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QUIET (Q/U Imaging ExperimenT)

QUIET is a ground-based experiment measuring CMB
polarisation using MMICs

So far the only B-mode coherent radiometer experiment
— Different (and | will argue better) systematics
— Unique radiometer on a chip technology

Phase | (Pathfinder)
— 19 Q-band detectors (43 GHz) Aug 08 - May 09
— 90 W-band detectors (95 GHz) Jun 09 - Dec 10

Phase Il (if funded)
— ~500 detectors in 3 bands (30, 37 and 90 GHz)
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Measure the E- and B-mode spectra between
[ =25 and 2500

— detection of lensing at more than 200

— constraining the tensor-to-scalar ratio r down
to 0.01
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Frequency versus experiment
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The QUIET Fields

Two Galactic fields

Overlap with BICEP, EBEX and SPIDER, ]
(and probably with ABS and PolarBear) Four CMB fields



Observation hours

Q-band | W-band
Patch 2a 905| 1855
Patch 4a 703 | 1444
Patch 6a 837| 1389
Patch 7b 223 650
All CMB 2668 | 5337
Patch Gb 311
Patch Gc 92

Q-band: 77% CMB, 12% Galactic,
7% calib, 4% cut

W-band: 72% CMB, 14% Galactic,
13% calib, 1% cut




A fully blind analysis

 QUIET is the first CMB experiment to Uode om0 ]
implement a strict blind analysis policy e Only 2 of 28

— Never look at a cosmological power
spectrum until filters, cuts and calibration
are finalized

— Avoids bias toward “expected result”

e Main tool: “The null-test suite”

Null spectrum (uK™)
T
‘ L L L

— Procedure: o ]
 Split the full data set into two halves sp I 1 [ ] ,
* Make separate maps, and difference them _:; R I A 1 l ]
* Compute the corresponding spectrum, and L RS e 2 -

Multipole moment,

compare with noise-only simulations I ANy

2 ‘ T T
— Each null-test targets a known potential . - w
systematic 2 + i
T 2 | $]
e ML (PCL) pipeline implements 23 (32) tests ! hob ! ! Ty ! j‘ F
« The final QUIET null-suite is fully consistent £ ]
with noisy-only simulations o532 04 08 o3 1
Null-test PTE
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ABSTRACT

The Q/U Imaging ExperimenT (QUIET) employs coherent receivers at 43 GHz and 95 GHz, oper-
ating on the Chajnantor plateau in the Atacama Desert in Chile, to measure the anisotropy in the
polarization of the CMB. QUIET primarily targets the B modes from primordial gravitational waves.
The combination of these frequencies gives sensitivity to foreground contributions from diffuse Galac-
tic synchrotron radiation. Between 2008 ﬂ{"tﬂlx-r and 2010 December. over 10,000 hours of data were
collected, first with the 19-element 43-GHz array (3458 hours) and then with the 90-element 95-GHz
array. Each array observes the same four ﬁcld:-,.. selected for low foregrounds, together covering = 1000
square degrees. This paper reports initial I‘E'.'-:Illtﬁ from the 43-GHz receiver which has an array sensi-
tivity to CMB fluctuations of 69 pl/s. The data were extensively studied with a large suite of null
tests before the power spectra. determined with two independent pipelines. were examined. Analysis
choices, including data selection, were modified until the null tests passed. Cross correlating maps
with different te 1("-:r.‘DpL pointings is used to eliminate a bias. This paper reports the EE, BB, and
EB power spectra in the multipole range £ = 25-475. With the exception of the lowest IIlIllt-lI.J(]ll( bin
for one of the fields, where a 11{11:1:1.:.{3{1 foreground, consistent with Galactic synchrotron radiation, is
detected with 3-o ‘slblllﬁ( ance. the E-mode spectrum is consistent with the ACDM maodel. L'.(mhrlnlnp,
the only previous detection ﬂf the first acoustic peak. The B-mode spec triun is consistent with zero.
le acilng to a measurement of the tensor-to-scalar ratio of r = (). ‘?'.n"'"n .7~ The combination of a new
time-stream “double-demodulation” technique, Mizuguchi-Dragone 01)1;1(“-,. natural sky rotation, and
frequent boresight rotation leads to the lowest level of systematic contamination in the B-mode power
so far reported. below the level of r = 0.1.

