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Cosmology at the Dawn of the Chalonge School

Frequency (cm™)
1

More Questions Than Answers (or data!)
» CMB spectrum: Blackbody (maybe)
« CMB anisotropy: A moving target?
 Large Scale Structure: Open universe?
 Rotation Curves: Dark matter?
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Today: "Precision Cosmology"

Lensing

“Standard Model”
for cosmology

Q,h? = 0.0226 + 0.0005
Q_h? = 0.1123 + 0.0035
Q,h2=0.728 + 0.015
n, = 0.963 + 0.012
T=0.087 + 0.014

s = 0.809 0.024

Komatsu et al. 2011, ApJS, 192:18

Galaxy S:urveys

Successfully explains
many disparate
measurements




The Problem With Flttlng Models
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1(1+1)C,TT/(2m) [pK2]

Testing the Standard Model
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Afterglow Light
Pattern
380,000 yrs.

Inflatio

WMAP 7yr §
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Quar
Fluctuations

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
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Multipole Moment (1)

13.7 billion years




Inflationary Paradigm

Quantum Physics Meets Cosmology

380,000
years

Solves multiple problems in cosmology
(flatness, horizon, scale-invariant spectrum)
at cost of bold (!) extrapolation in energy




Gravity Waves and Inflation

Vacuum energy density drives exponential expansion

Inflationary Condition ¥ >> 2

Hubble Constant

Tensor Perturbations P ~ —
Mpy

D

Energy Scale of Inflation: P ~V'/ M;L

, 1/4
14 21010 Gev ([ ——
0.01




Physics of CMB Polarization

Incident
Photons

« Thomson scattering of anisotropic
photon distribution by free electrons

 Quadropolar anisotropy produces
net linear polarization

C Scattered

Photons




Source Terms for Polarization

Temperature Quadrupole

Gravity Wave

B-mode Polarization: “Smoking Gun” Signature of Inflation




\\I/\’\\\ \-\ s - \\/’l/l'\

\\\.\l\\\'l\\\l,\\\\\l//,

T T

—_———— _—

Superposition E + B

7p)
C
—
)
=
(©
al
-
O
e
©
N
e
©
O
al

Odd Parity

Even Parity




CMB Polarization: Signature of Inflation

/Z/'

Infl

\

Creates Gravity-Wave
Background ...

\

Which Sources
CMB Polarization




CMB Polarization: Signature of Inflation

So if we detect
B-mode polarization ...

\

Creates Gravity-Wave
Background ...

... Then We Know ‘
* Inflation Is Real
« Determine Energy Scale
 Gravity Near Planck Scale CMB Polarization

Which Sources




CMB Polarization: Testing The Standard Model

Angular Scale (Deg)
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Theory Predicts Observable Signal
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Departure from
scale-invariance
predicts
0.02<r<0.15

o
—
|

Q . .
o

Tensor—to—Scalar Ratio (r)
X
|

0.94 0.96 0.98 1.00 1.02
Primordial Tilt (ny)

Komatsu et al. 2011, ApJS, 192:18

r~0.02 - AP ~30nK — ® ~ 107° GeV



So What’s The Problem?

Signal is faint
o Foregrounds are bright
BT Everything is confusing

DT i S

WMAP 23 GHz
Polarization
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Requirements for B-Mode Detection
 Sensitivity
» Foreground Subtraction
» Systematic Error Control
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CMB BB

RMS Anisotropy (ukK)
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The Problem With Ground-Based Cosmology




Balloons Help, But Only A Little ...

X5




The Obvious Solution

#
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PIXIE Nulling Polarimeter

Spin 4 RPM

Calibrator ’“>

AAAAAAAA Sky Sensitivity: Photon Shot Noise
Need more photons (not necessarily more detectors)

Solution: Multi-moded "light bucket"

<——

— IS SIS Collect 44,000+ modes on just 4 detectors

v v Frequency Coverage: Foreground Subtraction

Need more frequency channels than foreground parameters
AD FTS Solution: Fourier Transform Spectrometer

400 spectral channels from 30 GHz to 6 THz (1 cm to 50 um)

Systematic Errors: Symmetries
Control instrument signature to few-nK level
Solution: Nulling polarimeter
Multiple symmetries provide multiple rejections

Detectors

Measure r < 10-3 (50) Using Only 4 Detectors



Fourier Transform Spectrometer

Sky ——— A Beam Take Observed Fringes ...

