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Inflation
Generates

Two Types of <

Waves

Radius of the Visible Universe

Fluctuations

<« Quantum
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CMB\PoIarization

From Thomson scattering
wherever there is ionized gas
and quadrupole anisotropy

Quadrupole
Anisotropy

Thomson
Scattering

Linear
Polarization
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Patterns of Polarization

Density Wave

—-mode Polarization

Cold —_—— .

Hot o =

Hot

Cold ——.

lemperature
I’attern Seen
y Electrons

Grévitational Wave | - B—mOde POlaﬂzatlon

Squeezes/ | H
Space ! . Cold ot

77 ¢ CSANNNN vt SNNN c /s s SN\ v/
77 ¢ CSANNNN vt SNNN e/l SN\ e v/
4 s 4 4 A ¥ | 77 CNNNN vl NENENENRY c Pl NN crv
77 ¢ CSANNNN vt SNNN c /s SN\ e v/
77 ¢ CSANNNN vt SNNN e/l SN\ N e 2/
‘ ’ ‘ ‘ ' ‘ 77 ¢ CSANNNN vt SNNN ¢/l SN\ N e 2/
7 7 ¢ CANNNN v S s NN\ e /2 v o SN\ N e 2/
e 77 ¢ CSANNNSN vt S SNNN et/ s SN\ v/
\ ‘ ‘ \ ‘ \ 77 ¢ CANNNN v L s NN\ e 2/l SN\ N e 2/
4 1 r r A r
i Ll S J
-y i o Hot

J. Filippini - Rencontres de Blois 2014



NSNNNNNANANN
NNNAN NN

P om mE——NSNNNN N
Cor = I~
PSS = s NN\
IS s m—m——N N\

N = P
N~ " == ol p

N
N\
N\

1
|
\
1
\
\
\

e N Ny ey Ny, mm o 1 e = . e m sy
AANNSN 8NN e . e NN =
AN\NS==—: =77
ANNNS s == ey
« o« ~ T
A e
N i
e
~~ -

\
\
\
\
\

e SO P
s S
NIV AV Y4

=N\~ s NN\
- m N N6

NNNNNNANANN
NSNNNNNNANN

- Rencontres de Blois 2014

i

lemperature
Pattern Seen

Cold Hot

-
eS

(

&

G
O
=)
S
N
G
©
O
0
G
O
Vg
C=
L
b
M
S
0

tretch

{;:
f—

"~

Squeezes/

Density Wave
Gravitational Wave




The Lay of the Land
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The Challenge

Extremely faint signal demands a map that is...

® Precise
Detectors approach photon noise limit
Many detectors (multiplexing)

® Accurate
Rigid control of polarized systematics

#Kemp



Inflation Investigators
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A Targeted Strategy

Minimum aperture (~26 cm) to
resolve degree scales

Systematic control
e Cold (4.2K), on-axis optics
® Bore sight rotation
Foreground avoidance
® C(Clean sky: ~400 sq. deg.

® |50 GHz: low atmospheric
and foreground emission

Deep mapping
® 3 years: 87 nK-deg!

v,
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A Targeted Strategy

Minimum aperture (~26 cm) to
resolve degree scales

Systematic control

. . )
e Cold (4.2K), on-axis optics 2
«
: : O
® Bore sight rotation 2 Nylon filter
© 2 Lens
Foreground avoidance § Nb magnetic shield
Focal plane assembly
® (lean Sl()'Z ~400 sq. deg i & — Passive thermal filter

® |50 GHz: low atmospheric
and foreground emission

Flexible heat straps

Fridge mounting bracket

Refrigerator

Camera tube

Deep mapping

Camera plate

® 3 years: 87 nK-deg!
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A Targeted Strategy

Minimum aperture (~26 cm) to
resolve degree scales

Systematic control
e Cold (4.2K), on-axis optics
® Bore sight rotation

Foreground avoidance

Detector response

o Clean Sl(y: ~4OO Sq. deg. ' —— Atmospheric transmission

CMB T derivative

® |50 GHz: low atmospheric
and foreground emission

o
e

S
o)

Transmission

<
~

Deep mapping

e
bo

® 3 years: 87 nK-deg!

