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Part I:
What do we know about inflation,
and how do we know i(t?






A Remarkable Story

eObservations of the cosmic
microwave background and their
Interpretation taught us that

galaxies, stars, planets, and
ourselves originated from tiny
fluctuations in the early Universe

® But, what generated the initial fluctuations?



Mukhanov & Chibisov (1981); Hawking (1982); Starobinsky (1982); Guth & Pi (1982);
Bardeen, Turner & Steinhardt (1983)

Leading ldea

 Quantum mechanics at work in the early Universe
e “We all came from quantum fluctuations™

e But, how did quantum fluctuations on the microscopic
scales become macroscopic fluctuations over large
distances?

* What is the missing link between small and large
scales?



Sato (1981); Guth (1981); Linde (1982); Albrecht & Steinhardt (1982)

Cosmic Inflation
Inflation! <
/ \

* Exponential expansion (inflation) stretches the wavelength
of quantum fluctuations to cosmological scales




Key Predictions

* Fluctuations we observe today in CMB and the matter

distribution originate from quantum fluctuations during
inflation - S Sy S

scalar
mode

* There should also be ultra long-wavelength
gravitational waves generated during inflation
a® o Starobinsky (1979)

tensor
mode




We measure distortions In space

e A distance between two points in space
di® = a®(t)[1 + 2¢(x,1)][0;; + hi;(x,t)]da"da’
e (: “curvature perturbation” (scalar mode)
* Perturbation to the determinant of the spatial metric
e h;j: “gravitational waves” (tensor mode)

e Perturbation that does not alter the determinant

Zh@-i:o



We measure distortions In space

e A distance between two points in space

1+ 2¢ (¢, £)][63 + g (x, 1)) dadar

scale factor

e (: “curvature perturbation” (scalar mode)
* Perturbation to the determinant of the spatial metric
e h;j: “gravitational waves” (tensor mode)

e Perturbation that does not alter the determinant

Zh@-i:o



Finding Inflation

e |nflation is the accelerated, quasi-exponential expansion.
Defining the Hubble expansion rate as H(t)=dIn(a)/dt, we
must find

d * 2 H
—=H+H* >0 w=p e=-—— <]I
a H

* For inflation to explain flatness of spatial geometry of our
observable Universe, we need to have a sustained period

of inflation. This implies e=O(N-') or smaller, where N is
the number of e-folds of expansion counted from the end

of inflation:

a d tend
N =In—= = / dt’" H(t") ~ 50
a t




Have we found inflation?

® Have we found € << 17 € = H

H2

 To achieve this, we need to map out H(t), and show that it
does not change very much with time

* We need the “Hubble diagram” during inflation!



Fluctuations are
proportional to H

e Both scalar () and tensor (hjj)) perturbations are
proportional to H

e Consequence of the uncertainty principle

e [energy you can borrow] ~ [time you borrow]! ~ H

e KEY: The earlier the fluctuations are generated, the more
its wavelength is stretched, and thus the bigger the angles
they subtend in the sky. We can map H(t) by measuring
CMB fluctuations over a wide range of angles



Fluctuations are
proportional to H

e We can map H(t) by measuring CMB fluctuations over a
wide range of angles

1.

We want to show that the amplitude of CMB fluctuations
does not depend very much on angles

Moreover, since inflation must end, H would be a
decreasing function of time. It would be fantastic to
show that the amplitude of CMB fluctuations actually
DOES depend on angles such that the small scale has
slightly smaller power



WMAP Collaboration
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Wright, Smoot, Bennett & Lubin (1994)
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WMAP Collaboration
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Angular scale WMAP Collaboration
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Angular scale WMAP Collaboration
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Residual Amplitude of Waves [pK?]
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WMAP Collaboration
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Testing Gaussianity
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Lack of non-Gaussianity

e The WMAP data show that the distribution of temperature
fluctuations of CMB is very precisely Gaussian

* with an upper bound on a deviation of 0.2% (95%CL)

3
C(%) = Cgaus (%) + INLC s (%) with fxr = 37 £ 20 (68% CL)
WMAP 9-year Result

e The Planck data improved the upper bound by an order of
magnitude: deviation is <0.03% (95%CL)

fnr = 0.8 £5.0 (68% CL)
Planck 2015 Result




So, have we found inflation?

e Single-field slow-roll inflation looks remarkably good:
e Super-horizon fluctuation
 Adiabaticity
e Gaussianity
* Ns<1
 What more do we want? Gravitational waves. Why?

