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Introduction 
•  Axion monodromy realizes large-field inflation 

such as chaotic, power-law inflation models 
•  Monomial inflaton potential modulated by 

periodic corrections due to e.g. axion instanton 
effects 

•  Oscillations in matter power spectrum, imprinted 
on CMB anisotropies 

•  Axion couples to other quantum fields, leading to 
trapped inflation (successful inflation with a steep 
potential) 

•  Production of primordial black holes 
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Matter power spectrum PR(k)= (δρ/ρ)2 



H 

PR(k)=(δρ/ρ)2 V0 

large scale structure of the Universe 



Planck Best-fit  6-parameter  
ΛCDM model   2015

Density perturbation (scalar)



Planck CMB Anisotropy DTT
l = l(l+1) CT

l  2015



Axion Monodromy Inflation 

Silverstein 2016 TASI Lectures; 
McAllister, Westphal 2008; …. 

Large-field inflation 
p=3,2,4/3,1,2/3 Modulations 

Oscillations in matter power spectrum PR(k), 
imprinted in CMB anisotropies 



Primordial Black Holes 
•  Formed at high-density contrasts over a wide 

range of scales or masses in the radiation-
dominated Universe 

•  There have been stringent astrophysical and 
cosmological constraints on MPBH 

•   A window 10M¤<MBH<100M¤ is still allowed 
•  These PBHs could be the binary BHs observed 

by aLIGO gravity-wave detectors  
     Bird et al. 16. Sasaki et al. 16 

•  These PBHs behave like cold dark matter 
•  They, although being of baryonic origin, do not 

participate in big-bang nucleosynthesis 



PBH Formation 

•  spontaneously formed in phase 
transitions, e.g., quark-hadron phase 
transition MBH~M¤ 

•  arisen from the collapse of horizon-sized 
large matter inhomogeneities seeded by 
quantum fluctuations during inflation that re-
enter the horizon in the subsequent radiation-
dominated Universe, with MBH spans a wide 
range of mass 

    





How to determine PBH mass 



PBH Production in Inflation 

•  Single-field slow-roll inflation models, matter 
density perturbation (δρ/ρ~10-5) too small 

•   Modified inflation potential to achieve blue-tilted 
matter power spectra or running spectral indices, 
leading to large density perturbation at the end 
of inflation, but mostly MPBH<< M¤ 

•  To boost MPBH , hybrid inflation, double inflation, 
curvaton models by inflating small-scale density 
perturbation to the size of a stellar-mass to 
supermassive PBH. 



Trapped Inflation Green et al. PRD 09 
Inflaton coupled to 
instantaneously 
massless fields 

Quantum environment     Wu et al. JCAP 07 

Interacting inflaton 

Natural Inflation with axion-like couplings 



Trapped Inflation 

 
Spinoidal 
instability 



Background 

Perturbation 



Cheng, Ng, Lee 16 

Inflaton damped by photon 
production (ξcmb = 2.2)  

(Mp) 



ξCMB=2.2 
(α=32) 

Density perturbation and PBH production 

PBH bound - 
translated from 
astrophysical and 
cosmological 
constraints on 
PBH mass 
fraction β(M)  



Leading to a warm inflation 

ξCMB=2.2 



Axion monochromy inflation with modulations 

all rescaled by Mp 
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modulation 



Note that inflation starts at N=61 
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α=18.5, φ0=-10.5 



Production of 10-100M¤ PBHs 

a=2.24, b=0.7, 
α=18.5, φ0=-10.5 



Producing PBHs with a wide range of masses 

a=1.1, b=0.5, 
α=14.4, φ0=-13.0 

a=1.6, b=0.6, 
α=16, φ0=-12.3 

a=0.71, b=0.4, 
α=13.7, φ0=-14.4 

10-18 M¤  10-24 M¤  

10-11 M¤  

a=2.49, b=0.751, 
α=19.5, φ0=-9.5 

Supermassive107 M¤  



Conclusion 

•  The binary BHs observed by aLIGO gravity-wave 
detectors may be primordial BHs 

•  10-100 M¤ PBHs could be dark matter 
•  Production of PBHs in axion monodromy inflation 
•  Modulation can produce 10-100 M¤ PBHs 
•  Also can produce a wide range of PBH masses 
•  How to distinguish PBHs from astrophysical BHs? 
•  CMB non-Gaussianty 