Subject headings: cosmic background radiation—Cosmology: observations—Gravitational waves—
Inflation—Polarization
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ABSTRACT

The Q/U Imaging ExperimenT (QUIET) has observed the cosmic microwave bazkgmund (CMB)
at 43 and 95GHz. The 43-GHz results have been published in
and here we report the measurement of CMB polarization power spectra using the 95-GHz data. This
data set comprises 5337 hours of observations recorded by an array of 84 polarized coherent receivers
with a total array sensitivity of 87 uK/s. Four low-foreground fields were ohserved, covering a total
of ~ 1000 square degrees with an effective angular resolution of 12!8, allowing for constraints on
primordial gravitational waves and high-signal-to-noise measurements of the E-modes across three
acoustic peaks. The data reduction was performed using two independent analysis pipelines, one
based on a pseudo-Cy (PCL) cross-correlation approach, and the other on a maximum-likelihood
(ML) approach. All data selection criteria and filters were modified until a predefined set of null
tests had heen satistied before inspecting any non-null power spectrum. The results derived by the
two pipelines are in good apgreement. We characterize the FE, FB and BB power spectra between
£ = 25 and 975 and find that the EFE spectrum is consistent with ACDM, while the BB power
spectrum is consistent with zero. Based on these measurements, we constrain the tensor-to-scalar
ratio to r = 1.1702 (r < 2.8 at 95% C.L.) as derived by the ML pipeline, and r = 1.240-2 (r < 2.7
at 95% C.L.) as derived by the PCL pipeline. In one of the fields, we find a correlation with the
dust component of the Planck Sky Model, though the corresponding excess power 1s small compared
to statistical errors. Finally, we derive limits on all known systematic errors, and demonstrate that
these correspond to a tensor-to-scalar ratio smaller than r = 0.01, the lowest level vet reported in the
literature.
Subject headings: cosmic background radiation—Cosmology: observations—Gravitational waves—

inflation—Polarization
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ABSTRACT

The Q/U Imaging ExperimenT (QUIET) is designed to measure polarization in the Cosmic Microwave
Background, targeting the imprint of inflationary gravitational waves at large angular scales ( ~ 1°).
Between 2008 October and 2010 December, two 1ndependent receiver arrays were deployed sequentially
on a 1.4m side-fed Dragonian telescope. The polarimeters which form the foecal planes use a highly
compact design based on High Electron Mobility Transistors (HEMTs) that provides simultaneous
measurements of the Stokes parameters (), U, and I in a single module. The 17-element ()-band
polarimeter array, with a central frequency of 43.1 GHz, has the best sensitivity (69 pKs'/ %) and the
lowest instrumental systematic errors ever achieved in this band, contributing to the tensor-to-scalar
ratio at r < 0.1. The 84-clement W-band polarimeter array has a sensitivity of 87 uKs'/? at a
central frequency of 94.5 GHz. It has the lowest systematic errors to date, contributing at r < 0.01
(QUIET Collaboration|2012)) The two arrays together cover multipoles in the range £ = 25—975. These
are the largest HEMT-based arrays deployed to date. This article deseribes the design, calibration,
performance of, and sources of systematic error for the instrument.

Subject headings: cosmology: cosmic microwave background — cosmology: observations — astronom-

ical instrumentation: polarimeters — astronomical instrumentation: detectors —
astronomical instrumentation: telescopes




Temperature maps — QUIET vs WMAP

Patch 2a

Note: Slight gain excess, about 10% (Jupiter calibration)



Galactic center observed at 43 GHz
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Galactic center observed 95 GHz
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Patch 2a at 43 GHz
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Patch 2a at 43 GHz

E modes B modes

208




Patch 2a at 95 GHz
Stokes Q




= E-mode signal by eye!



Assessment of systematic errors

EE BB EB

= Statistical Error — Primordial {r = 0.23)
= = Primordial {r = 0.01)

_____________
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Systematic Errors
— Ahanl.te Rasprnaiviny, Windmw Finetinn
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All known instrumental systematic effects are assessed by processing
empirical models through the full pipeline

The main EE systematic is absolute gain uncertainties
The main EB systematic is polarization angle uncertainties

But NO LARGE BB systematics!

— Corresponds to a tensor-to-scalar ratio of r < 0.01 on degree scales

Lowest levels of B-mode systematics reported so far
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The BB spectrum and tensor-to-scalar ratio
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1) Synchrotron contamination at 43 GHz
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TABLE 6
BanD anD Cnross Powenrs ror £ = 25 75
Patch  Spectrum CA‘;(=K1 C‘;}:ﬁ C:'bc":[
CMB-1 EE 174447 )3.30+£055 0.55+0.14
BD 4.8 +45 0.40 £+ 0.41 06 + 0.05
EB —6.2 +3.2 0.27 £ 0.38 0.10 + 0.08
CMB-2 EE s e o 0.01 £0.56 0.23 +£0.19
BB 1.6 &£ 3.1 0.18 £ 048 —0.1140.13
EB —554+28 —-0.394+041 —0.20 4+ 0.12
CMB-3 EE 0.2+19 0.64 +£0.43 0.10 £ 0.18
RB —0.34+26 0.33+0.35 0.01+0.13
EB 1.4+1.7 —-0344030 —-0.274+0.11
CMB-4 EE —5.2+5.1 0712 0.65 + (0.58
BB —2.6+5.2 -01+1.1 —0.37 +0.52
ER —-1.04£39 004+£09 —0154 047
NOTE. - Power-spectra estimates for the first multipole bin

for each patch, computed from the WMAPT K-band data and the
QUIET Q-band data. The units are £(¢ + 1)C; /27 (uK?) in ther-
modynamic temperature. Uncertainties for fg‘fl and Cg {1 include
noise only. For Cﬁ"f_“)-:Q they additionally include CMB sample vari-
ance as predicted by ACDM. Values in bold arc more than 2 o away
from zero.

