Detection of B-Mode Polarization

at Degree Angular Scales by BICEP2
signature of the gravitational wave in the cosmic inflation
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The Physical Review Letters journal has published an exceptionally long

article on the report of measurement of the polarization of cosmic microwave

background (

BICEP2: B signal

| |
N\0.3uK 0.3
— ~90F izt R e 1
FiI'St announce ent in g ::::t::;i;;;;::ii&"‘:‘:\‘Z&iiéﬁsrjin;:::;;::;i‘;'::. ‘
L B Y — Al . ”, r AN s\
u m 2 g5l .::::':7:::{ "':;;I{Qf::}?;,;:!!{::::'::':::';::::.\ i
_ema 1 J s —— | S— \} \'; // — sed \ ree -
. . h 5 A 't i =Pt Ty R A TR X
preprint in March 2014. 2 21 M o B S 10
| 2 s s SEETT)) VN Sae o G YIS ~\\-' I/fb\‘ {f”-~\:-c--o-\\- _
£ -60 -.::::.::!::.:::-_'ﬂ\:zz,::..l ey A N TR LR
g :.::::;::::::!:;7-.':'.}:::::::::hﬂ:{,_.’**” g A .-
O "2::?::::Z::.!H{I‘:‘:ZIH?TI.?Tffn\Q"T?l;,’;RZ:f‘i"
PRI vublication in 651 T G o 1
P 03
2014 L L 1
June : 50 0 _50

Right ascension [deg.]

The BICEP2 collaboration has claimed that they found an evidence of the
cosmic inflation by detecting a B-mode polarization of the CMB, which could
be produced by the strong gravitational wave in the quantum fluctuation
during the inflation process.

The result has brought much discussions including physics that can be
deduced from it, alternative explanations, and criticism.



Cosmic Microwave Background (CMB)

Evidence of the Big—Bang 1964 Arno Penzias and Robert W. Wilson
(at 13.8 billion years ago) 1978 Nobel Prise

predicted by G. Gamow
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Cosmic Inflation

The cosmic inflation was proposed independently

by K. Sato (1981), A. H. Guth (1981), A.D. Linde (1982), et al.,

to solve the misters of flatness, smoothness, monopole problem,
etc.

From the age of 10
exponentially with the factor of 10

Note that the difference of the present size of the universe
(102 Katsuhiko Sato

The inflation is considered to be driven by the release of the
latent heat due to the spontaneous symmetry breaking and the
phase transition of the vacuum.
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Inflation Model

spontaneous symmetry breaking

temperature increase
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Robertson Walker metric

dr’ .
ds’ =dt’ - R(l‘)2 - —+r? (d92 +sin’ 9d¢2)
=k =
dQ’ = dO’ +sin” Od ¢’ =
. : k
Friedmann equations )
) k
R 3G e
e - =y
R 3 E X
H(t)
Energy Conservation G: gravitational constant
d dR’> o(t): energy density of the universe
—(pR’ )+ P—=0 %
dt ( ) dt
p: critical density = corresponds to the density at k=0 (flat universe).
(1=0/0

At present time

1 h = 0.6~0.8: incompleteness of the observation

0 1 pc=3.26 light year

M



Recombination (
At
The universe became transparent.

The photons decoupled at this epoch are the origin of the present cosmic microwave
background (CMB).

The present temperature of the CMB is

The age of the universe at the time of recombination is

In the radiation dominant epoch (before ~recombination)
R H 6

In the matter dominant epoch (after

R EE p

The present age of the universe Time factor = 3x10

to - Radius factor ~1000
= degree scale




Problem of the horizon present horizon

The distance of the present horizon is

= %
dyo(t,)=ct, ~10*m =
= the size of the observable universe.

The horizon at the time of recombination

dH (tdc) — Ctdc

The present horizon at the time of recombination is R (to)

dyo (tdc) = I;((ttzc)) dy (to) R(tdc)

Thus C?
s d s e e _( TBI gpzonat

tdc 0
——==——100
dH (tdc) R(tO) dH (tdc) R(tO) tdc tO tdc

The present horizon at the time of recombination is much larger than the horizon at
that time.

