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‣ relic radiation from very young universe (379,000 yrs old)
 
‣ polarized

‣ described by 3 Stokes parameters: 
               T (Temperature)     Q,U (Polarization)

‣ very close to uniform in all directions

‣ small anisotropies contain a lot of cosmological information  

Cosmic Microwave Background (CMB) Radiation 
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Cosmic Microwave Background Radiation

 power spectra of fluctuations in
 temperature (T) map and polarization (Q, U) maps
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B-modes: probing energy scale of inflation

V 1/4 ! 1016GeV(
r

0.01
)1/4

amplitude of B-modes

inflationary potential

detection of large B-modes ( r ~ 0.01 or larger) 

inflation happened at large energy scales (GUT scales?)
as predicted by standard inflation scenarios

strong confirmation of these theories 

✦ (cosmic) B-mode only produced by gravity waves (on large 
scales), a necessary by-product of inflation.
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B-modes Experiments

BICEP, QUIET, EBEX, KECK, ABS, Planck, Spider, ... 

Spider
balloon-borne experiment to 

measure the polarization of CMB

LDB flight (20-40 days), 
December 2011 (Antarctica)

Figure 3. The Spider payload. Six independent monochromatic telescopes are housed in a single long hold time cryostat.
Each telescope is fully ba!ed from radiation from the ground and balloon. The gondola scans in azimuth with a reaction
wheel and a motorized pivot. The cryostat, mounted on bearings, can be adjusted in elevation. Solar arrays provide
power.

Multiple tracking star cameras, rate gyros, di!erential GPS and a sun sensor provide pointing information. The
gondola is constructed from carbon fibre tubes to save mass.

4. CRYOGENICS

The cryostat for the Spider instrument uses liquid helium-4 (LHe) to cool the instrument during its flight. All
six instrument inserts and the ! 1000 litre LHe tank are contained in an outer vacuum vessel fabricated by
Redstone Aerospace. The primary LHe tank is maintained at 108 kPa and a small (! 20 litre) capillary-fed
superfluid LHe tank will be controlled at a vapour pressure near 100 Pa. The inserts and the liquid cryogen
tanks are surrounded by two concentric vapour-cooled shields and the inner tank is mechanically supported by
G10 flextures. The use of staged vapour-cooled shields and radiation blockers reduces the radiative loading on
the optics and detectors. Closed-cycle 3He sorption refrigerators, one per focal plane, will cool the detectors to
260 mK from the 1.5K base temperature. The sorption fridges are cycled every 48 hours.

5. OPTICAL DESIGN

5.1 Telescope

The optical design is based on the successful Robinson/BICEP telescope.14 Each telescope is a monochromatic,
telecentric refractor with anti-reflection-coated polyethylene lenses, and is cooled to 4K. The aperture field
distribution of the primary is smoothly tapered with an anodized 4K Lyot stop, reducing the detector background.

5.2 Half-wave Plate

Spider modulates the polarization of the incoming light with a stepped half-wave plate (HWP) at the tele-
scope aperture. Modulating the polarization mitigates systematic errors from asymmetric beams, instrumental
polarization and relative gain uncertainty between detectors.

A HWP placed at the aperture of the telescope rotates the angle of polarization sensitivity on the sky at
four times the physical rotation rate of the HWP, while leaving the beams unchanged. It also enables a full
measurement of the sky polarization using each individual detector, eliminating or reducing many potential
systematic e!ects.

Spider’s single-frequency telescopes simplify the HWP design and implementation. A single birefringent
sapphire wave plate coated with a single layer of fused quartz on each side gives very good (band average of
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GOAL:
what is the optimum sky coverage

 for measuring r?
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parameters
(!, r, ...)

power spectra 
estimation

model testing

foregrounds 
subtraction
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CMB Analysis Pipeline 

amplitude of gravity waves
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Sources of “noise” 

✦ instrument noise
✦ cosmic variance:  we only have one CMB sky.  
✦ galactic foregrounds

✦ E/B mixing?   
  Part of E-mode polarization looks like B-mode.
 a geometrical effect due to observing finite sky 
patches and absent in ideal full sky experiments. 

‣ Signal is tiny.  Very precise measurements are needed.

8

8



Sources of “noise” 

✦ instrument noise
✦ cosmic variance:  we only have one CMB sky.  
✦ galactic foregrounds

Avoid  E/B mixing ?

✦ E/B mixing?   
  Part of E-mode polarization looks like B-mode.
 a geometrical effect due to observing finite sky 
patches and absent in ideal full sky experiments. 

‣ Signal is tiny.  Very precise measurements are needed.
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parameters
(!, r, ...)

power spectra 
estimation

model testing

foregrounds 
subtraction
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CMB Analysis Pipeline 

10



parameters
(!, r, ...)

power spectra 
estimation

model testing

foregrounds 
subtraction
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CMB Analysis Pipeline 

Map-based likelihood estimator
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Map-based maximum likelihood estimator 

! = s + n

C =< !!† >

= CT + CN

=< ss† > + < nn† >

map 

covariance matrix
temperature, polarization 
and the cross correlations

likelihood

 Naturally and optimally deals with the E/B mixing problem 
  and does the best theoretically possible job.
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uncertainty in foregrounds subtraction
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Optimizing sky coverage for measuring r

Simulations/Results
1- Observe a portion of the sky with Spider 
   (beam, instrument sensitivity, ...). 

How well is the input model recovered?

2- Challenges: 
‣ the signal we are after is very weak. 
‣ dealing with huge matrices.

Goal
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CMB sky simulated with r=0.12 
                          as predicted by 
How well can we measure r for different sky cuts?

(with the same observation time)
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V ! m2!2
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CMB sky simulated with r~0 .
What is upper bound on r for different sky cuts?
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optical depth to reionization

tilt parameter 
tells us about the shape of the tensor perturbation. 
r tells only about the amplitude.

consistency line 
(slow-roll inflation)
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Summary

In experiments with small sky coverage,  E/B mixing introduces 
non-negligible errors in measuring the gravity wave amplitude. 

 To avoid these errors, r can be measured directly using a map-
based likelihood analysis on a feasible time-scale thanks to large 
parallel computations. 

This method naturally and optimally deals with E/B mixing.
Recovery of r to better than           seems feasible (with 
foregrounds ignored.)

±0.02
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Cosmic Microwave Background Radiation
power spectra of fluctuations in

 temperature (T) and polarization (Q, U)
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Planck + Spider 

➡  small sky Spider + (full sky) Planck 
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