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• B-modes in the CMB are the holy grail of inflation. 
B-modes = GWB = Strongest evidence for quasi 
deSitter expansion in early Universe = inflation...

• cf Non-gaussianity

• Planck will not lower r limits by much...

• No funded CMB satellite mission after Planck.

• All-sky characterisation of polarisation signal will 
have to wait >10 years.

• What do we do until then?
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• Perturbations in curvature described by power spectrum 
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Inflation: Scalar degeneracy
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Tensor perturbations (from) Inflation
• Tensor perturbations in the background metric also evolve into super horizon 

scale fluctuation: we should see these as large scale gravity waves 

• Relic background of gravitational waves 

h+

h×

gµν → gµν + hµν
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• Power spectrum of relic gravitational waves

V (φ)

φ

???

Tensor modes: Broken degeneracy
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• Power spectrum of relic gravitational waves

V (φ)

φ
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Current limits from CMB: r < 0.36 → 0.24
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Tensors in CMB Polarization 

‘E’

‘B’

• Scalar (density) 
perturbations only source 
E-modes

• Tensor (GW) source both 
E and B-modes

• Detection of clean B-mode 
signal = GW background
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Tensors in CMB Polarization 

‘E’

‘B’

• Scalar (density) 
perturbations only source 
E-modes

• Tensor (GW) source both 
E and B-modes

• Detection of clean B-mode 
signal = GW background

Komatsu et al 2009
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FIG. 1: Tensor contribution to the TB (solid, black), BB
(dashed, red), and EB (dotted, blue) spectra for a standard
ΛCDM model with tensor to scalar ratio r = 0.1 and chirality
parameter γ = 10.

The functions P+(k) = PR(k) + PL(k) and P−(k) =
PR(k)−PL(k) are the sum and difference of the R and L
mode power spectra (7) under the assumption of isotropy.
Following (5) we can write P+(k) = Ph(k)/

(

1 − 1/γ2
)

P−(k) = Ph(k)/2γ
(

1 − 1/γ2
)

, where Ph(k) is a refer-
ence spectrum for the combination of the two gravita-
tional modes for the standard case (γ → ∞). As shown
in (10) any tensor contribution to the TB and EB cross-
correlation spectra vanishes for the standard parity in-
variant case. Thus any non-zero TB and EB signal
would be an unambiguous indication of new parity break-
ing physics either in the primordial gravitational wave
spectrum [14] or from effects along the line of sight that
rotate the polarizations [14, 17, 18].

Results Standard line of sight, Einstein-Boltzmann
codes (e.g. CAMB [22][29]) can be easily modified to
include the calculation of the TB and EB spectra and
in Fig. 1 we show the tensor sensitive combinations ob-
tained for a model with γ = 10 and tensor to scalar ratio
r = 0.1. Searching for such a unique signal in the cross-
correlation spectra offers some observational advantages.
As mentioned previously the TB signal is larger than
the pure BB correlation but also does not suffer from
noise bias in the absence of noise correlations between
total intensity and polarization sensitive measurements.
In addition the TB spectrum is free of any ambiguities
induced by the coupling of E and B-modes due to cut–
sky effects in multipole space.

Observationally, the strength of the effect is deter-

mined by both the amplitude of the gravitational wave
background, usually denoted by the ratio of primordial
tensor-to-scalar spectra normalizations r = Ah/AS , and
the value of our parity breaking measure γ. The ratio of
quadrupole power of the two, opposite parity tensor con-
tributions can be approximated as CTB

2 /CBB
2 ≈ α2/γ,

where α2 is a depends on the exact cosmology and
α2 ∼ 200 for a standard ΛCDM model. In this case
the TB contribution will be larger than the BB one for
γ < 102. Alternatively we can examine the overall ampli-
tude of the effect by comparing to the scalar contribution
to the total intensity spectrum

CTB
2

CTT (S)
2

≈ β2
r

γ

1

(1 − 1
γ2 )

∼ 1 × 10−3 r

γ
, (11)

for γ ' 1 and where β2 ∼ 1 × 10−3 is again a reference
value for a standard ΛCDM model.

CMB results have not yet reached the sensitivity re-
quired to impose interesting limits but most polarisation
experiments are now reporting the parity violating spec-
tra TB and EB in addition to the usual four since these
also provide useful consistency checks on instrumental
and analysis methods. The best constraint so far are from
the latest WMAP 5-year results [26] [30] which observed
a TB quadrupole $($ + 1)CTB

" /2π ≈ 1.26 ± 0.87µK2.
This can be interpreted broadly as a 3-σ upper bound
of −1.5 < CTB

2 < 4µK2 which translates into a limit of
γ−1 > 0.4 r and γ+1 < −0.15 r (where for simplicity we
ignored the |γ| < 1 possibility). We are still in the regime
|γ| → 1, but future data will give much more stringent
constraints of γ ' 1; or else provide a detection.

Motivating chiral gravity What would be the theoreti-
cal implications of such an observation? While linearized
gravity is all that is needed to deduce a spectrum for
tensor fluctuations during inflation, it is generally as-
sumed that that theory is a linearization of a classical
non-linear gravitational theory, which is general relativ-
ity or a closely related modification. General relativity
is parity symmetric, so it is pertinent to ask how radical
the modifications of its principles need be to allow parity
asymmetry in the form of GL (= GR.

Chiral gravitation has been associated with a Chern-
Simons term [13–16, 18] coupled to a dilaton, or the
presence of spinors [4–6]. But none of these mechanisms
induce parity breaking at leading order in the graviton
propagator, as is implied by GL (= GR. But the pos-
sibility of such a leading order effect can be motivated
from several considerations including Euclidean gravity
and the fact that CP violating instanton effects are ex-
pected to arise in a path integral quantization of chiral
actions such as the JSS and Plebanski actions [28]. Note
also that in the linearized calculation presented above all
that may be needed from the full theory is parity vio-
lation in the action, as opposed to the field equations,
since we’re only concerned with the quantum zero-point
fluctuations. Several actions in use, such as the JSS and
Holtz actions, already have this property.