— B Beam

- 1
- = =V Polarization = 2 2 _F?
FoldingFlats |2 | 77 H Polarization b = 2 f(EAy ¥ EBx) ¥ (EBx EAy)COS(Zw fe) do
olding Flats
1
P, = Ef(ij + E;y) + (Eﬁy - ij)cos(zw /c) dw

Primary Mirror

550 mm f/1.7 .
) . Fourier Transform ...
Secondary Mirror
somm /7.5 Transfer 1 Nl
Polarizer A 125mm f/2.4 E . exp(27ikv /N)
Split Polarizations =0
Transfer 2
125 mm /4.4 .. To get Frequency Spectra
Mix Beams L 1 y 5
. . Transfer 3 S, = Z[I” -1 +Q, cos(2y)+ U, s1n(2y)]
ETS Teenn DIV oo 125 mm 124 X
Mirror .
- —> Ly _ — |74 ;
—._._._.I | (o= Motin Inject Phase Delay S = 2 [IU -Q, cos(2y)-U, sm(2y)]
. o Polarizer C -..: Iransterd
T, Z Lommeem " 125 mm f/4.4
_ a,..’-.-ﬁ St Re-Combine Beams
..... S
e kg = T=ull Transfer 5
el Polarizer D ... P “N 125 mm f/4.4
""" T ol E T
e ’é,-:'.:.‘ Split polarizations
?,-;_-— =g )| Transfer 6
"*‘-’:.-“Lw;’-'—"’ 125 mm /2.0
N—
Measure Fringes

Detectors



PIXIE Non-Imaging Optics

44 000 modes
on 4 detectors

PX108

Primary Mirror Diam
Etendu
Beam Diam

Throughput

Assemblies

Cold Field Stops
(Transfer 6)

N

AR
WA

0
'y
I |
N

550 mm

4 cm2 sr
2.6° Tophat
82%

f\\ Low-pass filter to
=X \ block zodiacal light
i (Folding Flats)

— ‘l N

Vs

Primary Mirror
550mm /1.7

Cold Pupil Stops
(Primary)



Instrument and Observatory

Instrument
(2.725 K) —

Spin 4 RPM Polarizing
Fourier )
Transform = _
Instrument Spectrometerge | /] |
Sun/Earth | T W
ShleldS' yd - ) ‘, &\ N Mirror
\\ \// . | \Q
< /’/‘ I <
To
4—
Sun
Detectors
(100 mK)

Thermal

Z Isolation
QY
Solar Arrays
/ TolEarth X

Spacecraft



PIXIE Mission Concept

Like COBE, but lower

660 km altitude
3-Axis Control COBE, WMAP
Spin at 4 RPM
Spin axis 90° to sun line
Zenith view (precess axis once/orbit)

Polar Sun-Synch Orbit
6 AM or 6 PM ascending node /

COBE, WMAP, Planck

Routine Observations
Spin and stare
Move calibrator every 2" orbit
2 year baseline mission
4 year extended mission

Launch Date Oct 2017
Taurus-lI ELV

Full-Sky Maps in Stokes 1QU in 400 Channels 30 GHz to 6 THz



Thermal
Shields

Spacecraft Bus

PIXIE Coordinate System 7

IAU
(STPSat 2)

ICDU
(Instrument)

Reaction Wheel

(Heritage Classified)

Torque Rod
( Aft Side of Bus
WISE Heritage

)

Ball S/C

X

Star Scanner
(ACE Heritage)

S-Band Antenna
(WISE Heritage)

Solar Arrays

Battery
(Kepler Heritage)

—— (E

Star Power (for scale)

S-Band Transponder
(Top Deck of Bus)
LRO Heritage

Magnetometer
(WISE Heritage)

(Instrument)

Structure
(WISE Heritage)

MIMU
(GPS 11 Heritage)

Observatory

Stowed in
Taurus-l ELV

2.75m

Separation
Plane

X090 Payload Launch Adapter



Mission Operations

O
| <
~30 minutes | N | 24 months (+24 months extended) , 5 months
<+ 1 1 - - |
Launch Phase  Checkout  Nominal Oper.ja\t_'lc_)gs_ -, EOM
.ollar Panel = T snanen ./(Uncontrolled Reentry)
Payload aployment _ ’Q - % ‘5 '<~‘/
Stage-3 Separation ¥ ., - c,§ @“’Q
f s LA S P me ., - osg@ vqg
Stage-2 S ¥
age-% Fairing
N
(,,Q
QS
Stage-1 \ * :
Q, Spin 4 RPM J
- (alibrator Calibrator (alibrator (alibrator
a A Position Stowed Position B Position Stowed Position
(hange Change Change Change
Stage-0 MTM Scan MTM Scan MTM Scan MTM Scan
4} Y 4} Y \ Y 47 Y
Orbit Orbit Orbit Orbit Orbit | Orbit Orbit