— The uniformity (

The cosmic inflation leads i (1) =0
dH (tdc)



Problem of the flatness

The present density of the universe is

Q, = pﬁ =0.1~0.3 close to unity
The density at the time of GUT (10
o BB g o
p— R R

2/3
Q(tGUT)_l = (tGUT j(i]
Q,—1 = l,

e

10" forQ,=0.1

Ql(t =
(four) +10°" forQ, =20

.

Thus the density must have extraordinary close to unity at the time of GUT

The cosmic inflation leads naturally



Large-Scale Structure of the Universe

Could be produced by quantum fluctuation expanded by the inflation.
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Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation

Quantun
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

The present expansion of the universe is accelerating (1998)
due to the dark energy (and possibly by the second inflation)




An echo of the Big Bang

US scientists have detected gravitational waves, the first direct evidence of a super-rapid
expansion of the universe known as cosmic inflation

The gravitational waves rippling o, Observed by
through the universe after f \ the BICEP2
inflation gave a “twisting” pattern RS telescope
in the polarisation of the CMB* s-, stationed at

the South Pole
< Predicted by Albert Einstein’s theory in 1915
< Cosmic inflation first proposed by US scientists Alan Guth in 1980
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EXPANSION OF THE UNIVERSE ——— >
13.77 billion years

Cosmic inflation

A burst

of exponential
growth in less than
the blink of an eye

BIG BANG

*Cosmic Microwave
Background, or CMB, ‘
(light that spread First stars

across space) Formation of
380,000 years Sources: Nasa, Bicep2 galaxies, planets




1 ' Primordial gravitational (2 They are amplified into (3 They are imprinted on
waves are generated in detectable signals by the pattern of the
quantum fluctuations inflation COSmMIC microwave
immediately after the background radiation
big bang

Inflation Dark ages Development of
galaxies, planets etc

First stars - about 400 million years

Big bang expansion: 13.8bn years




EM-Wave Polarization and Stokes Parameters
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no circular polarization in the
present discussions (V=0)
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Linear Polarization by Thomson Scattering
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Tensor Squeeze by
Gravitational Waves

Linear Polarization
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Density Perturbation (scalar) —- -— / | /
E-mode (gradient pattern) = /I\ | '

direction of the largest
change of polarization  parallel or perpendicular crossing (45 deg)

Gravitational Wave (tensor) I/ \I \I "‘_\
B-mode (curl pattern) \/ — /i

~ gradient ~ curl

Scalar
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Example: Plane Wave Modulation

\)ast Scat- Surface

(a) Polarization Pattern (b) Multipole Power

1.0F
= W2 0.5F
U =
N

Generation of B-mode
due to mixing of
Q and U components



Telescope and Observation



Cosmic Background Explorer (COBE) Nobel Prize in Physics 2006

Launched on

Cosmic Microwave Background Spectrum from COBE
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Wilkinson Microwave Anisotropy Probe (WMAP)

Launched 23,33, 41, 61, 94 GHz
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Launched on 14 May 2009

Planck
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Model Parameter Planck+WP Planck+WP+lensing  Planck + WP+high-€  Planck+WP+BAO
ACDM + tensor n, 0.9624 + 0.0075 0.9653 + 0.0069 0.9600 + 0.0071 0.9643 + 0.0059
r0.002 <0.12 <0.13 <0.11 <0.12
~2A10n Ly 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ACDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k, = 0.002 Mpc~'.

w
S ' R ' AN ‘ B Planck+WP+BAO
N B Planck+WP+highL
~ 1 \ || ™ Planck+WP
sslce O \ .
s %, \ B Natural Inflation
E & Hilltop quartic model
2 9 || = = Power law inflation
Co —  Low scale SSB SUSY
= ——  R2 Inflation
§ E 1| — V x¢?
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g - Vx o
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\ o N,=50
‘]| @ N.=60

0.94 0.96 0.98 1.00
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Fig. 1. Marginalized joint 68% and 95% CL regions for n, and rpe02 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

Planck 2013 results. XXIIl. Constraints on inflation
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Planck

P.A.R.Ade et al., arXiv:1303.5076v3 (2014)