TB

BB

EB

CC, Magueijo, & Smolin, PRL 2008

CC, Dowker, & Philpott, CQG 2010

• Parity violating theories 
also produce signal  in TB 
and EB correlations.

• e.g Chiral Gravity, 
polarization diffusion, 
photon-axion mixing along 
line of sight, etc...

Parity Violation Signal
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FIG. 2: Confidence regions around the reconstructed Pk for the same test models shown in Fig. 1. The shaded areas indicate
the 1 and 2-σ confidence regions obtained from 1000 Monte Carlo realisations of the observed C!. The red (solid contours)
shows the result for polarisation data included overlaid on the blue (dashed contours) showing the result for only TT included.
The inclusion of polarisation has the largest impact in the case with superimposed oscillations.

shown in Fig. 1 there are significant departures from the
correct solution. On the large scales (k < 0.0001 Mpc−1)
this is due to the cut–off in the transfer functions due
to the horizon scale. At small scales (k > 0.1 Mpc−1)
the cut–off is due to the resolution limit of the forecasts.
We find the method is particularly well suited for recon-
structing long wavelength structure such as in the run-
ning and oscillating model. Although the sharp feature in
the third model is present in the reconstructed spectrum,
its amplitude is not recovered accurately. This example
highlights the limitations of such methods in reconstruct-
ing high frequency features in the primordial spectrum.
In the first model we also see high frequency features on
small scales, this is due to the difference in amplitude be-
tween the initial guess and correct solution. A power law
initial guess with closer starting amplitude to the correct
value reduces this small scale noise. This could be easily
obtained by carrying out a standard power law fit to the
data before running the reconstruction estimate.

In Fig. 2 we show the same set of reconstructions but
include 1 and 2-σ confidence regions obtained from the
Monte Carlo covariance matrix. We have over sampled

the Pk and care should be taken in interpreting the signif-
icance of any feature as the samples are highly correlated.
The plot includes a set of contours for the reconstruction
using only total intensity data (blue/dashed) and includ-
ing polarisation too (red/solid). The range in k has been
modified to emphasise the regions where the best limits
are obtained. The addition of polarisation data gives ad-
ditional constraints on the smaller scales particularly in
the oscillating model case. This is not surprising since
total intensity and polarisation measurements are com-
plementary in differentiating any structure in the primor-
dial spectrum from acoustic oscillations imprinted on the
CMB at last scattering. The polarisation data has little
effect in improving the constraints on the spectrum with
a compensated feature although a detection of the feature
is evident.

B. Current Limits

In this section we use the extended RL estimator to
reconstruct the primordial power spectrum using cur-

Nicholson & CC,  JCAP 2009

Polarisation and P(k) reconstruction
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Foregrounds
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Foregrounds

C.L. Bennett, et al., 2003, ApJS, 148, 97
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Foregrounds
• Dust and synchrotron emission 

is polarised at few percent 
level.

• Foregrounds signal is larger 
than the B-mode background.

• Template cleaning/fitting will be 
required to detect underlying B-
modes.

• Very little existing information 
on dust polarisation 

• Accurate templates required for 
forecasting and subtraction

FGPOL (http://www.imperial.ac.uk/people/c.contaldi/fgpol)

O’Dea, Clark, CC, & MacTavish, arXiv:1107.4612
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6 Fraisse et al.
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Fig. 3.— Left: A multipole-by-multipole comparison of the levels of statistical noise at each frequency in Table 1 after both flights and

of the astrophysical and cosmological signals, including Galactic foregrounds, lensing, and the B-mode signal assuming a scalar-to-tensor

ratio r = 0.03. Right: Level of Galactic foreground emission in the nominal Spider field (fsky = 10%) compared to constituent trial fields

with fsky = 2%. The optimal 2% of the sky, outlined in Figure 4, has the lowest polarized dust emission at 50 < � < 200 not only within

the Spider region, but also within the entire area of sky accessible from a McMurdo LDB flight. Spectra are also shown for a trial field

centered on (α = 0
◦
, δ = −57

◦
), which lies within the “Southern Hole,” a target region used by several ground-based experiments. Note

that our foreground model does not include polarized synchrotron emission from the Galaxy given the weakness of this signal in our bands

in the Spider region (see discussion in Section 3.1).

dial B-mode signal that Spider aims to detect (Dunk-
ley et al. 2009). At smaller scales, the angular power
spectrum of the polarized dust emission appears to be
compatible with the power-law dependence Cdust

� ∝ �−2.6

(Cho & Lazarian 2010), which results in its amplitude
being comparable to that of our target B-mode signal at
� ∼ 40. Models indicate that this multipole dependence
might break down in favor of a steeper decline at mul-
tipoles higher than ∼ 103. Assuming that the polarized
emission from interstellar dust obeys the same frequency
dependence as its total emission, these results can be ex-
trapolated to higher frequencies using the best-fit FDS
model (Finkbeiner et al. 1999). The resulting angular
power spectra are ∼ 9 and ∼ 5 × 102 times higher than
the 90 GHz signal at 150 GHz and 280 GHz, respec-
tively. Throughout this paper, we assume spinning dust
emission to be unpolarized, consistent with theoretical
expectations (see, e.g., Lazarian & Finkbeiner 2003).
Among other Galactic foregrounds, only synchrotron

emission is expected to be significantly polarized at mi-
crowave frequencies. We use the WMAP 23 GHz data
to evaluate the amplitude of the polarized Galactic syn-
chrotron emission in the Spider region at frequencies
ranging from 90 GHz to 280 GHz. The extrapolated
signal is negligible both at 150 GHz and at 280 GHz
compared to the r = 0.03 B-mode signal. At 90 GHz,
its large-scale power spectrum is a factor of two higher
than that of the target signal, but a factor of five lower
than that of the polarized emission from interstellar dust.
We find the multipole dependence of the polarized syn-
chrotron emission to be well described by the power law
Csynchrotron
� ∝ �−2.5 (compatible with WMAP ’s full-sky