Taurus 3110 ThermalAmal m Thermal

Zone Shift ~ Zone Shift ~ Zone Shlft Zone Shift

/V A 4 w A 4
[ .. 9 Minutes [ 9 Minutes [ 9 Minutes v
. . . / A
Simple table-driven operations Continuous
c . ’ . Science Data Sample @ 1 kHz
Spln and Stare” science MTM Operating @ 2 Second Period
PX002




So What’s The Problem?

Signal is faint
o Foregrounds are bright
BT Everything is confusing
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WMAP 23 GHz
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Requirements for B-Mode Detection
 Sensitivity
» Foreground Subtraction
» Systematic Error Control
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Sensitivity: Background Limit the Easy Way
Big Detectors in Multi-Moded Light Bucket

5 4
NEP2o10n = _2Azﬂ (M;) aef — % (142
¢t h et —1 er —1
51 OP
Y AQ Av (aef)
Parameter Units Calibrator | Calibrator
Deployed Stowed

Stokes | (per bin) WmZ2sr-'Hz' | 24x102
Stokes Q (per bin) [ Wm2sr-'Hz' [ 34x10% | 0.5x 102
NET (CMB) uK s1/2 13.6
NEQ (CMB) uK s1/2 19.2 5.6

Photon noise ~ (AQ)"2
Big detector: Negligible phonon noise

Signal ~ (AQ)
S/N improves as (AQ)"2

. ot L LA B L L L

PIXIE polarization-sensitive bolometer



Foreground Subtraction: More is Better
Fourier Transform Spectrometer

Wavelength
3 cm 3 mm 300 pum
102 e

90 pym

1 0—24

10728 Y . o A
PIXIE Sensitivity

100 1000
Frequency (GHz)

Intensity (W / m® / sr / Hz)

10

Pixel-by-pixel foreground subtraction
400 channels to fit ~15 free parameters
Spectral index uncertainty £0.001 in each pixel
Continuum spectra: curvature, multiple components, ...

Synthesize 512 channels each 15 GHz wide

Largest optical phase delay sets channel width
Number of samples sets number of channels

Lowest effective channel = 30 GHz (1 cm)
Highest effective channel ~ 6 THz (50 um)

—— Dust Model
. —— Simulated PIXIE Data
—,I 102 } Knowledge of the Dust physics is E
o effective long- well-constrained
= wavelength spectral by PIXIE near the
= index can be used to peak of the thermal
; extract the (MB spectrum
E102 signal from the dust
. foreground in
= each pixel.
g
§ 1038k The PIXIE data constrains the effective
long-wavelength spectral index to 0.06%
for each pointing on the sky.
10

100

Frequency (GHz)

1000

PX112



Systematic Errors: The 11t Commandment

Instrument Design

THOV SHALT NOT
SOMMIT
SYSTEMATILS

Multiple Modulations

Multiple Symmetries




FTS

Folding Flats

J \

Secondary Mirror
50mm f/7.5

Polarizer A

Dihedral Mirror
—.._—..

S Mirror
I. Motion

-~
el
o,

Detectors

.

Systematic Error Control
Nulling Polarimeter

Primary Mirror

Inject Phase Delay

Transfer 4
125 mm f/4.4

Re-Combine Beams
Transfer 5
125 mm f/4.4

Split polarizations
Transfer 6
125 mm f/2.0

Measure Fringes

550mm /1.7 Observed Fringe Pattern
Transfer 1 P —lf(E2 +E2)+(E2 - E; )cos( w/c)dw
L Ax By Ax By <
125mm f/2.4
Split Polarizations p 1 (Ez 2 ) ( 2 2 )
=— +E; |+|E; —E; |Jcos(zw/c)dw
Transfer 2 Ly 9 f Ax By Ay Bx (z )
125 mm f/4.4 J
Mix Beams Y
Transfer 3
125 mm f/4.4




FTS

Systematic Error Control
Nulling Polarimeter

Folding Flats

Primary Mirror

) \ 550 mm /1.7 Observed Fringe Pattern

— Secondary Mirror 1 5 5 )
50mm /7.5 Transfer 1 P, = —f(EAy + EBX) + (EBX - EAy)cos(za) /c) dw
Polarizer A 125mm f/2.4 2

