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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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Spectrum of the primordial curvature perturbation
Slow-roll inflation
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large scale structure of the Universe



Planck Best-fit 6-parameter

Density perturbation (scalar)

o ns—1
ACDM model 2015 Spectral index SD(R(k):As(i)s
ko
TT+lowP TT+lowP+lensing ~ TT+lowP+lensing+ext ~ TLTEEE+lowP  TT,TE[EE+lowP+lensing TT,TE.EE+lowP+lensing+ext

Parameter 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits
Wi 0.02222+0.00023  0.02226 +0.00023  0.02227 £0.00020  0.02225+0.00016  0.02226 +0.00016 0.02230 +0.00014
Ot 0.1197 £0.0022  0.1186 +0.0020 0.1184 +0.0012 0.1198 +0.0015 0.1193 £ 0.0014 0.1188 +0.0010
1006e ... oo 1.04085 £0.00047  1.04103+0.00046  1.04106+0.00041  1.04077 £0.00032  1.04087 +0.00032 1.04093 +0.00030
S 0.078 £0.019 0.066 +0.016 0.067 £0.013 0.079 £0.017 0.063 £0.014 0.066 +0.012
In(10"A). . ...... 3.089 +0.036 3.062 +0.029 3.064 £ 0.024 3.094 +0.034 3.059 +0.025 3.064 +0.023
IS oo 0.9655+0.0062 / 0.9677 +0.0060 0.9681 + 0.0044 0.9645 +0.0049 0.9653 +0.0048 0.9667 +0.0040
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Axion Monodromy Inflation
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Oscillations in matter power spectrum Pg(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 Mpg,,

A window 10Mg <Mg,<100Mg is still allowed

These PBHs could be the binary BHs observed
by aLIGO gravity-wave detectors

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 Mg,~Mg

 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 Mg, spans a wide

range of mass
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How to determine PBH mass

as follows. The energy contained within the comoving
seed volume that leaves the horizon N e-foldings before
the end of inflation is governed by

%’;TH_:}pegN with p=3H?M?, (1)

where H is the Hubble constant during inflation and M,
the reduced Planck mass. After the inflation has ended,

The comoving volume re-enters the horizon when

4T M?2
Mgy = WH PN =274 x 107382 (1‘—}‘?’) Mg. (2)




PBH Production in Inflation

 Single-field slow-roll inflation models, matter
density perturbation (6p/p~70~) 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 My, << Mg

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



Interacting inflaton

Quantum environment Wu et al. JCAP 07

1 . m2 . 2
L = —q‘“’() 00,0 + —q‘“’()ucr d,o0 — V(o) — )00) = %d)“

— —

Trapped Inflation Green et al. PRD 09
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Trapped Inflation

We consider a version of the trapped inflation driven
by a pseudoscalar ¢ that couples to a U(1) gauge field
Ay

/d“a:\/_ pR——@wp@"gﬂ Vi(p)

__F’“’F,w - H o FH F,w] , (3)

© = @(n) + dp(n, T)

Under the temporal gauge, A, = (O,xﬁf), we decompose
A(n, T) into its right and left circularly polarized Fourier
modes, A (1, k), whose equation of motion is then given
by
k/(aH) <2¢] Y
Spinoidal T + K F 2aHkE| Ax(n.k) =0, €= 5. (5)
instability n 2/H dt



Background

Perturbation [82
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Density perturbation and PBH production

0.01
1074
2
A7 1076
10-% 4
I/"'
T
10-10 |- Bl 1
a = 32, 28, 23, 20, 16, i
0 10 20 30 40 50 60

N



PEM/ Prot

0.1}

0.001%

—_
o
v

[U—
<
~J

Leading to a warm inflation

10

ry(m‘1 )



Axion monochromy inflation with modulations
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Production of 10-100M, PBHSs
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FIG. 3: Solid line is the total power spectrum of the curva-
ture perturbation. The contribution induced by photon pro-
duction is denoted by the dotted line and the vacuum contri-
bution by the dashed line. The e-folding N denotes the time
when the k-mode leaves the horizon. The primordial black
hole bound is the short-dashed line.



Producmg PBHSs with a Wlde range of masses
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Conclusion

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

10-100 Mg PBHs could be dark matter
Production of PBHSs 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