Table 1. Cosmological parameters used in our analysis. For each, we give the symbol, prior range, value taken in the base ACDM  Table 2. Cosmological parameter values for the six-parameter base ACDM model Columns 2 and 3 give results for the Planck
cosmology (where appropriate), and summary definition (see text for details). The top block contains with uniform temperature power spectrum data alone. Columns 4 and S combine the Planck temperature data with Planck lensing, and columns
priors that are varied in the MCMC chains. The ranges of these priors are listed in square brackets. The lower blocks define various 6 and 7 include WMAP polarization at low multipoles. We give best fit parameters (Le. the parameters that maximise the overall
likelihood for each data combination) as well as 68% confidence limits for constrained parameters. The first six parameters have

9 For dynamscal dark energy models with constant equation of state, we denote the oquation of state by w and adopt the same peror as for wy.

derived pa ) flat priors. The remainder are derived parameters as discussed in Sect. 2. Beam, calibration parameters, and foreground parameters
Parameler Prior range Bascline Definition (see Sect. 4) are not listed for brevity. Constraints on foreground parnmeters for Planck+WP are given later in Table 5.
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Y.D. Takahashi et al., Astrophy. J., 711:1141-1156, 2010

Year 2006-2008 M. Su et al., Astrophy. J., 783:67, 201
Neutron transmutation doped (NTD) germanium thermistor bolometer

100, 150, and 220 GHz ACDM model = “standard” cosmological model with
r < 0.65 at 95% CL. cosmological constant (A

The BICEP1 result and comparison with r = tensor to scalar ratio of the fluctuation
ACDM model with r=0.1.
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Figure 9. Close-up of the EE and BB spectra from Figure 5. BICEP] measures 5 " — . e
E E polarization (open circles) with high signal-to-noise ratio at degree angular 10 10 10 Multipole /

scales (Section 9.2). The BB spectrum (black points) is consistent with zero.

Theoretical BB and EE spectra with r = 0.1 are shown in solid and dashed gray
.ps . o . " o ct al. 2007; Bischoff et al. 2008; Brown ct al. 2009; QUIET Collaboration et al. 2011, 2012; Bennett et al. 2013). For visual clarity, we oaly display the experiments
the EE spectrum. rhey dlverge from the ACDM curve because of the detailed where at least one of the EE band powers has a cenler valoe that is greater than twice the distance between the center value and the lower end of the 68% confidence

shape of the band power window functions. The inset shows the low-£ region interval. Theoretical spectra from a ACDM model with r = 0.1 are shown for comparison: the BB curve is the sum of the inflationary and gravitational lensing
in more detail components. At degree angular scales, BICEP] s constraints on BB are the most powerful to date.



BICEP2

Reflecting ground shield Flexible boot : Absorbing forebaffle

rd

/

£

DSL roof —

Housekeeping electronics
MCE

i Indoor environment Outdoor environment
Z Azimuth », (20° C) (-50° C)

I Add s

Dark Sector Laboratory (DSL) located 800 m from the South Pole

Rotation of telescope cancels many classes of systematic effect. Figure 2. BICEP2 absorbing forcbaffle, flexible environmental seal (the

“boot”), and ground shield. The telescope and mount sat below the boot
inside the Dark Sector Laboratory.



BICEP2

Measurement within the field in the “Southern Hole” where Galactic foreground are very low.’

Year 2010-2012
Observed only 150 GHz (A

Polarization sensitive bolometers: 500 (from 98 in BICEP1)
Antenna-coupled transition-edge sensor (TES) arrays
Photolithographically fabricated planar device, a single monolithic silicon wafer.

Multiplexing SQUID amplifiers reduces the number of wires and the heat load.



South Pole

Housed in the Dark Sector Laboratory (DSL).

Excellent site for millimeter-wave observation from the ground

Exceptionally low water vapor, reducing atmospheric noise due to the
absorption and emission of water near the 150 GHz observing band.

Very stable weather especially during the dark winter months.

