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• What can experimental cosmology teach us about 

fundamental physics? 

• Inflationary scenarios, and alternatives to inflation, are 

sensitive to Planck-scale physics: the details of the 

ultraviolet completion of gravity affect CMB observables. 

• Essential reason: Friedmann equation involves GN, while 

the fluctuations are quantum-mechanical.  Extensive 

support for this claim from effective field theory and string 

theory investigations over more than two decades. 

• So Planck scale physics is relevant for experimental 

cosmology.  But experimentally testing ideas about the 

Planck scale remains difficult. 

 

 



•  Simple process:  

1. Propose a theory of quantum gravity (QG) 

2. Determine consequences for early universe cosmology 

3. Use CMB/LSS to determine evidence for this theory. 
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• Refined process:  

1. Propose a theory of quantum gravity         

2. Construct explicit cosmological models in this theory          

3. Determine consequences for early universe cosmology        

4. Use CMB/LSS to determine evidence for the models.  

• Problems: 

– we have one workable QG theory, with innumerable vacua, and a 

landscape of possible cosmological models.     

– Even for one vacuum, predictions require tour de force calculation. 

– What does excluding a model really teach us, beyond ‘that’s not 

it’?   What, and how, can we learn from experiments? 

 

 





Theory error bars (not shown!) are very large. 

What are the true predictions of a given model? 



Theory error bars (not shown!) are very large. 

What are the true predictions of a given model? 

Handful of models shown; 

innumerable models exist. 



 

• QG consistency requirements exclude many EFT models, 

improving predictivity.  Embedding into string theory can 

entail small modifications that lead to signatures. 

• String theory has led to refining and expanding our ideas 

for inflationary mechanisms in EFT. 

• String theory changes our perspective on naturalness and 

minimality.  
– dark radiation (see talk by Conlon)  

– NG from hidden sectors (see talk by Assassi)  

• String theory provides new tools for analyzing inflation 
– e.g., holography (see talk by McFadden)  

  

 

 

 

 



I. Motivation and priors 

II. Existence of many moduli necessitates a 

statistical approach 

III. Statistical tool: random matrix theory 

IV. Many-field inflation from Dyson Brownian 

motion 
 

 

Based on                                                     (see talk by M C D Marsh). 

See also talks by Battefeld, Frazer, Price.  

Marsh, L.M., Pajer, Wrase 1307.3559 



• One critical component: investigate examples.  Explicit 

ones, resting on genuine QG computations.  In string 

theory, this means careful computation in vacua with 

stabilized moduli.  Some success in recent years, building 

on a decade of progress in flux compactifications.   

 

 



• Warped D-brane inflation; D3-D7 inflation 
Inflaton = D3-brane position 

• DBI inflation 
Inflaton = D3-brane position 

• Axion inflation; axion monodromy  
inflaton = p-form axion 

• Fluxbrane inflation  
inflaton = separation of two 7-branes  

• Kähler moduli inflation; fibre inflation   
inflaton = Kähler modulus 

• Unwinding inflation 
inflaton = flux 

… 

 

Kachru, Kallosh, Linde, Maldacena, L.M., Trivedi, 03;  Baumann, 

Dymarsky, Kachru, Klebanov, L.M. 08, 09, 10; Gandhi, L.M., 

Sjörs 11; Agarwal, Bean, L.M., Xu 11; Renaux-Petel, L.M., Xu 12;  

Dias, Frazer, Liddle 12 

Dasgupta et al 02; Haack et al 08; Burgess, Cline, Postma 08 

Silverstein and Tong 03;  Alishahiha, Silverstein, Tong 04  

Chen 04, 05 

 

  
Kim, Nilles, Peloso 04; Dimopoulos, Kachru, McGreevy, 

Wacker 05; Easther, L.M. 05; Grimm 07; Silverstein, Westphal 

08; L.M., Silverstein, Westphal 08; Flauger, L.M., Pajer, 

Westphal, Xu 09; Berg, Pajer, Sjors 09; Conlon, 11 

 
Hebecker, Kraus, Lüst, Steinfurt, Weigand 11 

Hebecker, Kraus, Kuntzler,Lüst, Weigand 12 

Conlon, Quevedo 05; Cicoli, Burgess, Quevedo 08; Bond et al 06;  

Cicoli, Pedro, Tasinato 11; Blumenhagen et al 12; Lüst, Zhang 11 

 

D’Amico, Gobbetti, Schillo, Kleban 12 

See review article with Daniel Baumann, to appear. 