estimate in Page et al. 2007), which brings this spectrum
under that of the r = 0.03 B-mode signal by � ∼30. At
the � ∼ 80 B-mode peak, this foreground is an order of
magnitude fainter than the target signal. As a result, we
do not expect the Galactic synchrotron emission to limit
Spider’s ability to detect B-modes at the r = 0.03 level.
Since the Galactic plane will be masked during the cos-

mological analysis, we do not consider the polarization of
the free-free emission that might be induced by Thomson
scattering at the edges of Hii clouds (Rybicki & Light-
man 1979). Free-free emission is otherwise unpolarized.
Given the considerations in this section, we expect the

polarized emission from interstellar dust to be the one
Galactic foreground that will hinder Spider’s ability to
detect a primordial B-mode signal. We show in Sec-
tion 3.2 that it is possible to select observing fields acces-
sible from a McMurdo flight in which the polarized emis-
sion from interstellar dust is up to an order of magnitude
fainter than discussed above at all Spider frequencies.
However, even with this reduced level of contamination,
Galactic dust is still the dominant polarized sky signal
at and above 90 GHz. Section 5 therefore addresses the
question of how Galactic emission and cosmological sig-
nal can be separated given an appropriate combination
of frequency bands. We describe the Galactic foreground
model required for both these analyses in Section 3.2.

3.2. Model for the Polarized Emission from
Interstellar Dust

A model of the sky that Spider will observe was pre-
sented in detail in O’Dea et al. (2011). In this section, we
summarize the procedure followed to create a template
of the polarized emission from interstellar dust that takes
into account the three-dimensional Galactic structure.
The nonsphericity of interstellar dust grains and their

ability to align with the Galactic magnetic field (here-
after, the Field) were first put forth in an effort to
explain the polarization of starlight observed indepen-
dently by Hiltner (1949) and by Hall (1949). With its
long axis preferentially aligned perpendicular to the Field
(see, e.g., Hoang & Lazarian 2008), a dust grain absorbs
more radiation in the direction perpendicular to the local
Field line than in the direction parallel to it. This re-
sults in a net linear polarization of the incident starlight
in the direction parallel to the Field. The polarization
of the emission from dust grains is the counterpart of

Foregrounds

Fraisse, et al., arXiv:1106.3087
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• We do not know enough about foregrounds to say 
at what level GWB B-modes can be detected 
unambiguously. 

• No satellite will be funded before this question is 
addressed.

• This question can be addressed by sub-orbital 
experiments over the next 10 years.

Thursday, 11 August 2011
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Figure 7: B-Pol focal plane arrays (left) and artist’s impression of the cryogenic instrument (right)

Figure 8: Example of optical configuration for one of the telescopes of B-Pol (left) and resulting beams
(right, in arbitrary units)

matched with the optics and with minimal aberrations. Before reaching the feedhorns, the polarization of
the incoming radiation is modulated by a rotating half-wave plate (HWP). The feed-horns are coupled to
single mode corrugated circular waveguides where the two orthogonal polarization are propagated with
very limited losses. The circular waveguides are then coupled to the polarimeter composed of a planar
Ortho-Mode Transducer (OMT), hybrid couplers and TES detectors.

9.2 Overview of proposed payload elements

9.2.1 Optics

A sub-set of the specifications needed to achieve the mission’s scientific goals are directly relevant to
the optics design. These are: 50 arcmin resolution, 1% spillover, ∼ 1% beam ellipticity, and 30dB
maximum cross-polarization, to be obtained through careful optimisation and selection of the optical
components. All these are to be applied to a large number of detectors (see §9.3.1). While two telescope
options (reflective/mirrors and refractive/lenses) could be used to achieve the resolution, due to lack of
space in a small/medium mission, a lens based design has been chosen. To overcome the chromaticity
problems that lenses and half-wave plates could cause with such a wide frequency span, and in order
to get low aberrations, we have sub-divided the payload into 8 telescope/focal plane systems. Each will
cover a maximum of 2 frequency bands of 30% bandwidth each. In fig.8 we show one possible F/1.8
configuration achieving the required performance in terms of cross-polarization, beam symmetry, and
size of the usable focal plane.

We recognize that mirror based telescopes would have different systematic effects. If selected for
Phase A, we will study such an option in more detail.

Two techniques of coupling the beam to the detectors have been investigated. While antenna-coupled
bolometers look promising, the technique is not mature enough yet to compete with corrugated horns.
Therefore, in order to reduce the risks of straylight and systematic effects, each focal plane will be
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EPIC LOW-COST MISSION:  SCIENTIFIC PARAMETERS 
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Fig. 5.1.3 EPIC Scan Pattern at EL2 
     EPIC uses a scanning/precessing scan strategy to map the sky with uniform coverage, complete modulation of 
crossing angles, and high redundancy.  The spacecraft spins about its axis of symmetry approximately every minute.  
The optical axes of all six telescope assemblies are canted 55˚ off the spin axis.  The spin axis is tipped 45˚ from the sun-
spacecraft axis.  The spin axis precesses about the sun-spacecraft axis approximately every hour, but always maintaining 
a 45˚ angle. The deployed sun shield always keeps the sun off the optics and cryostat.  The inner shields and cryostat 
only view cold space.  The moon does not illuminate any of the optics, but may reach the outside of the baffles.  The 
solar input power into the system is always constant in order to maintain extreme thermal stability.  The scan strategy 
requires despin of the downlink antenna to Earth.  A fixed low-gain antenna with a toroidal beam pattern is used, 
eliminating the need for a continuously rotating gimbaled antenna. 