Low atmospheric 1/f noise and loading




26.4 cm
< >
300K [ Zotefoam vacuum window
IR PPA30
100K | ] IR-blocking PTFE filter
40K [ IR-blocking PTFE filter
| IR-blocking nylon filter
[ Objective lens
Absorbing aperture stop
4K
IR-blocking nylon filter
8.3 cm™! low-pass filter
Eyepiece lens
250 mK I: Focal plane tiles

Figure 3. The telescope optical system. All components (except the win-
dow) were anti-reflection coated to provide minimal reflection at 150 GHz
All optics below the 40 K rglign filtler were cooled to 4 K, providing low
and stable optical loading. in large part to the radially symmetric de-
sign, simulations predict well-matched beams for two idealized orthogonally
polarized detectors at the focal plane.

Optical System

Refractive telescope avoiding reflective
components that can have significant
instrumental polarization.

Cooling for low optical loading.

No intrinsic cross-polar response < 0.5%

PPA30: material, closed-cell nitrogen-filled
polypropylene foam with low scattering and
high microwave transmission.

Polytetrafluoroethylene (PTEE) filters for
absorbing the infrared radiation (IR).

Table 1

Modeled detector loading from elements in the optical path

Element . |IK] Emissivity Loading [pW] Ty [K]
CMB 3 1.00 0.12
Atmosphere 230 0.03 20
Upper Forebaffle 230 1.00 0.65
Window 230 0.02 1.0
IR Blocker | 100 0.02 0.45
IR Blocker 2 40 0.02 0.18
IR Blocker 3 40 0.02 0.18
IR Blocker 4 6 0.02 0.01
Lenses 6 0.10 0.07
Total 47 22




Optical System

A Objective lens
superconducting
Temperature control modules —— Nb magnetic shield
‘ Passive thermal filter
3 Focal plane
*§_ Nylon filter aluminli)zed
o) . Mylar RF shield
Eyepiece lens
Nb magneti Carbon fiber trusses
1.2m
al plane assembly
Passive thermal filter
Flexible heat straps
g Fridge mounting bracket
£
2 Refrigerator
3 Camera plate
A\

Figure 6. The sscembled focal plane ca the carbon fiber tras structsre and 350 mK Nb plate. The four anti-reflection tiles and detoctor tiles st bencath square
windows mn the copper plate. This ssembly will be covered m the aluminized My lar radio frequency shacld, with a square openang only above the detector tilkex.
Left: Unshaelded assembly: Lot inser: Cormagations in the edges of the copper plate next to the detector tiles; Right: The underside of the focal plane Cu plate,

Figure 4. Cross-sectional view of the telescope insert. The entire telescope ¥k detector kes and SQUID and Nyquist chips mownted.
insert assembly is cooled to 4 K by a thermal link to a liquid helium bath. The

optics tube provides rigid structural support for the optical chain, including

the lenses, filters, and aperture stop. camera tube assembly houses the

sub-kelvin sorption refrigerator and the cryogenic readout electronics in a

radiatively and thermally protected enclosure. The sub-kelvin focal plane

assembly sits within a superconducting Nb magnetic shield. The focal plane

is thermally connected to the fridge via a passive thermal filter.



Focal Plane System  noeeimme e

‘ i 100 pam
Cu plate o_/vvvq |_[_/YVY\_| |_l_/vvv\_o
- - Macor spacer washers To antenma To bolometer
Antireflection tiles 'i‘ ‘l‘

Tt = Detector tiles R T —————

consisted of theee Imduxctors in senies, coupled to each other through a T

network of capaciers.
Metglas 2714A
—— Printed circuit board 5 :
- MUX chips

Nyquist chips
Alignment pins
Nb backshort

——— Brass fasteners

——— Copper heat strap

4 Tiles of 8x8 spatial pixels.
288 slots for each pixel.

Transition Edge Sensor (TES)

Figure 8. Partial view of one BICEP2 dual-polarization pixel, showing the
band-defining filter (lower left), TES island (lower right), and part of the an-