)

150 200
Frequency [GHz]
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Caltech/ PL Detectors

28 mm <o :
— el

Superconducting
Au resistor thermometer(s)

0.31 mm
B — R

i ermal isolation



The View from the Bottom of the Wgrld

he Dark Sector Lab
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BICEP2 T and Stokes Q/U Maps

T jackknife

Q jackknife
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B-mode Signal

BICEP2 B-mode signal
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BICEP2 B-mode Power Spectrum

100

150 200
Multipole

250

—e— B-mode power spectrum
—e— temporal split jackknife

—— |lensed ACDM
-=-r=0.2

Clear excess of B-modes at
low | above lensed-ACDM

® PIE-| 310/
® Significance: 5.30

Good fit to expected
inflationary signal spectrum
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What could this be”

- Instrumental systematics?




Systematic Errors

Simulate effect of
measured beam
and instrument
imperfections.

We find with high
confidence that the
apparent signal
cannot be explained
by instrumental
systematics

Ko
X
=

B
Q)
~J

m

m
o4
—
fas

r I I I
[ — — — lensed—ACDM+r=0.2

no deprojection

dp residuals

dp+dg
— — - dp+dg+bw
dp+dg-+ellip.

r=0.2/

Final beam‘;

residuals

Raw beam

150 200 250 300
Multipole

I(+1)CPP /25 [uK?]

F T T
F lensed—ACDM+r=0.2

r=0.2

- undeproj. resid. corr. uncer.
- thermal

- sys pol error

- rand pol error

—_—

ghosted beams

transfer functions
crosstalk

100 150
Multipole
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JACKKNIF

Jackknife  Bandpow
1-5 x?2

Deck jackknife
0.046

0.774
0.337

Scan Dir jackknife
EE 0.483
BB 0.531
EB 0.898

Tag Split jackknife
EE 0.541
BB 0.902
EB 0.477

Tile jackknife
EE 0.004
BB 0.794
EB 0.172

Phase jackknife
EE 0.673
BB 0.591
EB 0.529

Mux Col jackknife
EE 0.812
BB 0.826
EB 0.866

Alt Deck jackknife
EE 0.004
BB 0.397
EB 0.150

Mux Row jackknife
EE 0.052
BB 0.345
EB 0.529

Tile/Deck jackknife
EE 0.048
BB 0.908
EB 0.050

‘ocal Plane inner/oute

EE 0.230
BB 0.216
EB 0.036

Ccrs

TABLE 1

Tests

1-9 x2

0.030
0.329
0.643

0.762
0.573
0.806

0.377
0.992
0.6389

0.010
0.752
0419

0.409
0.739
0.577

(0.587
0972
0.968

0.004
0.176
0.060

0178
(.361
0.226

(0.088
(0.840
0.154

r jackknife
0.597

0.531
0.042

Tile top/bottom jackknife
0.289

0.293
0.545

0.347
0.236
(0.683

fouter jackknife

0.727
0.255
0.465

Moon jackknife
EE 0.499
BB 0.144
EB 0.289
A/B offset best/worst

0.317
0.114

(.533
0.086
0.737

0.639
0.287
0.359

0.311
0.064
0872

E PTE VALUES FROM X* AND Y (SUM-0
ST

1-5 x

0.164
0.240
0.204

0.978
(.896
0.725

0916
0.449
(.856

0.000
(.565
0.962

0.126
(.842
(.840

0.196
0.293
0.876

0.070
(.381
0.170

(.653
0.032
0.024

0.144
0.629
0.591

0.022
(0.046
0.850

(0.459
0.154
0.902

0.128
0.421
0.208

(0.481
(.898
0.531

(.868
0.307
0.599

F-DEVIATIO

Bandpowers  Bandpowers

Bandpowers
1-9 x

0.299
0.082
0.267

0.938
0.551
(.890

0.938
(.585
0.615

0.002
0.331
0.790

0.339
0.944
0.659

0.204
(.283
0.697

0.236
(.O86
0.291

0.739
0.008
0.048

0.132
0.269
0.591

0.090
0.092
(.838

0.599
0.028
(0.932

(.485
0.036
0.168

0.679
(.858
0.307

0.709
0.094
0.790

Jackknife tests

Splits by boresight rotation

Amplifies differential pointing in comparison to
fully added data. Check of deprojection.

Splits by time
Checks for contamination on long (“Tag Split”)

and short ("Scan Dir”) timescales. Short
timescales probe detector transfer functions.

