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Keith: 
a friend and a collaborator 
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Talks by J. Ellis and D. Nanopoulos  
and many other collaborators 

My personal interest 

K.A. Olive et al. (Particle Data Group) 

Best source of information for teaching QFT III 

Creation of Matter in the Universe  

Particularly important for the analysis of the future precision cosmological data  
on ns and r with regard to a number of e-foldings in inflation, N. 
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10m South Pole Telescope 
  SPT-3G: 16,400 detectors  

  95, 150, 220 GHz 

South Pole CMB  (Stage II & 

III) 

 BICEP3 
   2560 detectors  

   95 GHz 
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Photo: Rahul Datta & Alessandro Schillaci 

CLASS 1.5m x 4 
72 detectors at 38 GHz  

512 at 95 GHz  

2000 at 147 and 217 GHz 
Simons Array 

(Polarbear 2.5m x 3) 
22,764 detectors  

90, 150, 220, 280 GHz 

ACT 6m 
AdvACTpol:  

88 detectors at 28 & 41 GHz  

1712 at 95 GHz  

2718 at 150 GHz  

1006 at 230 GHz 

Atacama CMB  (Stage II & III) 

 Keck Array 
  2500 detectors  

   150 & 220 GHz 

Upgrading to BICEP Array:  

  30,000 detectors  

   35, 95, 150, 220, 270 GHz 



CMB satellite 

proposals 

All targeting σ(r) ~ few 10-4 

PIXIE 
(NASA MIDEX 

~2023) 

LiteBIRD (JAXA, ~2025) 

LiteCORE 
(ESA M5 ~2026-2030) 



Hard to detect B-modes: removal of foregrounds, control of systematics,  
achieving required sensitivity 

Detection would be of fundamental  
importance for understanding  
Quantum Gravity  

The March toward r=0.001 

Chao-Lin Kuo                     Stanford/SLAC  
New Horizons in Inflationary Cosmology, SITP, March 3, 2017  

THANK YOU 

We have already come very far  
 We’re deeply in there  

Foregrounds 

Galactic magnetic field and polarized mm emission seen by Planck 





Primordial gravitational  
Waves, B-modes. Created  
during early universe inflation, 
about 13.8 billion years ago. 
Not yet detected. 

Gravitational waves detected by LIGO from the binary black hole merger at about 
1.3 billion years ago  



String theory landscape? 



From S. Allen talk 
at CMBS4, Feb2017 



The clustering of galaxies in the completed SDSS-III Baryon 

Oscillation Spectroscopic Survey: cosmological analysis of the DR12 
galaxy sample  

2016 

w = 1.01 ± 0.06  

Recent data (non CMB)  

strong affirmation of the spatially flat cold dark matter model with a cosmological 

constant     (LCDM)  



   Before quantum corrections     After quantum corrections 

Anthropic bound 

Anthropic approach to L in string theory: 

String theory landscape? 

KKLT-construction 
of de Sitter vacua 
in string theory 
using uplifting  
anti-D3 branes 

vacua 



 RK, Quevedo, Uranga 2015 
Earlier work by Dudas et al 

The one-loop open string annulus and Moebius strip diagrams turn into 
closed string channel diagrams describing tree level exchange of NSNS and 
RR states between two boundaries (branes or antibranes), or between one 
boundary and one crosscap (O3-plane) 

A technical tool for the  
string theory landscape 
construction and for  
inflationary model 
building 

Non-linear supersymmetry: not of the kind which was not found at LHC 

Volkov-Akulov, 1972 Allows de Sitter vacua in  
Supergravity without scalars 



The Cosmic Microwave Background Stage 4 Concept Definition Task 

force  
•A subset of the CMB-S4 community set up to do a specific job 

 

• A Task Force set up by the Astronomy and Astrophysics Advisory 

Committee (AAAC) at the request of  
 

•The DOE Office of High Energy Physics (HEP)  
 

•The NSF Divisions of Astronomical Sciences (AST) Physics (PHY) 

 

•Polar Programs (PLR)  
 

•to “develop a concept for a CMB-S4 experiment”. 
 