------ Split Polarizations

T || Transfer 2 = %f(Eix + Ef;y) + (Ef;y — ij)cos(zw /c) dw

125 mm f/4.4 \ J
%’:" Mix Beams Y
>

Transfer 3

Dihedral Mirror 125mm /4.4

—.._—..
S Mirror
I. Motion

-~
el
o,

Inject Phase Delay
Transfer 4
125 mm f/4.4
Re-Combine Beams

x| Transfer 5
- 125 mm f/4.4

Split polarizations

Transfer 6

Sem, L R ===l 125 mm /2.0
——— .
Measure Fringes

Detectors



Amplitude (Arbitrary Units)

L.O[ ™ 7 7~
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Systematic Error Control
Multiple Instrumental Symmetries

Unpolarized CMB

L Forward _|. Reverse J
0.5 |
-0.5r 3
[ NearStop |, NullTo _|. FarStop |. NullTo ]
ToNull |~ FarStop | ToNull | Near Stop
i " i " 1 " " i " L " n " " 1 i " " "
0.0 0.5 1.0 1.5 2.0

Elapsed Time (Seconds)

Spacecraft spin imposes
amplitude modulation of
entire fringe pattern

Amplitude (Arbitrary Units)

Multiple Redundancies

Allow Clean Instrument Signature

0.5
0.0f
~0.5}

—1.0f

Polarized CMB

1.0f

) 10
Elapsed Time (Seconds)

Same information 4x / stroke with different time/space symmetries

15



Systematic Error Budget

Multiple symmetries allow efficient suppression of
potential systematic errors

1
Symmetry Mitigates P, = 5 f (Ejy + Eéx) + (ng - Ejy)cos(za)/c) dw
x vs y Polarization Beam/pointing 1
P, = Ef(Efu +E; )+ (E;, - E}, Jeos(zoo /) doo
Left vs Right Detector Beam/pointing |
_ L 2 2 2 2
A vs B Beam Differential loss Fr. = ) f(EAX * EBY) * (EAX EBY)COS(ZG)/C) dw
. . . . 1
Real vs Imaginary FFT | 1/f noise, relative gain Py, = Ef(Ejy + Eéx) + (Ejy - Eéx)cos(zw/c) dw
Ty Leakage PIXIE Mitigation Residual
& FTS Spin Orbit XCal Symmetry Preflight (nK)
Cross-polar beam E—B v v v 15
Maintain Beam ellipticity V2T-TB v v v v 2.7
Systemaﬁc error budget Polarized sidelobes AT—B v v v v LI
. Instrumental polarization AT—B v v v v v <0.1
beIOW 3 nK n Q or U Polarization angle E—B v v v 0.7
Beam offset AT—B v v v v v 0.7
Relative gain AT—B v v v <0.1
Gain drift T—B v v v <0.1
Spin-synchronous emission AT—B v v v v v <0.1
Spin-synchronous drift T—B v v v v <0.1




PIXIE: Testing The Standard Model
A

<<1sec — \ Big Bang Cosmology *
Inflation Primary
GUT physics Science

Quantum gravity

Early Universe
- Dark matter decay/annihilation
Primordial density perturbations

Reionization and First Stars *

lonization history at end of Dark Ages Secondary
Nature of first stars Science

Large-scale Structure

Galaxy bias vs dark matter density
Star formation at redshift 2--3

Galactic Structure
Assembly history of the Galaxy
— Dust & chemical separation

* Specifically called out in Astro-2010 Decadal Survey
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Angular Scale (Deg)
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Planck-Scale Physics: Map B-Mode Polarization

- Consistency relation r = -6.2 n,
« Statistics of B-mode polarization field

Noise in CMB maps ~70 nK per 1° x 1° pixel

nce: Inflation

GUT-Scale Physics: r < 103 at 50

* Detect ~all large-field models
» Power spectrum to 1~100
» Reach limit of lensing foreground

V(®)

AD



PIXIE limit |p| < 108

« Scalar index ng (Silk damping)

 Density perturbations to kpc scales

Daly 1991
Hu, Scott, & Silk 1994

AE

Chemical potential u = 1.4?