 Because the “extraordinary claim requires extraordinary
evidence”



Watanabe & EK (2006)
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Watanabe & EK (2006)

Theoretical energy density
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Finding Signatures of

Gravitational Waves in the CMB

e Next frontier in the CMB research

New

Research
Area!

1.

2.

Find evidence for nearly scale-invariant gravitational
waves

Once found, test Gaussianity to make sure (or not!)
that the signal comes from vacuum fluctuation

Constrain inflation models



Measuring GW

e GW changes distances between two points

d* = dx* =) §;;da’da’
ij e ® ®* e
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| |GO detected GW from a binary
blackholes, with the wavelength
of thousands of kilometres

But, the primordial GW affecting
the CMB has a wavelength of
billions of light-years!! How do
we find 1t



Detecting GW by CMB

|sotropic electro-magnetic fields



Detecting GW by CMB

GW propagating In isotropic electro-magnetic fields
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Detecting GW by CMB

Space is stretched => Wavelength of light is also stretched
.
@




Detecting GW by CMB

Polarisation
Space is stretched => Wavelength of light is also stretched
.
o
hot ¢
.
electron &

3




Detecting GW by CMB
Polarisation

Space is stretched => Wavelength of light is also stretched




Tensor-to-scalar Ratio

e We really want to find this! The current upper bound is

r<0.07 (95%CL)
BICEP2/Keck Array Collaboration (2016)

7
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Tensor—to—scalar Ratio (r)
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Tensor—to—scalar Ratio (r)
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Tensor—to—scalar Ratio (r)
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Tensor—to—scalar Ratio (r)
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Tensor—to—scalar Ratio (r)
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WMAP Collaboration
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Tensor—to—Scalar Ratio (r)
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Are GWs from vacuum fluctuation
in spacetime, or from sources?

:hz’j — —167TG7T7;j

b7

v 2. b @ -
" SCERZ ‘0 py g <

* Homogeneous solution: “GWs from vacuum fluctuation”

* Inhomogeneous solution: “GWs from sources”

e Scalar and vector fields cannot source tensor fluctuations
at linear order

e SU(2) gauge field can!

Maleknejad & Sheikh-Jabbari (2013); Dimastrogiovanni & Peloso (2013);
Adshead, Martinec & Wyman (2013)



Dimastrogiovanni, Fasielo & Fujita (2017)

GW from Axion-SU(2)
Dynamics

1 a Ly AX L ajLrv
L=Lgr+ Ly + Ly _ZFMVF! | wa/F’

e ¢: inflaton field

e \: pseudo-scalar “axion” field. Spectator field (i.e.,
negligible energy density compared to the inflaton)

e Field strength of an SU(2) field A2 -

7, = 0,A% — 0,A% — geabCAgA;;



Scenario

e The SU(2) field contains tensor, vector, and scalar
components

e The tensor components are amplified strongly by a
coupling to the axion field

 But, only one helicity is amplified => GW is chiral
(well-known result)

e Brand-new result: GWs sourced by this mechanism are
strongly non-Gaussian!
Agrawal, Fujita & EK (2017)



Large bispectrum in GW
- from SU(2) fields

BERR(k,k,k) 25
Aniket Agraw‘al P}%( k) N Q A Tomo Fujita

(MPA) (Stanford->Kyoto]

e Qa << 1isthe energy density fraction of the gauge field
e Bn/Pnr? is of order unity for the vacuum contribution
e Gaussianity offers a powerful test of whether the

detected GW comes from the vacuum fluctuation or
from sources



Current Situation

* No detection of polarisation from primordial
GW vyet

 Many ground-based and balloon-borne
experiments are taking data now

We Can Do It!

The search continues!!
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Observation Strategy

sun (\Q;'\go Precession ang!e
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Launch vehicle: JAXA H3

Observation location: Second Lagrangian point (L2)

Scan strategy: Spin and precession, full sky

Observation duration: 3-years

Proposed launch date: Mid 2020’s

Slide courtesy Toki Suzuki (Berkeley)



Foreground Removal

LiteBIRD Band Sensitivity
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Polarized galactic emission (Planck X) LiteBIRD: 15 frequency bands

e Polarized foregrounds
* Synchrotron radiation and thermal emission from inter-galactic dust
* Characterize and remove foregrounds

e 15 frequency bands between 40 GHz - 400 GHz

* Split between Low Frequency Telescope (LFT) and High Frequency Telescope (HFT)
 LFT:40 GHz — 235 GHz

* HFT: 280 GHz — 400 GHz Slide courtesy Toki Suzuki (Berkeley)



Slide courtesy Toki Suzuki (Berkeley)

Instrument Overview

Half-wave plate

Cold Mission System

Sub-K |
Cooler

Sub-Kelvin Instrument

* Two telescopes
* Crossed-Dragone (LFT) & on-axis refractor (HFT)

* Cryogenic rotating achromatic half-wave plate
 Modulates polarization signal

e Stirling & Joule Thomson coolers

* Provide cooling power above 2 Kelvin

55
R

S

R

7

Sub-Kelvin Instrument
Solar Panel

4

o

=

* Detectors, readout electronics, and a sub-kelvin cooler



LFT and HFT focal plane units using TES

Each color per feed,
and three colors within
one focal plane.

