already ruled out by ns or have a very small r, 
will not be tested during the next decades

r < 0.44 at 95% CLarXiv:2010.01139v2 [astro-ph.CO]

r=0.13

r very small 

r very small 

r very small 

https://arxiv.org/abs/2010.01139v2
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One of the ways to explain flatness of the potentials in inflationary theory is to start 
with the theory with shift symmetry. The famous example is the shift symmetry of the 
axion potential, which may lead to realization of the natural inflation scenario, or of the 
axion monodromy scenario.  

These mechanisms do not require supersymmetry. 

Yet another possibility is to use Goldstone shift symmetry of supersymmetric flat 
directions in supergravity, and then uplift these flat directions to plateau inflationary 
potentials. They might correspond to saxion flat directions. 

When the nilpotent multiplet is present, we can build such models in string theory 
inspired supergravity.  These are known as a-attractors.

Also in Fiber inflation, Higgs and R2 inflation,  the inflaton is a scalar, not a pseudoscalar. 

In early supergravity inflation models, starting with Kawasaki, Yamaguchi, Yanagida, 2000,  it was 
realized that an extra superfield in addition to an inflaton multiplet, is a tool for model building.

It become even more clear now that the nilpotent chiral multiplet, representing Volkov-Akulov
supersymmetry/anti-D3 brane in string theory, is a powerful tool in cosmology to describe both
dark energy and inflation.
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Comments on observables:
r, : flattening and multifield effects Non-perturbative non-Gaussian tails

flattening

multifield

Dong et al, Dimopoulos et al,…,Wenren (before data)

Panagopoulos et al ’20, 
Creminelli et al ‘21

Novel observational probes & PBH mechanism Integrating out heavy fields flattens V (energetics)

𝜙 /

Dong et al, Dimopoulos et al,..., Wenren (before data) 

Silverstein Strings 2021 slide
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Double Monodromy Infla]on 

D’Amico, Kaloper and Westphal 

arXiv:2101.05861

A short rollercoaster cosmology based on two stages of monodromy
inflation separated by a stage of matter domination, generated after 
the early inflaton falls out of slow roll 

If the first stage is controlled by a flat potential, V ∼ φp with p < 1 
and lasts N ∼ 30 − 40 e-folds, the scalar and tensor perturbations at 
the largest scales will fit the CMB perfectly, and produce relic 
gravity waves with 0.02 < r  < 0.06 

Two-stage inflationary trajectory, where the field φ1 slides down the 
slope first, oscillates while decaying near the bottom of the “gutter”, 
and then φ2 starts to move along the “gutter”. 

Figure 1: Tensor-to-scalar ratio versus spectral index for flattened power laws and the data.
The blobs correspond to, from left to right, N = 20, N = 30, N = 40 and N = 50 efolds
before the end of the accelerating evolution in this stage. We use the data in [66]. We see
that for a fixed p the data favor the band of N of ⇠25 – 40. Also, we observe that potentials
flatter than ⇠ �

2/3 are not excluded, and that those flatter than ⇠ �
2/5 are in excellent

agreement with the data at present, at lower values of N .

an epoch of acceleration of the rollercoaster universe, the potential is well approximated by
the exponential function,

V (�) = V0e
c�/MPl , (71)

where c is a dimensionless constant, and V0 is degenerate with the initial value of �. In-
terestingly such dilatonic potentials have been invoked in the attempts to evade problems
with swampland bounds [54, 55], and are commonplace in the literature. During this era,
the well-known late time attractor solution [67–70] is quickly reached, and it describes the
cosmic evolution during �-domination: a = a0(t/t0)2/c

2
, � = �0 � 2

c
MP l ln(t/t0). Taking t0

as the instant when the attractor evolution starts to dominate, with initial value �0, and
introducing N = ln(a(t)/a0) as the number of efolds that transpired until time t, we find
that the field variation is ��/MP l = �cN , and that the scalar power, tensor power, spectral
index nS and the tensor-scalar ratio during this epoch are

PS = PS(0)
⇣
k

k0

⌘�2c2/(2�c
2)

, PT = r PS , nS = 1� 2c2

2� c2
, r = 2c2 , (72)

where PS(0), k0 are the Planck normalization values, PS(0) ' 2.1⇥10�9 [58]. These formulas
are totally independent ofN , which is only determined by the variation of � in the field space,
cN ' ��/MP l. Note that as a consequence in these models the spectral running vanishes,