Fig. 5.1.4 EPIC Scan Coverage 
Angular coverage uniformity over the sky for the EPIC, WMAP, and Planck 
scan strategies.  The quanitity plotted, <sin2 >2 + <cos2 >2 is a measure of the 
variation in the crossing angle  over a given pixel on the sky.  For paolrimetery, 
this quantity is ideally zero, indicating uniform rotation about the telescope 
boresight on every patch of sky, removing some types of polarization signatures 
associated with the instrument.  Planck, which scans in great circles crossing 
approximately at the ecliptic poles, has poor coverage across the ecliptic plane.  
WMAP uses a scanning and precessing strategy with improved angular 
uniformity.  EPIC has nearly ideal angular coverage (see Section 5.2 for details). 

EPIC WMAP Planck 

<sin2 >2 + <cos2 >2 

Fig. 5.1.2 Sensitivity 
The sensitivity of EPIC-LC, WMAP and Planck to CMB polarization anisotropy.  E-mode polarization anisotropy from scalar perturbations 
are shown in red; B-mode from tensor perturbations are shown in blue for r = 0.3 and r = 0.01 Inflationary Gravitational Waves (IGWs); and 
B-mode polarization produced by lensing of the E-mode polarization is shown in green.  The science goal of EPIC is to reach the level of r = 
0.01 for the entire  < 100 multipole range after foreground subtraction.  Expected B-mode foreground power spectra for polarized dust 
(orange dash-dotted) and synchrotron (orange dotted) are shown for a 65% sky cut.  The sensitivity of EPIC-LC is given over a range from the 
required baseline sensitivity (top of the cyan band) and a 1-year mission to the design TES-option sensitivity and a 2-year mission (bottom of 
the cyan band).  The sensitivity for EPIC-CS is taken from required mission parameters.  WMAP assumes an 8-year mission life; Planck 
assumes 1.2 years at goal sensitivities for HFI.  Note the sensitivity curves show band-combined sensitivities to C  is broad /  = 0.3 bins in 
order to compare the full raw statistical power of the three experiments in the same manner.  Final sensitivity to r after foregrounds removal 
will naturally be reduced. 

Figure 2. Solid model of the EBEX experiment and balloon gondola showing the telescope primary and secondary mirrors
and the cryostat which contains re-imaging optics and the TES detectors.

3. EXPERIMENTAL DETAILS

3.1. Summary of Approach

EBEX will employ a 1.5 m telescope to focus radiation on up to four separate focal planes, each containing up to
330 TES spider web bolometers cooled to 300 mK. The experiment will operate at four frequency bands, centered
on 150, 250, 350, and 450 GHz. The unpolarized (T ) and linearly polarized (Q and U) Stokes parameters of the
CMB radiation will be measured by the well-tested technique of rotating an achromatic half-wave plate at the
aperture stop of the telescope and analyzing the radiation with a wire grid polarizer. The telescope will scan a
patch of sky 350 deg2 with a resolution of 8 arcminutes at 150 GHz (Table 1).

EBEX is carefully optimized to achieve its science goals. The balloon-borne platform and the broad frequency
coverage will provide critical information about the dust foreground. The large number of detectors will give the
required combined sensitivity that will allow detection of the IGB signal. Figure 2 shows the EBEX payload.

3.1.1. Detectors and Readout

The detection of the IGB signal requires high sensitivity. However, detector technologies have matured to the
point that the noise of a bolometric detector is dominated by noise in the background optical loading and therefore
the sensitivity of a single detector cannot be improved. To improve sensitivity it is essential to implement arrays
of detectors.

We have chosen to use arrays of transition edge sensors for EBEX for several compelling reasons. They are
produced by thin film deposition and optical lithography, which is ideal for producing large detector arrays. Due
to a strong negative electrothermal feedback effect, they are extremely linear and the responsivity is determined
only by the bias voltage, insensitive to fluctuations in the incident optical power and bath temperature. The
electrothermal feedback also strongly reduces Johnson and 1/f noise in the TES. TES bolometers are low-
impedance devices, which results in a lower vibration sensitivity than that of high-impedance semiconductor
bolometer technologies. SQUID amplifiers will be used to read out the TES bolometers. These amplifiers are
inherently low noise devices and there is the possibility to use multiplexed SQUID amplifiers, which will simplify
our cryogenic design and facilitate the use of the full 1320 detector capability of EBEX.
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Probing the Early Universe with Spider 3
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Fig. 1.— Left: Rendering of the Spider payload, showing the cryostat, surrounding frame, and sun shield. Center: Cross-section of

the Spider telescope CAD model with key components labeled. Top right: Optical pixel, showing phased array of slot antennas feeding

two TESs at bottom. Bottom right: Close-up of a single TES assembly, showing the TES island and the SiN thermal isolation legs. The

meandered leg design allows for low thermal conductance in a narrow geometry.

read out using a time-domain SQUID multiplexer sys-
tem (de Korte et al. 2003; Battistelli et al. 2008). Four
such focal planes are currently in operation at the South
Pole, as part of the Bicep2 instrument (Ogburn et al.
2010) and the Keck array (Sheehy et al. 2010).
Spider will deploy telescopes in three frequency bands

centered at 90, 150 and 280 GHz. Table 1 lists some of
the major characteristics of a single Spider receiver in
each of these observation bands. These frequencies are
chosen for their sensitivity to the CMB and to Galac-
tic dust emission. Since all frequency-specific optical el-
ements are fully contained within each telescope insert,
Spider’s frequency coverage is easily adjustable by swap-
ping out one or more of these telescopes. This modularity
gives Spider a great deal of flexibility in choosing an op-
timal frequency coverage for each flight. Band selection
is discussed further in Section 5.
The six receivers are housed within a shared ∼1300 L