Splits by channel selection

Checks for contamination in channel subgroups,
divided by focal plane location, tile location, and
readout electronics grouping

Splits by possible external contamination

Checks for contamination from ground-fixed
signals, such as polarized sky or magnetic fields,
or the moon

Splits to check intrinsic detector properties

Checks for contamination from detectors with best/
worst differential pointing. “Tile/dk” divides the

data by the orientation of the detector on the sky.
J. Filippini - Rencontres de Blois 2014



: . 7 ;’ e i » B EE
BICEE l:ggdahnodrr;so,lc\)l'g?_lsz, BICEP2: Phased antenna Keck Array: Phased antenna

array,TESs,150 GHz array, TESs,150 GHz

e 3.50 detection of BB In ' < B2xBlc

B2xKeck (preliminary)

cross with color-combined
BlCEP1 (rmax:O.19)

* EXxcess power also evident
iNn cross with 2 years of
Keck Array data
(150 GHz, preliminary)!

150 200 250 300
Multipole
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What could this be”

e |[nstrumental systematics?




Polarized Foregrounds

\\\ CMB Anisotropy
SN\ >
Otal Foregrou“d -
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N

Any polarized astrophysical emission
between last scattering and us!
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Frequency (GHz)

e Point sources

Planck 2014 magnetic field
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Polarized Foregrounds
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[ ack of cross-correlation
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 Point sources
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Spectral Index Constraint

 Consistent with CMB, disfavor
benchmark dust and sync models
at 2.2/2.30

Multipole

o
0

e (Constrain BB signal color with
B2150xB 1100

O
o)

e,
s,
o

<

[0

=

i

o
™

* |f dust, expect little correlation

s , expect bright
correlation

Spectral index ()
Antenna lemperature irequency power law
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What could this be”

e |[nstrumental systematics?




Constraint on Tensor/Scalar Ratio

Error bars shown include
sample variance at r=0.2

— — best fit

o
Qo
Qo

<

[0

=

4

100 150 O 01 02 03 04 05 0.6
Multipole Tensor—to-scalar ratio r

* Best-fit r=0.20 (PTE of fit 0.9)
Consistent with large-field, GUT-scale inflation

* r=0 disfavored at 7.00 (PTE 3.3 x 10-12)

e Sample variance dominated -> Need more sky!

J. Filippini - Rencontres de Blois 2014



Effect of Foregrounds

/ — — — lens+r=0.2
/ BSS
——LSA

—_—
—_—
—_——_—

- = — —

auto subtracted
cross subtracted

base result

Likelihood

0.2
Tensor-to-scalar ratio r

Foregrounds could contribute small
amount of observed BB

Total power spectrum does not look
like foreground expectations

Subtracting DDM2 cross gives 0.06
e QG

... still disfavors r=0 at 5.90

Dust contributes most in the first band
power. Deweighting this bin would
give less deviation from our base result

J. Filippini - Rencontres de Blois 2014



What next?

KECK ARRAY

e South Pole, 2011 - 2016

e 2011: 1536 TESs @150 GHz
e 2012-13:2560 @150 GHz

* 2014 upgrade:

°1536 @ 150 GHz

e 576 @ 100 GHz

BICEP3 SPIDER

e South Pole, 2015-16

* Long-duration balloon 2014
e Large (~10%) sky coverage
e Half-wave plate

e 2560 TESs @ 100 GHz

e 2400 TESs
e 1536 @ 150 GHz
. 864 @ 100 GHz




A Rich Field

EXISTING
BICEP
MOUNT

Vocuum Window

Hedum
Fridge |
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Conclusions

BICEP2 observes 5.30 excess
above lensed-ACDM:; r=0 disfavored
at 7o (no foreground subtraction)

BICEP2
BICEP1 Boomerang

QUAD i . ;
QUIET-Q WMAP R e Extensive studies disfavor

QUIET-W CAPMAP —¥— ¥ _— ¥

systematic error as origin

 Foregrounds do not appear to
constitute the bulk of the signal

BICEP? uncertainties ’ « (Consistent with expectations for
include r=0.2

FEMPIE VAN — primordial gravitational waves from
GUT-scale inflation

 The era of B-mode cosmology has
Multipole begun!
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