Science Requirements - Six areas:  
•–  Inflation [r or s(r)]  
•–  Neutrinos [ ( S m )]  
•–  Light relics [s(Neff)]  
•    Dark matter [?]  
•    Dark energy [?] 

•    Astro [?] 
 

I 

2017 



Status of primary CMB TT measurements 

Fit by vanilla 6-parameter ΛCDM model 

Inflation checklist: 
✓ Flat geometry (Ωk < 0.005)  

✓ Harmonic peaks (9+) 

✓ Gaussian random fields 
    (fNL

local
 = 0.8 ± 5.0, fNL

equil
 = −4 ± 43, and fN

ortho
 = −26 ± 21)* 

✓ Departure from scale invariance! (ns = 0.968 ± 0.006) 

    Inflationary gravitational waves (tensors) (r < 0.11) 

*constraints include CMB polarization data 

J. Carlstrom 



N :  the number of e-folds N left to the end of inflation, defined as  

Glossary  

where a is the scale factor and af is its value at the end of inflation. The spectrum of  
fluctuations observed in CMB corresponds to   
                                                    

                                                    47 < N  < 57 

N :  is the number of supersymmetries,  Majorana spinors. The maximal number for  

theories with highest spin 2 is 

N  = 8 
The minimal number which we will consider here is  

N  = 1 

ns :     Tilt of the spectrum of inflationary perturbations                             

r :  Level of B-modes, r=T/S.  Not detected 

Primordial	gravitational	
Waves,	B-modes.	Created	
during	early	universe	inflation,
about	13.8	billion	years	ago.
Not	yet	detected.

Gravitational	waves	detected	by	LIGO	from	the	binary	black	hole	merger	at	about
1.3	billion	years	ago

http://www.dictionary.com/browse/glossary


B-modes 

• Thomson scattering within local quadrupole 

anisotropies generates linear polarization 

• Scalar modes  T, E 

• Tensor modes  T, E, B 

• Ratio r = ΔT / ΔS 

• Gravitational waves at LSS                 

create B-mode polarization 

• Probes Lyth bound of Inflation  

• Ekpyrotic models  r = 0 
 

Lorenzo Moncelsi 

Planck 2015 

BICEP2 2014 

W. Hu 

B>0 B<0 

Moriond 22/3/16 

Planck XX 2015 

BK14 w / 95GHz 2016 

      Next in CMB cosmology:  
 

Relentless observation 

If B-modes will be discovered soon, r > 10-2 

natural inflation models, axion monodromy  
models, a-attractor models,…, will be validated 
No need to worry about log scale r 
 

Otherwise, we switch to log r 
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Then what?  The next step is to nail  
the specific model of inflation  

We are closing in on the first 10-35 seconds of 
the universe, using General Relativity and QFT 

RK, Linde, 
Roest, 2013 

E. Komatsu 



Meaning of the measurement of the 
curvature of the 3d space  

k=+1, k=-1, k=0  Spatial curvature parameter 

In the context of new 
supergravity cosmological 
models, measuring r 
means measuring the  
curvature of the hyperbolic 
geometry of the moduli 
space 

scalar fields are coordinates  
of the Kahler geometry 

Decreasing r, decreasing a, 

increasing curvature RK 

Hyperbolic geometry 
of a Poincaré disk 



a 



October 2016 

T

T

E

Figure 1: This Figure is taken from [16], it represents a forecast of CMB-S4 const raints in the ns − r plane

for a fiducial model with r = 0.01. Here the grey band shows predict ions of the sub-class of ↵-at t ractor models

[2, 3, 4]. We have added to this figure a blue circle with the let ter T inside it corresponding to a highest

preferred value 3↵ = 7 and the purple one corresponding to the lowest preferred value 3↵ = 1 in a seven-disk

geometry. All intermediate cases 3↵ = { 1, 2, 3, 4, 5, 6, 7} are between these two. They all describe the class

of ↵-at t ractor models with V ⇠ tanh2(' /
p

6↵), so-called quadrat ic T -models. The quadrat ic E -models with

V ⇠ (1 − e
p

2/ 3↵ ' )2 tend to be slight ly to the right of the T -models, see [2]. We show them as a navy circle

with the let ter E inside it .