liquid helium cryostat, with sub-Kelvin cooling for each
focal plane provided by a dedicated 3He sorption refriger-
ator. The cryostat is supported below the balloon within
a lightweight carbon-fiber gondola frame, derived from
the BLAST (Pascale et al. 2008) design. A reaction
wheel allows the payload to scan in azimuth, while the
elevation of the inner frame is adjustable with a simple
linear actuator similar to the Boomerang (Masi et al.
2006) design. Pointing information is provided by two
tracking star cameras, one fixed star camera, rate gy-
roscopes, differential GPS, and a sun sensor. Extensive
sun shielding and baffling, combined with the relatively
small optical apertures of the Spider telescopes, allows
the instrument to scan close to the Sun for increased
sky coverage.
The design of Spider has been extensively optimized

to take full advantage of the low millimeter-wave back-
grounds available from a stratospheric balloon platform,
as well as to ameliorate polarized systematics to the level
needed to characterize B-mode polarization. Spider em-
ploys detector arrays very similar to those successfully
fielded in Bicep2 and the Keck array, but tuned for much
lower noise-equivalent temperatures. Extensive filtering
and cold (< 3 K) baffling within each instrument greatly
reduces stray photon loading on the bolometers. Spi-

der’s simple, telecentric optics limit the contribution of
polarized optical sidelobes. A 4 K half-wave plate at the
aperture of each telescope (Bryan et al. 2010) is stepped
in orientation periodically throughout the observation
period in order to modulate the polarization signal of the
sky with respect to any polarized instrumental systemat-
ics. These systematics have already been characterized
extensively during optical testing of the first Spider tele-
scopes and through operation of similar technology at
the South Pole. Tolerances and achieved performance
are described in more detail in Section 2.2.
We refer the reader to Filippini et al. (2010), Runyan

et al. (2010), and Gudmundsson et al. (2010) for a more
detailed description of the Spider instrument.

2.2. Systematics Review

Precise control of instrument systematics is crucial for
achieving Spider’s science goals. Table 2 summarizes
our current understanding of a variety of sources of sys-
tematic error, including gain uncertainty, pointing and
beam effects, half-wave plate nonidealities, and sensitiv-
ity to the Earth’s magnetic field. We characterize each
systematic effect using a suite of simulations with no in-
put B-mode power, by assuming a target level of control
over the relevant parameters, and measuring the level of
the resulting false B-mode signal at � = 100. The design
requirement is to reduce systematic error to a level of
(43 nK)2, the value of the primordial r = 0.03 B-mode
power spectrum at � = 100 in units of �(�+ 1)C�/(2π).
In most cases, the target values for each parameter are

derived from a well-established simulation pipeline de-
scribed in detail in MacTavish et al. (2008) and O’Dea
et al. (2011). The simulations include a detailed model
of polarized Galactic dust emission, which interacts non-
trivially with instrumental effects. The aim of these sim-
ulations is to quantify the extent to which a false B-
mode signal is produced from systematics that induce
I → Q,U or Q ↔ U mixing, when no attempt is made
to correct for them. These simulations assume a scan
strategy and observing region that differ from the cur-
rent baseline. However, internal simulations done using
the McMurdo observing strategy described in Section 4.1
suggest that science requirements will be comparable.
Further simulations are ongoing.

Space

Balloons

Ground

EBEX Spider

“Epic/CMBPol”“BPol/COrE”

QUAD Polarbear

BICEP/Keck
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The Evolution of a Spider

2005
• 8 telescopes

• let-down reel

2006
• 6 telescopes

• no let-down reel

2007
• 6 telescopes

• simplified cryostat
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Spider 2010
• Based on successful BLAST 

design

• Carbon Fibre Gondola

• Up to 7 single-frequency 
telescopes (LDB four different 
frequencies from 96 to 275 GHz)

• 35 day hold-time cryostat ( 2624 
TES detectors cooled to 300 
mK )

• Flywheel - pivot system; 
telescope spins or scan in 
azimuth

• Continuous spin mode ~ 36 dps 
or scan mode ~ 6 dps

• Elevation drive
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Figure 4. An illustration of the Spider payload, showing the liquid helium cryostat and the surrounding carbon-fiber
frame. The bearing atop the frame allows the cryostat to scan in azimuth, while a linear actuator adjusts the bore sight
elevation. A sun shield protects the cryostat from solar heating. The solar panels and electronics packages are not shown.

Aerospace. The primary LHe tank is maintained at 108 kPa (∼1 atm) and has an expected minimum hold time
of 25 days. A smaller (∼20 liter) superfluid LHe tank is continuously fed from the main tank through a capillary
and controlled at a vapor pressure near 100 Pa to provide cooling power at ∼1.5 K. Each focal plane is further
cooled to 260 mK by its own closed-cycle 3He sorption refrigerator. These sub-Kelvin coolers are recycled every
48-72 hours. Further details of Spider’s thermal architecture are described elsewhere in these proceedings.11

5.3 Optical design
The optical design of Spider is based on that of the successful Robinson/Bicep telescope.29, 30 Each telescope
is a monochromatic, telecentric refractor containing anti-reflection-coated polyethylene lenses cooled to 4 K.
The aperture field distribution of the primary is smoothly tapered with a 4 K Lyot stop to reduce detector
background. The beam of each pixel subtends 35 arc minutes (FWHM) on the sky. The Spider telescope design
is described further in a separate contribution to these proceedings.31

A half-wave plate is mounted to the aperture of each telescope and cooled to 4 K. The wave plate assembly
consists of a single birefringent sapphire plate coated with a single layer of fused quartz on each side. This
assembly may be rotated in flight using a worm gear drive train, thus rotating the angle of polarization sensitivity
on the sky while leaving the beams unchanged. This allows a full measurement of the sky polarization using each
individual detector, eliminating or reducing many potential systematic effects (e.g. gain or pointing mismatches
within a detector pair). Spider’s single-frequency telescopes simplify the wave plate design and implementation.
The optical performance of a prototype Spider wave plate assembly is described elsewhere in these proceedings.10

The Spider optical system is constructed to take full advantage of the very low atmospheric background
available at balloon altitudes by minimizing the stray light incident upon the detectors. As described above,
the principal optical elements - lenses, Lyot stop, and half-wave plate - are cooled to 4 K to reduce internal
thermal radiation. Detector beam sidelobes within the telescope tube terminate on an inner sleeve cooled to 2
K. The focal plane is protected from out-of-band radiation by an extensive cooled filter stack containing infrared
shaders, hot-pressed mesh filters, and a nylon filter. In flight the Spider aperture will be covered by a thin-film
polymer window with low emissivity; a thicker retractable HDPE window will be employed to withstand the
greater atmospheric pressure on the ground.