>

Three colors per pixel
with a lenslet coupling.

The current baseline design uses a single ADR to cool the both focal planes.

The LF focal plane has ** TESs and the HF focal plane has ** TESs.

The TES is read by SQUID together with the readout electronics is based on the digital
frequency multiplexing system. Slide courtesy Tomo Matsumura (Kavli IPMU)
Theeffect of the cosmic ray is evaitiated By building a'mddel. The irradiation test is in plan.




Cooling system

Cryogenics
e Warm launch
3 years of observatlons

Sub-Kelvin cooler - b
 ADR has a high-TRL and extensive development toward Astro-H, SPICA, and Athena.
* C(Closed dilution with the Planck
heritage is also
under development.

Slide courtesy Tomo Matsumura (Kavli IPMU)

Rencontres du Vietham @ Quy Nhon,

July 12, 2017 Vietnam




Polarlzatlon modulator

F/#=3.5 Spin axis
HWP@aperture

« Due to our focus on the primordial signal at low ell, we employ

Cooled at 4 K. \ the continuously rotating achromatic half-wave plate (HWP).
Secondary 4 * The HWP modulator suffices mitigating the 1/f noise and the
mirer differential systematics.

Broadband coverage
« The broadband coverage is done by the sub-wavelength anti-

reflection structure.

Primary mirror

Note: we also employ the « The broadband modulation efficiency is achieved by using 9-layer

polarization modulator for HFT.  achromatic HWP.

Rotational mechanism
The continuous rotation is achieved by employing the
superconducting magnetic bearing. This system has a heritage
from EBEX. The prototype system has built and test the kinetic
and thermal feaSIbIIIty Incident radiation
The 1/9 scale prototype madel

,,,,
. . et — [

The proton irradiation test is
conducted to key components,
including sapphire, YBCO, and
magnets. We have not found the no-
go results. And the further test is in

Lnprogress.
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BB Power Spectrum

We need it for a critical

reason: mitigation of

S. Uozumi, T. Kisner

o : : I i — O-lrpmHWP
& | — o1rpm

L. . . L R 0.33rpm
0.5 rpm

Multipole ell

1/f noise

| e Scan only cannot

reduce the 1/f noise
to a sufficient level

~|* Wereally need a

rotating HWP to
modulate the input
sky signal to a
higher frequency



Summary

e Single-field inflation looks good: all the CMB data support it

 Next frontier: Using CMB polarisation to find GWs from
inflation. Definitive evidence for inflation!

e With LiteBIRD we plan to reach r~1073, i.e., 100 times
better than the current bound

e GW from vacuum or sources? An exciting window to new
physics



v LiteBIRD

B-mode power spectrum measurements Py
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LiteBIRD

2

Polarization Modulator

broadband AR coating and polarization modulation efficiency

—
—
A—

Comparison between the data from the one-
side machined sample and the prediction.

L1

Sapphire based 9 layer achromatic HWP

A-cut

sapphiré optic axis

Mathiper coxting g, = 13|

Isometric view

10

Cryogenic heat switch
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Madulation efficiency of 9 lyer AHWP
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Projected performance the SWS
is machined on both surfaces of
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The measurements of the modulation

a single sapphire HWP. . efficiency using the 9 layer achromatic HWP

agree with the predicted curve.

We have used the sapphire place that is
slightly thinner than the one for LFT
frequency coverage, and thus the band
coverage is higher than that of LFT.

*  Theripped on the data is due to the
reflection. The sapphire in this measurement
has no AR coating.

Launch lock ,

* We set the goal to achieve below 10 % of reflection at the first step, and we achieved except tﬁ'e below band averaged 60 GHz.
* We now move towards the reflection below 1 % by 1) higher aspect ratio and/or optimized SWS shape
* The further develop is in progress to increase the process speed.

TaGuACy Kk

from LTD17 poster (T. Matsumura et al.)
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