 Observe excess power in patch 2a at 43 GHz
* Fully consistent with WMAP 23 GHz scaled by a spectral index

of -3

— Clear evidence of residual synchrotron contamination at 43 GHz



Patch 4a Patch 2a

Patch 6a

Patch 7b

2) PSM dust correlation at 95 GHz

Synchrotron

(Consistent with zero)

(Consistent with zero)

(Consistent with zero)

(Consistent with zero)

Thermal dust
A=069%021 EEEE
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- e . . _
" é‘ ’ ’: d L % 1 at 1.6 sigma
: " 4
— ﬁ

&

.
(Consistent with zero)

(Consistent with zero)

(Consistent with zero)



Where is the foreground minimum in polarization?
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Cartoon based on WMAP temperature observations

= Polarized foreground minimum is also likely to lie between 60 and 80 GHz
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How would / design the next CMB satellite?

1. Following in the proud footsteps of well-
known CMB names like CambSpec, Plik,
BolPol and ROMAster, | would first of all
call the project HKEpol

. Disclaimer 1: All of the following represent my own personal
view, and not necessarily those of the QUIET collaboration as
a whole ©

. Disclaimer 2: Many of the following statements are

controversial by design, to stimulate discussion

2.  HKEpol would have at least four bands: B BN
. 35-45 GHz for synchrotron &\ |_‘ I l J
100 BN % CMB Anisattar.
100

K, rms)

. 61-79 GHz as first CMB channel

Frequency (GHz)

1000
. 83-107 GHz as second CMB channel spb | i
. 140-180 GHz as dust channel > oal | .”' 3 : b
0 E {1k _Ill il ]
= F S i [ i
Comments: L 0.3 :_ [||||I|h|r',ll.'|h.'. ']' ! I","l' |‘JI L IL‘ _E
2 AT i 0|
. Planck+WMAP will give spectral indices, but | S o2l | L i /.fh ‘. AN
. =  — SHz (1 i E
wouldn’t trust them for amplitudes i |' Ei?% gl IR
. . o UE || g | Vo . | ]
. Stay a long way away from CO lines at N times 115 ookt L=pisteill]l | 4 W
GHz 5 10 B 20 30
Wavenumber (cm™)
- PartiCUIarly naSty because Of bandpass mismatCh Tigure 44, The average speviral response Tor cach ol e TICT freyuency b;md:. The verlival bams represent the specimal regions of

L0 wransitions and are inferpolated by a factor of - 10,

- Also other lines at 110 GHz



How would / design the next CMB satellite?

NOISE
SAMPLIEIERS.
L

3. It would be based on MMICs, not bolometers
— Insensitive to cosmic rays T

. Whatever flies next must demonstrate
robustness to cosmic rays
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How would / design the next CMB satellite?

4, If cost is a driver, | would sacrifice
angular resolution before virtually
anything that compromises control over
large-angle systematics

. This experiment is really all about
| < 200, and mostly even [ < 10

. Lensing will be nailed by ground-based
experiments long before we fly =

5. The angle between the spin and the
bore axis would be 45 degree angle, like  wwap

EPIC
. The only experiments for which cross-

linking and polarization angle coverage
do not matter are those that are noise

dominated



Conclusions

 QUIET has published measurements of the CMB sky at 43 and
95 GHz

— CMB results in excellent agreement with LCDM
* Three peaks clearly traced in the EE spectrum
* BB spectrum consistent with zero
— Finds hints of synchrotron emission at 43 GHz and thermal dust at 95
~ GHz in the same field
| between 60 and 80 GHz,

* Polarized foreground minimum likely to li
similar to the temperature case

* MMICs should be very seriously considered for both future
.ground- and space—-based experiments

N '
L= Outstandlng systematic propertles
2 T e _3@:,@ ‘:ﬁv ;{:‘:‘r (o :q‘g ‘w: ’m“
£ et e % dy!
..'i*““mum'%ﬂ« | S




* First-season Q-band results: arXiv:1012.3191
e Second-season W-band results: arXiv:1207.5034

* |[nstrument paper: arXiv:1207.5562