Figure 10. TES istand for a single BICEP? detector. The istand was sup- tenna network and summing tree. The vertically oriented slots are sensitive

ported by six lithographically etched legs. Microwave power, entering from to horizontal polarization and form the antenna network for the A detector,
e ] B e ot Gt TES. while the horizontally oriented slots receive vertical polarization and are fed
which agpoars 8 a bluo rctunglo 0n th right of o islend. Tho TES vokgp into the B detector. In this way the A and B detectors have orthogonal polar-
range of ? e TS (o whﬁe%mk g izations but are spatially co-located and form beams tha(t) are coincident on the
ange of the device, an aluminum TES (sccn a5 a tangle below L . .
e, m) was depositec vt soursafel Lol - oo sky.oTlus view corresponds to a boresight angle of 90°. At boresight angle
capacky of tho elnd wes dmed by adiing 2.5 pam shick ovporsed guk of 0% the A detectors receive vertical polarization and the B detectors receive
w 1S .

the detector time constants (§10.6) slow enough for stabk operation. horizontal polarization.
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Figure 2). Integratson of the BiCEP2 theee-year data set. Top pamel: Time per day speat in CMB scans, regular calibrations, and refngerstor cyclng. During
austral sumeners (November—Febnaary), observing schedules have been rsed with beam ing and other tests and calibeations. Dunnglf:umnl
winter, on-source efficiency (including Galactic atsons) has been high, never falling far below 179.2% in the winter of 2012, The lower, red curve
includes data quality cuts. Middle panel: Mapping speed over time. The | ment from early to late 2010 was camsed by the optimization of TES bases
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by a small inceease m the number of active channels (§11.6). Each data posnt repeesents one observing phase of six o nene howrs, as described in Sectson 12.3,
Bogom panel: Cumulative map depeh over time as calculated in §14.2

Low foreground region
centered at RA Oh, Dec. -57.5 deg

Right Ascension -50 to 50 deg
Declination. -55 to -60 deg

In total ~590 days of observation in
three years.

~50 minute “scan set”, which has
53 times back and forth azimuthal movement.

%

~3 days for one full scanning.

Table 8
Sensitivity by season

Season Time [10° s] lnbgration[lO" det-s] Map depth [nK-deg] Total sensitivity [nK]

Elevation [degrees)
B2 L2ER

AT

LI

Lol ol laladedolalals

2010 8.1 23 2132 7.70 :
2011 8.5 26 148.6 5.37 aof
2012 1.0 37 1240 447 SE
Total 7.6 8.6 87.8 3.15

“lgure 21.
lowest clevation. The fint scanset of
line). The two six-howr

L 1 A1
%0 120
Azimuth [degrees|

ORncrving pattern of a typical three-day schedule. Phase letiers are s in Table 6, The scansets of Phase G e sumsbered, with the first scanset at the
G = shown m bold, showing the throw of the field scans (honzontal line) and the bracketing elevation nods (vertical

phases can vary in elevation: the Galactic D phase is shown at the lowest of four elevation steps, and the CMB G phase s shown at the

lowest of three elevation steps. The H and | phases on e thied LST day aliermate between the B/C patiem and the E/F patter.



.o

Flat mirror

DSL

MAPO

Calibration

Figure 17. A map of the BICEP2 far-field response made with the thermal
source in units of log,,(power), showing dynamic range of more than six
decades. Beam maps for individual detectors are shifted to align the peaks

and coadded over all operational detectors. The measured shape of the main
beam and Airy ring structure are well matched by simulations, as shown in

Figure 8. Beam mapping setup on site consisted of sources mounted on the the Beams Paper. Crosstalk features are apparent as small additional beams to

top of fold-over masts. When using the mast on the MAPO building (200 m
from the DSL), a flat mirror is mounted to direct the beams over the ground

screen.

the left and right, at a low level relative to the main beam strength. The dark
feature near the bottom is negative-going crosstalk found only in a subset of
channels.
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Left: BICEP2 apodized E-mode and B-mode maps filtered t¢ 50 < 7 < 120.

the lensed-ACDM + noise simulations. The color scale displays the E-mode Scalar an
high signal-to-noise ratio in the map (s/n > 2 per map mode at £ = 70). (Also note that the E-mode and B-mode maps use different

display the equivalent magnitude and orientation of linear polarization. Note that excess B mode is detected over lensing+noise with
color and length scales.)