by requiring that

3↵ = 7 : ⌧1 = ⌧2 = ⌧3 = ⌧4 = ⌧5 = ⌧6 = ⌧7 ⌘ ⌧
3↵ = 6 : ⌧1 = ⌧2 = ⌧3 = ⌧4 = ⌧5 = ⌧6 ⌘ ⌧, ⌧7 = const

3↵ = 5 : ⌧1 = ⌧2 = ⌧3 = ⌧4 = ⌧5 ⌘ ⌧, ⌧6 = ⌧7 = const

3↵ = 4 : ⌧1 = ⌧2 = ⌧3 = ⌧4 ⌘ ⌧, ⌧5 = ⌧6 = ⌧7 = const

3↵ = 3 : ⌧1 = ⌧2 = ⌧3 ⌘ ⌧, ⌧4 = ⌧5 = ⌧6 = ⌧7 = const

3↵ = 2 : ⌧1 = ⌧2 ⌘ ⌧, ⌧3 = ⌧4 = ⌧5 = ⌧6 = ⌧7 = const

3↵ = 1 : ⌧1 ⌘ ⌧, ⌧2 = ⌧3 = ⌧4 = ⌧5 = ⌧6 = ⌧7 = const (4.17)

We illust rate in Fig. 1 the features of ↵-at t ractor models [2, 3, 4] with the seven-disk geometry

using the recent discussion of B-modes in the CMB-S4 Science Book [16]. We show in Fig. 1

predict ions of ↵-at t ractor models with seven-disk geometry in the ns − r plane for N ⇠ 55, for

the minimal value 3↵ = 1 and for the maximal value 3↵ = 7.

5 Values of 3↵ in st r ing t heory

Here we will show how to derive the 7-disk geometry (4.13) in string theory. We start with

the derivat ion of non-compact symmetries in string theory following [17], [18]. The toroidal

7

aattractor models 

Future B-mode  
satellite missions 

Well motivated new models originating in string 
theory, M-theory, maximal supergravity 

Ferrara, RK, 2016, 
RK, Linde, Wrase, Yamada, 
2017 

Ground based 
experiments 



From the disk to a half-plane (the Cayley transform) 



Escher in the Sky,     RK, Linde 2015 

Disk or half-plane 

Curvature of the moduli space in Kahler geometry 

Hyperbolic geometry 
of a Poincaré disk 

symmetry 



Simplest T-model Simplest E-model 

Plateau potentials a-attractors 

In geometric variables 

in canonical variables 



φ2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25
r 0

.0
0
2

N=50

N=60

ConvexConcave

φ

Planck TT+lowP

Planck TT+lowP+BKP

+lensing+ext

↵ = 10

↵ = 25

↵ = 100

φ2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

0
2

N=50

N=60

ConvexConcave

φ

Planck TT+lowP

Planck TT+lowP+BKP

+lensing+ext

↵ = 10

↵ = 102

↵ = 103

Simplest T-models Simplest E-models 

 RK, Linde, Roest 2013 Ferrara, RK, Linde, Porrati, 2013 



• Maximal supersymmetry and B-modes 
• M-theory in d=11  
• Superstring theory in d=10  
• N=8 supergravity in d=4 

2016, Ferrara and RK 

Scalars are coordinates of the coset space in N=8 supergravity in d=4 
  

Geometries with discreet number of unit size Poincaré disks are possible when 
consistent reduction of supersymmetry is performed. Upon identification of their 
moduli one finds 

= 3 a 

At least one disk and no more than seven 

N=55 e-foldings 



RK, Linde, Wrase, Yamada, 2017 

1. Start with M-theory, or String theory, or N=8 supergravity 
 

2. Perform a consistent truncation to N=1 supergravity in d=4 with a 7-disk manifold 
 
 
 

3. Add a superpotential preserving N=1 supersymmetry with a minimum at 
 
 
 
 
 

4. Add a cosmological part with a nilpotent stabilizer  S  
 
 
 