Energy release at 106 < z < 108

Frequency (GHz)
0 100 200 300 400 500 600

T

)

sr’

y =1 x 107

(V)

-~

~—
TTTT TTTY

_:30 E I 1 L

AL (107 W m™ Hz™

0 5 10 15 20
Wavenumber (cm™)



Secondary Science: Dark Matter

slepton decay

10~8

Blackbody distortion
from dark matter decay or annihilation

eEMYSV'ﬂMP (GeV)
9
=

10— 12

Frequency (GHz)

014 X | X . - 0 100 200 300 400 500 600
104 106 108 1010 104 108 108 1010 - 30E T T T
J. Feng Tvnep (S€C) Tynep (s€C) S~ 3 o ) -8
0 y =1 x 10

Definitive test for light dark matter

5 11/2
B ov QX
mx > 80 keV [ f (5 X 10—8) (6 X 10—27 cm3 s_l) (0.112) ]

AL ( 10 W m™ Hz™

0 5) 10 15 20
McDonald, Scherrer & Walker 2001 Wavenumber (ecm™)
de Vega & Sanchez 2010
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Sec

Neutral IGM

First Stars
Pop 111? Pop 11?

Observer

PIXIE and reionization

* Polarization: Optical depth T ~ n(z)

« Spectrum: Compton distortion y ~ [ nkT, ————=>

Combine to get n(z) and T, (ionizing spectra)

Hu & Holder 2003

ndary Science: Reionization

s . -
™ - prd

—— Standard Reionization (z, ~ 7)

o
o
@

—— Early Reionization (z; ~ 20, z, ~

§ PIXIE
I Planck

IIII#III'I

o
N
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>
> 0.06
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10 20 30 40

Frequency (GHz)
100 200 300 400 500 600

T

y =1 x 10

0f

W m

~10¢

—20¢

~30F

0 5 10 15 20
Wavenumber (ecm™)
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Secondary Since: Cos Ifrred akgroun

Wavelength
3 cm 3 mm 300 m 30 pm

1000 R S R
100 CMB - Thermal Dust Emission from z ~ 1--3
E » Monopole: Galaxy Evolution
> 10 N * Dipole: Bulk Motion
E * Anisotropy: Matter power spectrum
> t y
X
n
g 0.1 - Broad frequency coverage over CIB peak
'E » Complement Herschel, Planck
— Q.01 _

0.001 C .

10 100 1000 10000
Frequency (GHz)

PIXIE noise is down here!

Knox et al. 2001
Fixsen & Kashlinsky 2011



5\ R YRR EYN]
S s' «'c seos

+

Dust Continuum

Continuum Emission
» Synchrotron, Dust

Line Emission
*« CO, C+,N+, 0O, ...

Dust Physics
« Silicate vs carbonaceous dust
» Large-scale magnetic field

Diffuse ISM

» Temperature, Density
400 Spectral Maps - Energy Balance

Stokes |, Q, U - Metalicity
Av =15 GHz

Extremely Rich Data Set!



Intensity (W / m® / sr / Hz)

Unique Science Capability

Wavelength
3 cm 3 mm 300 pm

1 0—20

1 0—22 |

10'—24 i 3

10758

PIXIE Sensitivity

a0

10 100 1000

Frequency (GHz)

* Inflation/GUT Physics

» Dark Matter Annihilation/Decay
* Reionization/First Stars

« CIB/Star Formation History

* ISM and Dust Cirrus

Now how much would you pay?

pm

Anisotropy (uK)

Full-Sky Spectro-Polarimetric Survey
* 400 channels, 30 GHz to 6 THz

» Stokes |, Q, U
Angular Scale (Deg)

~ 90 30 10 3 1 0.3

L0y Unpolarized /\,"\/\/\

PIXIE ," .

10F Sensitivity : -
1
0.1¢
0.01¢
0.001 L
1

Multipole ¢




NASA Explorer Program

Small Pl-led missions
« $200M Cost Cap
» Taurus/Athena ELV
* Launch by Dec 2018

22 full missions proposed Feb 2011
* 15 Astro, 7 Helio
» Phase A selections Sept 2011
» Down-select for flight Feb 2013

FLATIO

o
= PR

Gloomy budget realities:
Best shot at inflationary physics?

An Explorer Proposal

Submitted in Response to ) \}
AO NNH11ZDA0020 S

Primordialinflation |
Principal Investigator: Dr. Alih/;y (

NASA’s Goddard §Eace Flight G;nter.
Ball Aerospace & Technologies Corporation

)

Authorizing Official: Bonnie G. Norris, Chief
New Opportunities Office (NASA’s GSF()

February 16,2011
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Breakfast of Theorists



Why Bother With CMB Polarization”?

olarizatio

» Demonstrate inflation as physical reality
Observe universe as quantum system
Death to competing models

» Measure inflationary energy scale
Energy scale ~ (Observed Signal)'4
1076 GeV : GUT physics!