Image, taken through a telescope, of 
super pressure balloon at float altitude 
over Antarctica.  Columbia Scientific 

Balloon Facility

• CMB Ballooning, lots of 
experience now: Boomerang, 
Maxima, Saskatoon, Tophat,...

• Fly at edge of atmosphere: 
atmospheric noise (loading) 
reduced by many orders of 
magnitude

• @ 20 km; power of CMB ~ 60% 
of space

• Testbed for next generation 
orbital experiment
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Figure 1. At left: Cross-section of the Spider instrument insert Solidworks model with key components labeled. At right:
Photo of the Spider instrument insert without the outermost copper-clad G-10 wrap. Visible in the photo are the carbon
fiber trusses, the high-µ magnetic shield called the spittoon, the cooled optics sleeve between the lenses, thermal straps,
cables, and the cold plate.

1.2 The Spider Instrument Payload and Cryostat

At the heart of the Spider balloon payload is a large liquid helium cryostat. The cryostat houses up to six
instrument inserts (described below) bolted to a ∼ 1000� helium tank with all of the inserts pointed in the same
direction. The cryostat cryogenics are briefly described in section 2.5 below and a more thorough discussion
can be found in Gudmundsson et al.3 in this volume. The cryostat measures 2.2 m in length and 2.0 m in
diameter. The cryostat is mounted to a carbon fiber gondola via two pillow blocks that allow the cryostat to
tilt in elevation. The gondola will be suspended from a 8 million cubic foot helium stratospheric balloon and is
steerable in both elevation and azimuth. Power to the instrument is provided by solar arrays mounted to the
back side of the payload and the instrument always points no closer than 45 deg to the sun.

2. INSTRUMENT INSERTS

2.1 Introduction and Design Considerations

One of the biggest concerns for Spider is instrument payload mass. The science payload lifting capacity of the
balloon is limited to ∼ 5000 pounds and the duration of our flight will depend, in part, upon payload mass.
To that end we have tried to balance the constraint on mass with the desire to build a stiff structure that will
not deflect under the periodic acceleration of the gondola scan pattern, nor break during launch (and hopefully
landing). Materials with high thermal conductivity (such as copper) and good magnetic shielding properties
(niobium, lead, and high-permeability materials) tend to be dense. So we have tried to minimize their use where
ever possible. We had the benefit of starting the Spider insert design after much of the design of our sister
experiment BICEP2 was completed. BICEP2 was designed for operation from the ground where weight is not
as serious of a concern. We identified many areas where we could reduce the weight of the insert design with
either a change in materials, strategic light weighting, or completely modifying a component (such as changing
large metal tubes for carbon fiber trusses sheathed in light-weight copper-clad fiberglass).

2.2 Optics Truss Structure and Cold Plate

A gold-plated 1/2�� thick ∅17.35�� 1100-H14 aluminum cold plate forms the base of each Spider insert and is the
interface to which the inserts mount to the cryostat helium tank. This aluminum plate has been light-weighted

Spider Optics

Rotating Half-wave
plate
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• Single 145 GHz sensitivity 
100µK√s

• Beam pattern from 
coherent interference of 
antenna elements

• 2624 for LDB flight

Spider Detectors

• New antenna-coupled bolometer array technology

• Each pixel a phased array of dual-polarization antennas

Figure 5. Left: A partially assembled 150 GHz Spider test focal plane, with three of four detector tile slots filled.
The detector tiles each contain 64 spatial pixels and 128 TES bolometers. The 16 SQUID multiplexer chips and their
associated Nyquist inductor chips are encapsulated in four magnetically-shielded boxes behind the focal plane, connected
to the detectors by flexible superconducting circuits visible to the right and left of the tiles; in this image the flexible
circuits are covered by protective Al boxes which are not present in the final configuration. The tiles are held in place by
metal clips that maintain pressure despite thermal contraction. Top right: Closer view of a spatial pixel, showing phased
array of slot antennas feeding two TESs at bottom. Bottom right: Close-up of a single TES assembly, showing the TES
island and the SiN thermal isolation legs. The meandered leg design allows for low thermal conductance in a narrow
geometry.

6. FOCAL PLANE
6.1 Focal plane
The focal plane architecture of each Spider refractor is derived from that of the Bicep 2 instrument, with
extensive modifications to improve magnetic shielding.12 Figure 5 shows a partially-assembled Spider focal
plane unit. Four Si bolometer arrays constitute the microwave-sensitive elements of each focal plane. These
detector tiles are supported at a distance of 1/4-wavelength above a superconducting Nb backshort plate, which
defines an integrating cavity and provides magnetic shielding. Flexible superconducting circuits connect the
arrays to their associated SQUID amplifiers, which are housed within a magnetically-shielded box behind the
focal plane. The entire assembly is cooled to ∼300 mK by the 3He refrigerator. The temperatures of each tile
and of the copper support plate are read out using neutron-transmutation-doped (NTD) Ge thermistors.