FIG. 3 (color).
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Result T/E/B Multipole Correlations
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FIG. 2 (color). BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The solid red
curves show the lensed-ACDM theory expectations while the dashed red curves show r = 0.2 tensor spectra and the sum of both. The
error bars are the standard deviations of the lensed-ACDM + noise simulations and hence contain no sample variance on tensors. The
probability to exceed (PTE) the observed value of a simple y* statistic is given (as evaluated against the simulations). Note the very
different y-axis scales for the jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum. (Note that the
calibration procedure uses EB to set the overall polarization angle so 7B and EB as plotted above cannot be used to measure
astrophysical polarization rotation—see Sec. VIII B.)



BICEPT2 BB Autocorrelation Spectrum
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FIG. 14 (color). BICEP2 BB auto spectra and 95% upper limits
from several previous experiments [2,40,42,43,47,49-51,107].
The curves show the theory expectations for r = (.2 and lensed
ACDM. The BICEP2 uncertainties include sample variance on an
r = (0.2 contribution.



Foregrounds
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FIG. 6 (color). Upper: Polarized dust foreground projections for

our field using various models available in the literature, and a
new one formulated using the information officially available
from Planck. Dashed lines show autospectra of the models, while
solid lines show cross spectra between the models and the
BICEP2 maps. The BICEP2 auto spectrum from Fig. 2 is also
shown with the lensed-ACDM + r = 0.2 spectrum. Lower:
Polarized synchrotron constraints for our field using the WMAP
K band (23 GHz) maps projected to 150 GHz using the mean
spectral index within our field (f = =3.3) from WMAP. The blue
points with error bars show the cross spectrum between the
BICEP2 and WMAP maps, with the uncertainty estimated from
cross spectra against simulations of the WMAP noise. The
magenta points with error bars and the dashed curve show the
WMAP auto spectrum with and without noise debias. See the text
for further details.
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Note added:

Since we submitted this paper new information on polarized dust emission has
become available from the Planck experiment in a series of papers

Thus while these papers do not offer definitive information on the level of dust
contamination in our field, they do suggest that it may well be higher than any of the
models considered in Sec.

More data are clearly required to resolve the situation.
We note that cross-correlation of our maps with the Planck 353 GHz maps will be

more powerful than use of those



Planck, new release on the polarized dust
R. Adam et al., arXiv:1409.5738v1 (2014)

Fig. 8: Top: map in orthographic projection of the 150 GHz D} amplitudes at £ = 80, computed from the Planck 353 GHz data,
extrapolated to 150GHz, and normalzed by the CMB expectation for tensor-to-scalar ratio r = 1. The colours represent the
estimated contamination from dust in r, units (see details in Sect. 5.3). The logarithm of the absolute value of r, for a 400 deg? patch
is presented in the pixel on which the patch is centred. As described in Sect. 3.3.2, the patches overlap and so their propertics are not
ing)l;dent The northem (southem) Galactic hemisphere is on the keft (right). The thick black contour outlines the approximate
Bl decp-ficld region (see Sect. 6). Bovtom: associated uncertainty, o(ry).
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Fig.9: Planck 353GHz D angular power spectram computed on Mz defined in Sect. 6.1 and extrapolated to 150 GHz (box
centres). The shaded boxes represent the =1 o uncertainties: blue for the statistical uncertasnties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ACDM Df* CMB model based on iemper-
ature anisotropacs, with a tensor amplitude fixed at 7 = 0.2, 1s overplotted as a black line,



Yet, it is not converged.

Nature of Reality 21 Oct 2014
Last month, new data released by the Planck team confirmed that all or most of the BICEP2 signal
could indeed be due to dust. It doesn’t rule out the possibility that BICEP2 saw something real, but

shows that the signal can't yet be untangled from the noise.

Editors of Nature reacted in an October 14 editorial:

As we have pointed out before, researchers must not be afraid to be wrong. With hindsight they
may feel they rushed to publish their claim too quickly, but professional science is a competitive
and fast-moving field. The academic paper was cautious and the team’s reaction to subsequent
criticism seems constructive.

POLARBEAR

Berkeley physicist Adrian Lee, explains the first successful isolation of a “B-mode” produced by
gravitational lensing
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