• One critical component: investigate examples.  Explicit 

ones, resting on genuine QG computations.  In string 

theory, this means careful computation in vacua with 

stabilized moduli.  Some success in recent years, building 

on a decade of progress in flux compactifications.   

• Complementary approach: study broader, simpler classes 

of models inspired by explicit examples, i.e. generalize from 

the examples. 

    (Caution: testing these proxies does not test string theory.) 

• Essential to make very few, and very explicit, prior 

assumptions about string theory: otherwise one studies a 

tiny corner of the landscape with no sense of the 

remainder. 

 

 



 
• String theory has many faces, in diverse dimensions, with 

differing amounts of supersymmetry.  The solutions relevant 

for cosmology have four noncompact dimensions. 

• Best-understood solutions: supersymmetric compactifications 

on six-manifolds – Calabi-Yau spaces or their relatives.  I will 

assume an internal space of this form. 

• Supersymmetry is necessarily broken at the scale H during 

inflation.  It could be broken at a higher scale (Kaluza-Klein or 

Planck scale), but I will assume that it is not; the 4d EFT is 

then a supergravity theory. 

• Priors summarized: supersymmetric compactification, with 

spontaneous SUSY breaking in inflation. 

 

 

cf. Baumann and Green 11 





• Supersymmetric compactifications generally lead to 4d 

effective theories with many scalar fields corresponding to 

deformations of the internal space. 

• These moduli fields are problematic in cosmology.   

– photodissociation during BBN; overclosure; decompactification; etc. 

• Key achievement of the past decade: understanding of 

classical and quantum effects that give masses to the 

moduli, i.e. of methods of moduli stabilization. 

• The resulting masses are finite.  Many of the ‘stabilized’ 

moduli evolve and fluctuate during inflation! 
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+ fine-tuning 

cf. Chen and Wang 09, 

Achucarro et al. 10, 12 



• What are the characteristic properties of inflation in a 

supersymmetric string compactification (with moduli)? 

• The effective theory has many light fields whose potential is 

controlled by Planck-suppressed contributions. 

• The Wilson coefficients in the EFT Lagrangian depend on 

the choice of quantized flux: there is a landscape of EFTs.   

 

 

• So, many predictions inherently statistical.  

• Idea: work in a 1/N expansion, with N the number of fields. 

• We will see that at large N, central limit behavior yields 

universal answers to certain questions: simplicity emerges. 

 

 

 

cf. Agarwal, Bean, L.M., Xu 11; Dias, Frazer, Liddle 12; L.M., Renaux-Petel, Xu 12; Battefeld, 

Battefeld, Schulz 12; Battefeld and Battefeld 13; Frazer 13; Pedro and Westphal 13. 



Simple, structured             collective behavior 



 

 



• Idea: given limited statistical information about the entries 

of a diagonalizable N x N matrix M, for N large one can 

make incisive statements about the eigenvalues i of M. 

• Given an ensemble of random matrices, one can obtain 

the eigenvalue spectrum () of a typical matrix in the 

ensemble. 

• Classic example: Gaussian Orthogonal Ensemble (GOE) 

 

 

 

     

          Wigner semicircle law. 

 

 

 

Wigner 1951 



• One can also compute the probability of a fluctuation to an 

atypical configuration. 

 

 

 

 

Tracy and Widom 93 

Ben Arous and Guionnet 97 

Aazami and Easther 05 



Two key properties:   

I. Eigenvalue spectra and fluctuation probabilities display 

universality: they have (quantifiably) limited dependence 

on the detailed distribution of matrix entries. 