6.2 Bolometer arrays
Each Spider refractor focuses light onto four large-format arrays of antenna-coupled bolometers,32 pictured in
Figure 5. These arrays integrate beam and band defining elements with polarization-sensitive detectors into a
single monolithic package, without a need for external feed horns. Each array is a Si tile photolithographically
patterned with an 8×8 array of spatial pixels (6×6 for 90 GHz arrays) with ∼2Fλ spacing. A spatial pixel
consists of two interleaved arrays of slot antennas, one each for the two perpendicular polarization components
of incident light. A summing tree of microstrip transmission lines link each array of slots to form a single antenna.
The slots are summed in-phase with one another, producing a diffraction-limited beam that couples to the optics
with single-moded throughput. This arrangement gives each pixel beam with a ∼13◦ FWHM beam, with a ∼25%
bandwidth (set by the slot dimensions) and a first sidelobe at -15 dB. The output of each tree passes through
an on-chip band-defining filter and terminates on a superconducting transition-edge sensor (TES) bolometer.33

Systematic differences between the two polarization channels in each spatial pixel are limited by their shared
optical path, the physical proximity of their bolometers, and their shared readout electronics chain.

The Spider bolometers are similar in design to those used in Bicep 2,34 but have been optimized for the
far lower optical background available at a suborbital platform. The TES is a thin film of Ti (Tc ≈ 500 mK) on
a silicon nitride membrane, thermally isolated from the tile substrate by narrow legs of silicon nitride. Power
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Figure 6. Left: Mean end-to-end frequency response of Spider 150 GHz and 96 GHz test detectors, measured through
science-grade 150 GHz optics. Note that the 96 GHz detector bands are distorted by the mismatched optics, introducing
ripples in the passband and truncating the response before the upper band edge. The band center of the science-grade
detectors will be shifted from 96 GHz to ∼90 GHz to avoid background from O and CO lines. Right: Near-field beam
map of a Spider detector, measured at the cryostat aperture through science-grade optics.

Band Beam Number of Single-Detector Instrument
Center Bandwidth FWHM Spatial Number of Sensitivity Sensitivity
(GHz) (GHz) (arcmin) Pixels Detectors (µKcmb

√
s) (µKcmb

√
s)

90 22 51 (2×)144 (2×) 288 110 (96) 5 (4)
150 36 31 (2×) 256 (2×) 512 130 (80) 4 (3)
280 67 17 (2×) 256 (2×) 512 470 (90) 16 (3)

Table 1. Spider observing bands, pixel and detector counts, and single-detector and instrument sensitivities. The latter
are quoted by dividing the single-detector sensitivity by

√
Ndet, assuming a detector yield of 85%. The quoted sensitivities

at 90 and 150 GHz are typical of measurements made under flight-like loading conditions; the performance of the 280 GHz
devices has not yet been measured under a representative load. Sensitivities in parentheses are quoted in Rayleigh-Jeans
units appropriate for dust emission.

received by the antenna is dissipated in a Au termination resistor on the island, which is maintained at the
TES critical temperature by electrothermal feedback. The Spider TES islands are designed to have somewhat
lower island heat capacities and much lower thermal conductances to the tile than those used by Bicep 2, as
appropriate to the ∼5× lower background at float altitude. The 150 GHz Spider detectors use a meandered
leg design to achieve an extremely low thermal conductance (G=20 pW/K for a 150 GHz sensor) within a
narrow geometry, the latter chosen to limit direct coupling of incident microwaves to the membrane. These low
conductances give the Spider arrays very low noise levels (see Table 1), but at the cost of relatively low TES
saturation powers. For beam characterization under laboratory loading conditions we make use of a secondary
Al TES with much higher saturation power that is connected in series with the Ti TES.

Figure 6 shows results from optical characterizations of full detector arrays in the Spider test cryostat.
All measurements were taken in a 150 GHz Spider telescope, with a full set of optics appropriate for this
frequency. Optical efficiencies, band widths, and noise performance meet requirements for deployment. We
have not yet carried out a full characterization of the far-field response of the Spider beams, but results from
preliminary laboratory tests and from measurements of the BICEP2 instrument in the field30 indicate that the
arrays perform adequately for Spider’s needs. The Spider, Bicep 2, and Keck collaborations continue to
collaborate on improving the designs of these arrays. Table 1 lists the baseline frequency coverage and expected
sensitivity of the full Spider instrument.
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Figure 6. Left: Mean end-to-end frequency response of Spider 150 GHz and 96 GHz test detectors, measured through
science-grade 150 GHz optics. Note that the 96 GHz detector bands are distorted by the mismatched optics, introducing
ripples in the passband and truncating the response before the upper band edge. The band center of the science-grade
detectors will be shifted from 96 GHz to ∼90 GHz to avoid background from O and CO lines. Right: Near-field beam
map of a Spider detector, measured at the cryostat aperture through science-grade optics.
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Center Bandwidth FWHM Spatial Number of Sensitivity Sensitivity
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90 22 51 (2×)144 (2×) 288 110 (96) 5 (4)
150 36 31 (2×) 256 (2×) 512 130 (80) 4 (3)
280 67 17 (2×) 256 (2×) 512 470 (90) 16 (3)

Table 1. Spider observing bands, pixel and detector counts, and single-detector and instrument sensitivities. The latter
are quoted by dividing the single-detector sensitivity by

√
Ndet, assuming a detector yield of 85%. The quoted sensitivities

at 90 and 150 GHz are typical of measurements made under flight-like loading conditions; the performance of the 280 GHz
devices has not yet been measured under a representative load. Sensitivities in parentheses are quoted in Rayleigh-Jeans
units appropriate for dust emission.

received by the antenna is dissipated in a Au termination resistor on the island, which is maintained at the
TES critical temperature by electrothermal feedback. The Spider TES islands are designed to have somewhat
lower island heat capacities and much lower thermal conductances to the tile than those used by Bicep 2, as
appropriate to the ∼5× lower background at float altitude. The 150 GHz Spider detectors use a meandered
leg design to achieve an extremely low thermal conductance (G=20 pW/K for a 150 GHz sensor) within a
narrow geometry, the latter chosen to limit direct coupling of incident microwaves to the membrane. These low
conductances give the Spider arrays very low noise levels (see Table 1), but at the cost of relatively low TES
saturation powers. For beam characterization under laboratory loading conditions we make use of a secondary
Al TES with much higher saturation power that is connected in series with the Ti TES.