32

Rollercoaster Cosmology arXiv:2011.09489

The blobs correspond to,from leh to right,N =20, N =30, N =40 and
N =50  e-folds before the end of the 1st accelera^ng stage 

�
1
10 �

1
4, ?

https://arxiv.org/abs/2101.05861v1
https://arxiv.org/abs/2011.09489v1


Aligned Natural Inflation in the Large Volume Scenario 

Stephen Angus, Kang-Sin Choi, and Chang Sub Shin

arXiv:2106.09853

We embed natural infla^on in an explict string theory model and derive observables in cosmology. We 
achieve this by compac^fying the type IIB string on a Calabi–Yau orien^fold, stabilizing moduli via the 
Large Volume Scenario, and configuring axions using D7-brane stacks. In order to obtain a large 
effec^ve decay constant, we employ the Kim–Nilles–Peloso alignment mechanism, with the required 
mul^ple axions arising naturally from anisotropic bulk geometries. 
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Figure 8: Plot of the spectral index ns and the tensor-to-scalar ratio r0.002. From

top to bottom, we have N2 = 20, 30, 40, respectively. From left to right, we have

Q = 20, 30, 40, respectively. We take ⌧2 =
p
2⌧1 and every figure is drawn in the

range 10  ⌧1  20 and 50  Ne  60.

In Fig. 8, we draw predictions for the inflation parameters: the spectral index ns

and the tensor-to-scalar ratio r and compare them with the Planck 2018 results [5].

We use the ansatz (141) for the charges. In each plot, the lengths of the shaded

regions correspond to 10  ⌧1  20, and the widths correspond to 50  Ne  60.

Large values of Q and N2 result in enhancement of the e↵ective decay constant. Of

course, the original decay constants of each axion are larger for smaller ⌧is. Since

natural inflation is described by only one parameter, the (e↵ective) decay constant

fe↵ , the relation between ns and r in (8) is fixed, and their values always lie in the

same strip for di↵erent values of ⌧i, Q and N2.

44

Plot of the spectral index ns and 
the tensor-to-scalar ra^o r 

Significant effort, but all models
are s^ll far from the sweet spot of data

https://arxiv.org/abs/2106.09853v1


Planck constraints on the tensor-to-scalar ratio

Use the latest release of Planck maps, PR4

arXiv:2010.01139

New Planck constraint r < 0.056

Combining Planck with BICEP2/Keck 2015 data 
yields an upper limit of 

r < 0.044 at 95% C. L.

the ]ghtest limit on r to date 

https://arxiv.org/abs/2010.01139


CMB-S4 2021 Summer Collaboration Meeting

Gravitational waves provide an unobstructed view of the dynamics of the universe 
through cosmic history.

The inflationary paradigm
• Period of accelerated expansion 
• Simplest model Single-Field Slow-Roll 

(SFSR) 
• Solves several Big Bang Theory 

problems  
• Predictions:  

- Flat universe 
- Density perturbations with  scale-

invariant red-tilted power-law spectrum 
- Gaussian/adiabatic scalar perturbations 
- Tensor (and scalar) perturbations from 

quantum vacuum fluctuations

∼

2P. Campeti slide



Why hunting for the primordial GW? 

Why hunting for the primordial SGWB?
• Super-horizon tensor modes (with power spectrum ) 

encode the initial conditions of the Universe  

• Standard power-law parametrisation     

 

• Tensor-to-scalar ratio    

•  directly connected to the energy scale of inflation in SFSR: 

                  

PT(k)

PT(k) = AT ( k
k0 )

nT

r = AT

AS

r

V1/4 = 1.04 × 1016 GeV ( r
0.01 )

1/4

3

• Window on new physics 
• Unique information on the early 

universe 
• Probe energy scales unreachable 

by particle colliders 
• Definitive evidence for inflation

Polarisation B-modes in the CMB
• Produced by Thomson scattering  at 

recombination and reionization times 

• Observables angular power spectra  
 

- Total intensity T 
- Gradient mode of polarisation E 
- Curl mode of polarisation B  

• Primordial B produced only by tensor 
perturbations, not by scalar! 

• No detection yet of primordial B, only upper 
limits 

CXX′ 

ℓ
X, X′ = {T, E, B}

r < 0.044 at 95 % C . L .