» Observable “Theory of Everything”
Physics approaching Planck scale
Quantum gravity in action




Cryogenic Instrument

Spin 4 RPM
<
Instrument />
::/(i?cthhg\;nsl Calibrator | Sky
""""‘ 270K
\ 17k 68K 130K

Fully cryogenic instrument
Cryo-cooler to 4.5 K
ADR to 2.7 K (instrument body)
ADR to 0.1 K (detectors)

Thermal
Shields Active control of cryogenic temps
Compressor KnOWIedge <1 UK

Radiators Stability < 1 mK

263K Multiple cryogenic thermometers

Thermal
Break

Solar Arrays

Thermal break between inst & S/C

Warm Inst Volume

Spacecraft
300 K




FTS

Calibrator (580 mm)

A Folding Flats

J\

Secondary Mirrors
50 mm f/7.5

Polarizer A

Polazer B
?
7

Dihedral Mirror

PoIazer C
7
U

Polarizer D

I

PIXIE Optical Path

Sky

— A Beam
—— B Beam
- = =V Polarization

H Polarization

Primary Mirror
550 mm f/1.7

Transfer 1
125 mm f/2.4

Split Polarizations

Transfer 2
125 mm f/4.4

Mix Beams

Transfer 3
125 mm f/4.4

Inject Phase Delay

Transfer 4
125 mm f/4.4

Re-Combine Beams
Transfer 5
125mm f/4.4

Split polarizations
Transfer 6
125 mm f/2.0

Measure Fringes



Calibrator (580 mm)

Folding Flats

Secondary Mirrors
50mm f/7.5

Polarizer A

Polarizer B

Dihedral Mirror

FTS .
- —> Motion
Polazer C
7
2
7
Polarizer D
QLR@

PIXIE Optical Path

Sky

— A Beam
—— B Beam
- = =V Polarization

H Polarization

.........

Primary Mirror
550 mm f/1.7

Transfer 1
125 mm f/2.4

Split Polarizations

Transfer 2
125 mm f/4.4

Mix Beams

Transfer 3
125 mm f/4.4

Inject Phase Delay

Transfer 4
125 mm f/4.4

Re-Combine Beams
Transfer 5
125 mm f/4.4

Split polarizations

Transfer 6
125 mm f/2.0

Measure Fringes



FTS

Sky —— A Beam
ALAAAAAL — BBeam

PIXIE Optical Path

Calibrator (580 mm)

- = =V Polarization

--------- H Polarization
A Folding Flats B

Primary Mirror

} \ 550 mm f/1.7

Secondary Mirrors

50mm /7.5 Transfer 1
Polarizer A 125 mm /2.4
------------ R Split Polarizations
""""" = ~ .|| Transfer2
........... Polarizer B - 125 mm f/4.4
"""" -
'''''' - .
Mix Beams
Transfer 3

Dihedral Mirror

125 mm f/4.4
Mi .
< ><_> Motion Inject Phase Delay

Polarlzer C Transfer 4
/ 125 mm f/4.4
7 Re-Combine Beams
/]
Transfer 5
Polarizer D 125 mm f/4.4

Split polarizations

Transfer 6

DL/WRQ 125 mm £/2.0

Measure Fringes




FTS

Calibrator (580 mm)

Folding Flats

Secondary Mirrors
50mm f/7.5

Polarizer A

PIXIE Optical Path

Sky

— A Beam
—— B Beam
- = =V Polarization

--------- H Polarization

Primary Mirror
550 mm f/1.7

Transfer 1
125 mm f/2.4

Split Polarizations

Transfer 2
125 mm f/4.4

Mix Beams

Transfer 3
125 mm f/4.4

Inject Phase Delay

Transfer 4
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PIXIE Optical Path
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Measure Fringes
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Cryogenic Budget

Moon
et A
[_Negiigible ""|j,'f"}~i
I S VT A e
Layered Hybrid For Maximum Efficiency '- ‘
*Thermal Shields: Cooling at 150K
*Cryocooler: Cooling at 68, 17, and 4.5K
*ADR: Cooling at 2.6 and 0.1 K .
68 K 270K
Temperature Stages
17 K

150 K

Cooler Stage Stag(eK';'emp CB(E":'&a)ds Cgsgitifi(t’y (?Itvllgg;i':l(y
(mW) (%)
Stirling (Upper Stage) 68 2362 4613 95%
Stirling (Lower Stage) 17 132 278 111%
Joule-Thomson 45 20 40 100%
iADR 2.6 6 12 100%
dADR 0.1 0.0014 0.03 2043%

NOTE: Heat flow values in mW.