Figure 6 shows results from optical characterizations of full detector arrays in the Spider test cryostat.
All measurements were taken in a 150 GHz Spider telescope, with a full set of optics appropriate for this
frequency. Optical efficiencies, band widths, and noise performance meet requirements for deployment. We
have not yet carried out a full characterization of the far-field response of the Spider beams, but results from
preliminary laboratory tests and from measurements of the BICEP2 instrument in the field30 indicate that the
arrays perform adequately for Spider’s needs. The Spider, Bicep 2, and Keck collaborations continue to
collaborate on improving the designs of these arrays. Table 1 lists the baseline frequency coverage and expected
sensitivity of the full Spider instrument.
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• NTD Bolometers.

• Passively cooled to 50K; actively cooled to 
20K (LFI) and 0.1K (HFI) 

• 74 detectors split between 9 frequencies in 
LFI HEMPTs and HFI bolometers

• All of LFI (22-channel) pol. sensitive, HFI 
32 PSBs

• Focal plane projected on the sky max. 8 
deg across 

Planck Comparison
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Spider Cryostat
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• Weight ~900kg

• Empty cryostat ~1/4 
payload weight

• Net cryogen volume > 
1000 litres

• 35 day hold-time cryostat 
with detectors cooled to 
300 mK 

• Passed preliminary 77K 
leak check
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• Around the world, mid-latitude 
(-23°S) flight ∼25 days

• Spin in azimuth at fixed 
elevation; night observation only

• >50% of the sky with good 
cross-linking

• Target large angular scales, ℓ< 
100

• Turnaround test-flight spring 
2011; LDB fall 2012

Spider: The original plan...

Alice Springs

Thursday, 11 August 2011
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• Jan. 08, 2009

NEW NASA BALLOON SUCCESSFULLY FLIGHT-TESTED OVER 
ANTARCTICA

WASHINGTON -- NASA and the National Science Foundation have
successfully launched and demonstrated a newly designed super
pressure balloon prototype that may enable a new era of high-altitude
scientific research. The super-pressure balloon ultimately will carry
large scientific experiments to the brink of space for 100 days or
more.

This seven-million-cubic-foot super-pressure balloon is the largest
single-cell, super-pressure, fully-sealed balloon ever flown. When
development ends, NASA will have a 22 million-cubic-foot balloon that
can carry a one-ton instrument to an altitude of more than 110,000
feet, which is three to four times higher than passenger planes fly.

http://www.nasa.gov/topics/earth/features/
superpressure_balloon.html

Payload position as of:
15:53:15Z 01/14/09 
Columbia Scientific 

Balloon Facility

  Mission Complete
54 Days 1 Hour 29 Min

Antarctica ULDB Flight

Thursday, 11 August 2011
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Sky coverage
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Sky coverage

BOOMERanG

EBEX

South Pole (Keck, BICEP2)

SPIDER, one 
pixel column

WMAP7 K-band (Synchrotron)

IRAS 100μm (Dust)

r =0.12 assumed
Farhang et al., in preparation

Thursday, 11 August 2011



IUCAA 11 Aug 2011Quest for B-modes 33

WMAP
Planck
SPIDER

Frequency Coverage
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• Impact of systematics and foregrounds must be minimised by 
correct choice of scan strategy and observing mode

• Lots of work done using hi-fidelity end-to-end timestream 
simulations (MacTavish et al  2009, O’Dea at al 2010);

• Half-wave plate filtering effects

• TES Magnetic field susceptibility

• Foreground residuals

• Beam assymetries/offsets & ghosts

• etc.

• Residuals < 0.01 of signal @ r~0.1

Systematics
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Figure 1. An illustration of the B-mode angular power spectra and the noise levels associated with the WMAP 8-year,
Planck, and Spider surveys. The left panel shows the theoretical spectra for the E-modes (labelled EE), gravitational
lensing B-modes (labelled BBlensing), and inflationary gravitational wave B-modes (labelled BBGW ) for r = 0.1. The
right panel overlays the noise thresholds per multipole (including both statistical noise and sample variance) for the three
surveys. The curves for WMAP and Planck are derived from a simple Fisher analysis. For Spider, the Fisher errors
are corrected for instrumental effects using ensembles of time domain simulations that include the scan strategy, noise
correlations, and stationarity boundaries. The line for Spider has been truncated at a multipole of ten as the limited
sky coverage of an Antarctic flight will prevent us from probing larger scales. The effects of foreground emission are not
included in these results; in particular, it is possible that foreground emission will limit Planck’s measurement of the low-!
BB bump induced by reionization.

Figure 2. At left: the tensor to scalar likelihood, in the limit of a small tensor to scalar ratio (r = 0.001, for Spider and
Planck with and without including the impact of foregrounds. At right: the same, for the case of a relatively high tensor to
scalar ratio, r = 0.12, corresponding to a simple slow roll inflation (m2φ2). Both assume an optical depth to reionization
of τ = 0.09. Planck’s ability to measure or place limits on r is due entirely to the B-mode signature coming from the
epoch of reionization on angular scales larger than ∼ 10◦, where Galactic foregrounds are dominant. The dramatic impact
of these foregrounds on Planck’s r measurement are evident.
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The Present

r-ns  r=0.10  r=0.05  
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The Future

r-ns  r=0.10  r=0.05  
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The Future
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The Future

r-ns  r=0.10  r=0.05  
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• The next decade will see 2-3 generations of sub-orbital 
experiments characterising “small” patches of sky.

• Detector technology will mature and stabilise.

• Foregrounds will be characterised, particularly at high frequencies 
(dust).

• Lensing signal will be observed, lots of interesting science/
cosmology. Difficult to extract GWB component to claim detection.

• Low & high angular scale approaches complementary (Spider vs 
Ebex)

• If  r > 0.05-0.03, “fair” chance of detection over the next decade 
from sub-orbital telescopes.

• Otherwise, the pathway to a quick turn around mission proposal 
ca 2020 will be defined clearly.

Summary
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