5. Run Mathematica:  the model works beautifully 

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

Tessellation 



Why do we find it useful to talk about the 
size of the Escher’s disks in discussions of 

the CMB future B-mode targets ? 



a-attractors  log10 r- ns plane 

ns 

R2
Escher

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

B-mode targets: from maximal supersymmetry to minimal supersymmetry 

r < 0.07 



Based on CMB data on the value of the tilt of the spectrum ns  as a function of N 
we have deduced that hyperbolic geometry  of a Poincaré disk               suggests a way to  
explain the experimental formula 
 

Using a consistent reduction from maximal N=8 supersymmetry theories: M-theory  
in d=11, String theory in d=10, maximal supergravity in d=4, to the minimal N=1  
supersymmetry we have deduced the favorite models with hyperbolic geometry   
with R2

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

B-mode targets 

In contrast with  N=1 supersymmetry models where R2
Escher   is arbitrary 



forecast regions for (ns,r) for 

CORE 
 (blue) and LiteBIRD (red)  

T

T

E

Figure 1: This Figure is taken from [16], it represents a forecast of CMB-S4 const raints in the ns − r plane

for a fiducial model with r = 0.01. Here the grey band shows predict ions of the sub-class of ↵-at t ractor models

[2, 3, 4]. We have added to this figure a blue circle with the let ter T inside it corresponding to a highest

preferred value 3↵ = 7 and the purple one corresponding to the lowest preferred value 3↵ = 1 in a seven-disk

geometry. All intermediate cases 3↵ = { 1, 2, 3, 4, 5, 6, 7} are between these two. They all describe the class

of ↵-at t ractor models with V ⇠ tanh2(' /
p

6↵), so-called quadrat ic T -models. The quadrat ic E -models with

V ⇠ (1 − e
p

2/ 3↵ ' )2 tend to be slight ly to the right of the T -models, see [2]. We show them as a navy circle

with the let ter E inside it .

by requiring that

3↵ = 7 : ⌧1 = ⌧2 = ⌧3 = ⌧4 = ⌧5 = ⌧6 = ⌧7 ⌘ ⌧
3↵ = 6 : ⌧1 = ⌧2 = ⌧3 = ⌧4 = ⌧5 = ⌧6 ⌘ ⌧, ⌧7 = const

3↵ = 5 : ⌧1 = ⌧2 = ⌧3 = ⌧4 = ⌧5 ⌘ ⌧, ⌧6 = ⌧7 = const

3↵ = 4 : ⌧1 = ⌧2 = ⌧3 = ⌧4 ⌘ ⌧, ⌧5 = ⌧6 = ⌧7 = const

3↵ = 3 : ⌧1 = ⌧2 = ⌧3 ⌘ ⌧, ⌧4 = ⌧5 = ⌧6 = ⌧7 = const

3↵ = 2 : ⌧1 = ⌧2 ⌘ ⌧, ⌧3 = ⌧4 = ⌧5 = ⌧6 = ⌧7 = const

3↵ = 1 : ⌧1 ⌘ ⌧, ⌧2 = ⌧3 = ⌧4 = ⌧5 = ⌧6 = ⌧7 = const (4.17)

We illust rate in Fig. 1 the features of ↵-at t ractor models [2, 3, 4] with the seven-disk geometry

using the recent discussion of B-modes in the CMB-S4 Science Book [16]. We show in Fig. 1

predict ions of ↵-at t ractor models with seven-disk geometry in the ns − r plane for N ⇠ 55, for

the minimal value 3↵ = 1 and for the maximal value 3↵ = 7.

5 Values of 3↵ in st r ing t heory

Here we will show how to derive the 7-disk geometry (4.13) in string theory. We start with

the derivat ion of non-compact symmetries in string theory following [17], [18]. The toroidal
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Ground based 
detectors 

Satellite  
missions 

σ(ns) = 0.0014  
Improvement factor 
CORE to Planck 2015  
              3.4  
 

COrE : Cosmic Origin  
          Explorer 



Published and forecasted r constraints 
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Keith 