PIXIE Fourier Transform

No—1
" S, = Z S; exp(2mivk/Ny)
Phase delay L sets channel width £ =t
Av = c/L 5
S
c
Number of samples sets frequency range £ =
N_Chan = N_Samp / 2 Mirror Position z S
PIXIE: ~400 usable channels -
Av = 15 GHz reaueney
Si = /S,, exp(2miz; /c)dv
30 GHz to 6 THz (1 cm to 50 pm)
Optical Physical Samples Strokes
g 0.0020( ' ' ' deal ] Delay Stroke per Stroke per Spin
= i b % i
2 0.0015¢ a * Actual +10 mm +2.5 mm 1024
.; I/ “ 7
5 I 8.9 mm 2.3 mm 910 9
2 0.0010}
e 8.0 mm 2.1 mm 819 10
o [
5 0-00057 +67mm 1.7 mm 683 12
9]
« L[ N
& 0.0000[.2 , , , % +5.0 mm +1.3 mm 512 16
-10 -5 0 5 10
Optical Phase Delay (mm) 3.3 mm 0.9 mm 341 24

Vary stroke length to apodize Fourier transform



External Calibrator
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Map temperature and density
of each phase in ISM

Metalicity in ISM

Molecular Photodissociation Hi Hot (T > 10° K)
Gas Regions Regions Gas
CO1—-0 115 GHz | Ferr 51.3, 87.4 ym Ferii  51.7 pm | Omr  51.8 pm
CO2—1 231 GHz | Fer 54.3,111.2 ym | N 57.3 pm | N1 57.3 ym
CO 30 —29 3438 GHz | S1 56.3 pm Fen 874 um | Fev 70.4 pum
H>O 22 GHz Or 632 um Ferrt 1054 pym | Omur - 88.4 um
H>0O 183 GHz | Si1 68.5, 129.7 pm | NI1 121.9 pm
CS1—0 49 GHz Or  145.5 um Sit 129.7 pm
CS2—1 98 GHz Cun  157.7 pm Nt 205.2 pym

CS4—3 196 GHz

Cr 3704, 609.1 pm
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Foregrounds brighter than CMB
E-mode comparable to B-mode




PIXIE Observatory Summary

Mass (Kg) Orbit Average Power (W)
Subsystem Contin-
CBE gency% MEV CBE Cont. MEV

Mechanical Structure 105.7 26% 1329

Mechanisms 83 25% 10.4

Thermal 9.1 25% 113 38.0 30% 49.4
- Attitude Control 44 17% 521 98.0 21% 1183

Command and Data 6.2 20% 14 37.0 15% 426

Handling

RF Communications 10.8 21% 13.1 9.4 5% 99

Electrical Power 100.0 22% 1224 11.0 7% 1.7

Spacecraft Bus Total | 284 23% 349 193 20% 232

Payload Total 164.9 30% 2144 106 30% 137.8

Observatory Total 449.2 26% 563.9 296 24% 369.8

Payload Cryocooler Included | Included | Included | 410** | 100% 410

Power in in in (MPV) Cont. (MPV)

Payload | Payload | Payload and
Mass Mass Mass margin
Power Sum with 895W
Margin Applied

** Maximum Possible Value for cryocooler. CBE and MEV are not calculated

Capability MEV Margin

Taurus 3210 Launch | 775 kg 563.9kg 37.5%
Capacity
Solar Array Power, 481 W Avionics 369.7 W 30%
Avionics Allocation
Solar Array Power, 410 W (MPV) 410 W (MPV) 100% Cont & Margin
Cryocooler (Heat Lift)
Battery Size 2X24A-h 8.7A-h 452%
Onboard Data Storage | 2GB 0.76 GB 162%
Uplink Margin 38.4 dB (2 kbps)
Downlink Margin 6.1dB (5 Mbps)

Requirement Prediction Margin
ADCS Control 1° absolute/axis 0.1°/axis 900%
ADCS Knowledge 9arcmin, 3 /axis 5.7arcmin, 3 /axis | 58%




Mirror Transport Mechanism

Engineering prototype

Demonstrated performance
exceeds requirement by factor of ten

Translate £2.54 mm at 0.5 Hz
Optical phase delay £1 cm
Repeatable cryogenic position