7

Reionization bump

Recombination bump

Observational probes at different frequencies

CMB             
B-Modes

Pulsar 
Timing 
Array 

Space  
Interferometers
Aresμ LISA DO 

DECIGO
BBO 

AEDGE

Ground  
Interferometers 

aLIGO  
ET  
CE

CMB-S4

SKA

LISA

aLIGO

LiteBIRD

6

B-modes state-of-the-art 
(2028-2029) 

From P. Campeti talk

Ground based and satellite mission,
Highly complimentary experiments

• Unique informa]on on the early universe 
• Probe energy scales unreachable by par]cle 

colliders 

• Which models of infla]on will fit the data?
• What we will learn about fundamental physics?

The goal of the recent work with Linde, Yamada, Wrase
My talk at Supergravity session of SUSY 2021



Science goals for CMB-S4 August 9-13, 2021  

• detect gravitational waves provided 

Primordial gravitational waves

• detect gravitational waves provided 

Science goals for CMB-S4

• provide an upper limit of                 at 95% CL  
otherwise

r > 3⇥ 10�3

r < 10�3

This excludes all models of inflation that naturally explain the 
observed value of the spectral index and have a super-Planckian 
characteristic scale.

or

or 

• provide an upper limit of 

Primordial gravitational waves

• detect gravitational waves provided 

Science goals for CMB-S4

• provide an upper limit of                 at 95% CL  
otherwise

r > 3⇥ 10�3

r < 10�3

This excludes all models of inflation that naturally explain the 
observed value of the spectral index and have a super-Planckian 
characteristic scale.

or
From R. Flauger talk 

B-mode targets: 7 Poincare disks,
a-aoractors with 3a=1,2,3,4,5,6,7

BK18 maps about to be released

Monomial models are about to be 
excluded by current data 

Ferrara, RK, 2016
RK, Linde, Wrase, Yamada, 2017
RK, Linde, Roest, Yamada, 2017
McDonough , Scalisi, 2016

In addi]on to all ]me favorite 
plateau poten]als: R2 and Higgs



hop://mathworld.wolfram.com/PoincareHyperbolicDisk.html

r ⇠ 10�3 ↵ =
1

3

For a unit size Poincare Hyperbolic disk:

Next CMB satellite mission targets: 7 Poincare disks

ds2 = 3↵
dZ dZ̄

(1� ZZ̄)2
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ds2 =
dx2 + dy2

(1� x2 � y2)2

3a is R2 of the Escher disk

Kahler space curvature

RK = � 2

3↵

3a=1,2,3,4,5,6,7

Escher in the Sky

The discrete B-mode targets in the left panel of Fig. 1 are related to Poincaré disks with

V = V0ZZ̄ = V0 tanh
2(�/

p
6↵) potential. They originate from the Kähler potential defining

Poincaré disk geometry

K = �3↵ log(1� ZZ) ) ds
2 = 3↵

dZdZ

(1� ZZ)2
(1.2)

The unit size Poincaré disk has 3↵ = 1 and it is a first from the bottom line in Fig. 1 at the

left panel.

In this paper we will describe the origin of these models and of their predictions in the

context of sequestered inflation. At Step I we will look for 4D Minkowski vacua with one

or more flat directions in type IIB string theory compactified on a T6

Z2⇥Z2
orientifold with

generalized fluxes and O3/O7-planes [11, 12]. At Step II we will uplift the flat directions and

derive all seven cosmological models with 3↵ = 1, 2, 3, 4, 5, 6, 7. We consider type IIB string

theory setups having seven moduli chiral superfields (S, TI , UI) where I = 1, 2, 3.

ns
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Figure 1: ↵-attractor benchmarks for T-models (left panel) and E-models (right panel). The
predictions are shown for the number of e-foldings in the range 50 < Ne < 60. Dark pink area
corresponds to ns and r favored by Planck2018 after taking into account all CMB-related data.

Each of the seven moduli has the hyperbolic geometry as its target space geometry,1

which can realize ↵-attractors with 3↵ = 1,

K = �
3X

I=1

ln(TI + T I)� ln(S + S)�
3X

I=1

ln(UI + U I) . (1.3)

Our aim of Step I is to find string theoretically motivated models where we may stabilize

some of the moduli, while keeping some of the inflaton candidates massless. We found two

1
A target space hyperbolic geometry here is defined by a Kähler potential K = �3↵ ln(T + T̄ ). The case

K = � ln(T + T̄ ) in (1.3) means 3↵ = 1.