 

 

I. Strong correlations.  Large fluctuations away from the 

typical configuration are extremely rare. 

 

 

 

 

 

 

 



 

 



• What is the dynamics in a random landscape with N fields? 
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Gaussian random landscape: 
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• What is the dynamics in a random landscape with N fields? 
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cost:  N3    

Marsh, L.M., Pajer, Wrase 1307.3559 



 
• Consider fields                       in        .   

• Idea: specify potential V around a path, in a series of 

quadratic approximations around points p0, p1, p2… 

• Notation: 

• Need a rule describing change                      

from patch to patch. 

 

 

 

    

• Specifying                                  would give usual Taylor 

expansion.  
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• Our proposal:          is a stochastic variable. 

    Hessian undergoes stochastic evolution from one patch to 

another 

 



• How to specify the stochastic process                                  ?  

• We impose two requirements: 

a. Introduce a scale (correlation length) .  Take the collection of 

Hessians obtained at a set of well-separated (w.r.t. ) points along 

 to be an ensemble of random matrices that is invariant under 

rotations. 

b. For any point p on , the entries of         are taken to be statistically 

independent.  

• Requirements (a) and (b) imply that the Hessian at well-

separated points is distributed according to the GOE.  

• Q: what local law                                 can achieve this?  

 

 

 

Marsh, L.M., Pajer, Wrase 1307.3559 



• Q: what local law                                 yields the GOE at long 

distances? 

• A, Dyson 1962: Dyson Brownian Motion 

 

 

 

 

 

• Brownian motion relaxes any initial spectrum to the typical 

(‘equilibrium’) configuration over a ‘time’ s=. 

 

 

 



Eigenvalue relaxation 

Marsh, L.M., Pajer, Wrase 1307.3559 
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Smallest eigenvalue is repelled 
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• At a typical point,          are not small. (unless >Mp)   

• One can easily quantify how atypical a point with given  

              is.   

     Since                                              rather generally, 

points without rapid instabilities are extremely rare. 

  

• Initial conditions are an important problem for the future.  

• For now, consider beginning near an approximate 

inflection point, so initially                       . 

• Eigenvalue repulsion very quickly increases    !                        

 

Aazami and Easther 05; M C D Marsh, L.M., Wrase 11; Chen, Shiu, Sumitomo, Tye 11;  

Pedro and Westphal 13.  cf. Denef and Douglas 04.  



 
 

 

• Fine-tuning            has little                                                 

effect, and does not prolong                                                        

inflation (for large N). 

 

•   

 

  

Eigenvalue repulsion 

swiftly relaxes any                    

initial fine-tuning. 

 

 



 
• Moreover, fine-tuning the initial gradient to align with the 

steepest direction does not prevent turning: the 

eigenvectors of the Hessian change direction rapidly 

(‘delocalize’). 

N=50 



Curvature dominated by steepest direction, so use: 

 

 

Thus, 

 

Truncated model: 

 



 

• String theory strongly motivates considering a landscape of 

many-field EFTs.  A statistical approach is then essential. 

• Constructing global N-field potentials is impractical at large N. 

• We proposed a large new class of N-field random potentials 

that are defined locally, around a path, with polynomial cost. 

• Key idea: Hessian undergoes stochastic evolution. 

• Natural stochastic process: Dyson Brownian motion. 

• Direct simulation of N-field inflation at large N is now 

possible! 

 

 

 

 

 



 
 

• Consequences/phenomenology just beginning to be 

understood.  For inflation near a critical point, 

– Eigenvalue repulsion reduces the duration of inflation: 

fine-tuning so that initially            is ineffective. 

– Delocalization of Hessian eigenvectors means that 

initial turning is extremely common. 

– Single-field ‘5/2’ model,                                        ,  

captures much of the background evolution. 

• Perturbations are an important future problem.  Is an 

adiabatic limit reached?  Are approximate Gaussianity, 

adiabaticity, and scale-invariance automatic?  

 

 

 



Thank you! 



 