Samsaned R A WS N R
__ 1oof Requirement 3
E ;
= LOE E
e E 3
@] -
-
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=
S Performance
S 0.1
m
(@] C
p_‘ L

0.01F

-3 -2 -1 0 1 2 3
Mirror Position (mm)
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Detectors

Optical Design

— A Beam
- B Beam
- — =V Polarization

--------- H Polarization

Primary Mirror
550 mm f/1.7

Transfer 1
125mm f/2.4

Split Polarizations

Transfer 2
125 mm f/4.4

Mix Beams

Transfer 3
125mm f/4.4

Inject Phase Delay

Transfer 4
125mm f/4.4

Re-Combine Beams
Transfer 5
125 mm f/4.4

Split polarizations
Transfer 6
125mm /2.0

Measure Fringes

Non-lmaging Optics

Primary Mirrors Define Beams
55 cm diameter
2.6° tophat on sky

Optics Box Interferes Beams
Periscope Transfer Mirrors
Polarizing Grids at 45°

Dihedral Mirror Phase Delay
+2.54 mm peak-peak at 1 Hz
1 um position accuracy each 1 ms sample

2 Detectors in each concentrator horn
Measure interference fringes
1 kHz detector readout
1024 samples per mirror stroke



Cryogenics

Moonshine Thermal Gradient
Barrel Azimuth

Barrel Height

0.0 s 2.0 mK

ADR (2.7 K)

ADR (0.1 K)

17 K Break

68K Break
150K Break

Multi-Stage Cryogenic Design
* Passive Sun Shades (not shown)
* 4.5 K Cryo-cooler
+ 2.7 KADR
* 0.1 KADR

Cryo-Cooler Compressor (280 K)

J-T Cold Head (4.5 K)

Thermal Lift Budget

Cooler Stage | CBE Derated Contingency
Stage Temp Loads Capability & Margin
(K) (mW) (mW)

Stirling 68 2362 | 4613 95%
(Upper)

Stirling 17 132 278 1%
(Lower)

Joule- 45 20 40 100%
Thomson

ADR 2.6 6 12 100%

ADR 0.1 0.0014 0.03 2043%




Polarization-Sensitive Detectors

= 127mm
Thermistor
Gold Bar,
Doped Silicon ilicon Legs
Absorber Wires
(30 um Pitch)
"’ } Silicon Frame
Non-Doped
Silicon Support Beams
(300 um Pitch)
Parameter Design LB L
Area 160 mm?
Fill Fraction 1%
Frame Temperature 100 mK
Absorber Temperature 140 mK
Requirement Performance
NEP (W Hz"?) <107 0.7x107
Time Constant (ms) <4 1
Cross-Pol at 150 GHz <1% 0.1%




Blackbody Calibrator

Aluminum
Core

X-Cal ADR

X-Cal Heaters /

Based on successful
ARCADE calibrator

Imbedded

Note: Not To Scale Thermometer

XCal Requirements

Parameter Requirement | Performance
Blackness (30 to 300 GHz) <-60dB -65 dB
Blackness (> 300 GHz) <-20dB -50 dB
Temperature Range (Body) 2.6-3.5K 2.6-3.5K
Temperature Range (Single 2.6-20K 2.6-20K
Cone)

Temperature Gradient <3pK <1pK

PX094
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End-To-End Simulations

Input Sky Cube
(Stokes Q)

Simulated
Time-Ordered
Data

Output Sky Cube
(Stokes Q)

Difference CMB Map
(Stokes Q)

Start with input sky cube, | (©,9,v,S)

“Fly” mission over simulated sky, including
desired instrumental effects (cross-pol)

Read time-ordered data and solve for
output sky cube

Linear combination of frequency channels
generates CMB maps, which are then
compared to input CMB maps
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I Planck Sensitivity s S

I PIXIE Sensitivity L’
10 (Baseline Mission) s

Polarization depends on composition
» Silicate: More polarized
» Carbonaceous: Less polarized

Sensitive probe of dust composition

Polarized Intensity (W m2sr Hz'1)

«—A{um)
2000 1000 500 250 125
T T T T T
12 -2
Warm
10 Component 1.0 -
5 Fractional 8 —
&50.8 " Polarization 08 f 100 1000 7000
3 06 -*0.6§ Frequency (GHz)
Q. (.
- Cold -
04 Component 04 PIXIE data from 30 GHz to 6 THz
0.2 0.2 » Temperature(s)
0 \ | 1  Fractional polarization
W b e e 4 - Chemical composition

Hildebrand & Kirby 2004

Constrain dust properties for each line of sight