– 4 –

http://mathworld.wolfram.com/PoincareHyperbolicDisk.html
https://www.sciencedirect.com/science/article/pii/S1631070515001309?via%3Dihub


Benchmarks for T-models and E-models
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Yellow band: continuous 3a,
7 lines: discrete 3a
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7 lines: discrete 3a50<Ne<60
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Sequestered Inflation RK, A. Linde, Y. Yamada, T. Wrase, 2021

We construct supergravity models which allow one to sequester the phenomenology of infla^on from 
the Planckian energy scale physics which can be associated with string theory or M-theory. 

The procedure consists of two steps: At Step I we use              in string theory or M-theory to obtain a 
4D supergravity with some number of chiral mul^plets and scalar poten^als that have supersymmetric 
Minkowski vacua with flat direc^ons (Goldstone supermul^plets).

At Step II we uplih these Goldstones to plateau infla^onary poten^als. We find certain condi^ons 
which ensure that the superheavy fields involved in the stabiliza^on of the Minkowski vacua at Step I 
are completely decoupled from the infla^onary phenomenology.

Technical tools beyond well known in Supergravity

At Step I: Goldstone mulDplets in Supergravity           Symmetries of Flux Superpoten]als

At Step II: Nilpotent mulDplet to make a massless Godstone into a plateau poten]al

Wflux

2108.08491 2108.08492

https://arxiv.org/abs/2108.08491
https://arxiv.org/abs/2108.08492
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Volkov-Akulov non-linear realization of supersymmetry 



The scalar is a bilinear of a goldstino
fermions, not a fundamental field

D=4 Supergravity Language

represents an]-D3 brane

Supersymmetric uplift!
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T-models
in Sequestered
Inflation
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The discrete set of values 3α = n with an integer n in the range [1,2,3,4,5,6,7] 
motivated by maximal supersymmetry is compatible with the current data. 

ns ⇡ 1� 2

N
, r ⇡ 3↵

4

N2

Maximal supersymmetry 
11D, 10D supergravity + local sources:  
D-branes and O-planes

M-theory, string theory

Minimal supersymmetry 4D supergravity
Continuous  set of values 3α 

Minimal supersymmetry N=1 supergravity prediction: a continuous band, 
any r is possible, ns fits the data

Maximal supersymmetry, string theory:  7 hyperbolic disks scan the region  

10�3 . r . 10�2

1  3↵  7



The models with discrete values of the 3α-parameter are associated with string theory, M-theory and 
maximal N=8 supergravity. These are the seven targets shown in LiteBIRD figure,  at the specific seven 
values of the parameter r which defines the B-modes  (purple lines in the figure) 

For continuous values of the 3α-parameter there is a band of values of r as we see below.  It is possible 
that the B-modes will be discovered above or below the seven hyperbolic disks targets, and still fit the 
data on ns. This would support the idea of a minimal N=1 supergravity with hyperbolic geometry.

B-modes may not even be detected if r ≪ 10−3. If, however, the future data on B-modes will fit one of the 
seven discrete targets, the cosmological models associated with string theory, M-theory, maximal 
supergravity will get a strong support as the favorite models of theoretical physics which fit the 
cosmological observations. 

What we may learn about  SUSY/M-theory and string theory from the 
detection/non-detection of gravitational waves from inflation?

The discrete set of values α = i/3 with an integer i in the range [1,2,3,4,5,6,7] 
motivated by maximal supersymmetry (Ferrara & Kallosh 2016; Kallosh, Linde, 
Wrase, & Yamada 2017) is compatible with the current data. 

Quotes From Planck 2018 

Seven new targets for B-mode satellite missions

LiteBIRD, preliminary

The discrete set of values α = i/3 with an integer i in the range [1,2,3,4,5,6,7] 
motivated by maximal supersymmetry (Ferrara & Kallosh 2016; Kallosh, Linde, 
Wrase, & Yamada 2017) is compatible with the current data. 
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The discrete set of values α = i/3 with an integer i in the range [1,2,3,4,5,6,7] 
motivated by maximal supersymmetry (Ferrara & Kallosh 2016; Kallosh, Linde, 
Wrase, & Yamada 2017) is compatible with the current data. 
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