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Inflation

Density perturbations

Quantum 
fluctuations… 

“inflaton” 

… imprinted onto 
cosmic scales

✓Homogeneity

✓ Isotropy

✓Nearly-flat geometry (Ω~1)

✓ Super-horizon fluctuations

✓Nearly-scale invariant density 
perturbations (ns~1)



Inflation

Density perturbations

Primordial gravitational wavesQuantum 
fluctuations… 

“inflaton” 

metric tensor

… imprinted onto 
cosmic scales

r ⇡ V [�]

(4⇥ 1016GeV)4

GUT-scale physics!?
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PRECISION 
Detectors approach photon noise limit  

Few photons, many detectors

ACCURACY  
Rigid control of polarized systematics 

Instrument symmetry

CLARITY  
Isolation of CMB from polarized 
foregrounds (dust, synchrotron…)

SPIDER FPU
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Compact receiver + Cold Optical Design

10

• Compact telescope to resolve 
only degree-scale features.   
Minimum aperture for the 
science!

• Entire telescope rotates 
around boresight for 
polarization modulation.

• On-axis, refractive optics

• Co-moving forebaffle to 
terminate sidelobes.

• Optical elements are cooled to 
~4K to reduce internal loading 
(photon noise)

Lens

Nylon filter

Lens

Nb magnetic shield

Focal plane assembly
Passive thermal filter

Flexible heat straps

Refrigerator

Fridge mounting bracket

Camera plate

C
am

er
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tu
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s 

tu
be

1.2 m

25cm
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Photon-noise limited superconducting detectors

11

Planar 
antenna 
array

Slot antennas

Transition edge sensor

Focal plane
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Detectors Designed to Scale in Frequency

Observe at 95, 150, 220 GHz

• 150 GHz through 2014

• Added 95 GHz in 2014 and 
2015

• Added 220 GHz in 2015

• Now all three frequencies

12

95	GHz

150	GHz

220	GHz

95	GHz

220	GHz

150	GHz

Multi-frequency to constrain CMB & foregrounds 

New in 2014: Keck Array Upgraded to 100 GHz

• 2 Receivers now at 100 GHz 

• Frequency coverage: important for immediate 
feedback on color
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Situated at a high, dry desert

13

South Pole Research Station,  Antarctica
~10,000ft, ~0.25mm PWV

6 months of cold, stable winter sky with uninterrupted integration

BICEP2/3 Keck Array
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FIG. 10. T , Q, U maps at 95GHz using data taken by two receivers of Keck Array during the 2014 season—we refer to these
maps as BK1495. These maps are directly analogous to the 150GHz maps shown in Fig. 9 except that the instrument beam
filtering is in this case 43 arcmin FWHM.

23GHz used in this work.) Next we show the cumulative
e↵ects of model changes which we have made for this
paper:

We extend the bandpower range from five (20 < ` <
200) to nine (20 < ` < 330) bandpowers—given that
lensing is included in the model there is no real reason
not to include these additional bandpowers (dashed-red
to solid blue). We see that the A

sync

constraint tightens
somewhat.

We switch from the use of Planck single-frequency
split/split cross-spectra (in this case Y1⇥Y2) to full map
auto spectra (blue to cyan). This is done for technical
reasons—substituting in the cross-spectra causes numer-
ical problems in the HL likelihood. The auto spectra
have higher signal-to-noise and the constraint on A

sync

tightens further.
We include the WMAP 23 & 33GHz bands and see

that these have considerable additional power to con-
strain synchrotron (cyan to magenta).

In BKP we used �
s

= �3.3 as this is the mean value
within our field of the “model f” synchrotron spectral in-
dex maps available for download from the WMAP web-

site [24]. However that analysis does not distinguish be-
tween the spectral behavior of temperature and polar-
ization anisotropy. Ref. [23] analyzed the WMAP data
and found a mean value of �

s

= �3.1 ± 0.04 for polar-
ization at high galactic latitude. In this analysis we use
a central value of �

s

= �3.1, and since possible patch-
to-patch variation is poorly constrained, to be conser-
vative we marginalize over a Gaussian prior with width
� = 0.3. More recently Ref. [25] examined the same data
and found �

s

⇡ �3.0 with considerable fluctuation. This
change has very little e↵ect (magenta to yellow).
Polarized synchrotron and dust emission can be spa-

tially correlated—indeed they are guaranteed to be so on
the largest scales. Ref. [25] reports a correlation of 0.2
for 30 < ` < 200. To be conservative in this analysis
we marginalize over the range 0 < ✏ < 1. This causes
the constraint on synchrotron to tighten because of the
non-detection of signal in spectra like P

30

⇥P
353

(yellow
to green). We note that the data prefer the value ✏ = 0
as seen in the upper-right panel of Fig. 4.

In BKP we used ↵
d

= �0.42 following the analysis of
large regions of high latitude sky in Ref. [9], and ↵

s

=

11
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FIG. 9. T , Q, U maps at 150GHz using all BICEP2/Keck data up to and including that taken during the 2014 observing
season—we refer to these maps as BK14150. The left column shows the basic signal maps with 0.25� pixelization as output
by the reduction pipeline. The right column shows a noise realization made by randomly assigning positive and negative signs
while coadding the data. These maps are filtered by the instrument beam (FWHM 30 arcmin), timestream processing, and
(for Q & U) deprojection of beam systematics. Note that the horizontal/vertical and 45� structures seen in the Q and U signal
maps are expected for an E-mode dominated sky.

Planck bands resulting in 11 auto and 55 cross-spectra.
In Fig. 14 we show all of these together with the
baseline lensed-⇤CDM+dust and upper limit lensed-
⇤CDM+synchrotron models. Note that, as expected
from Fig 8, several spectra contribute to constraining
synchrotron.

Fig. 15 shows the distribution of the normalized de-
viations between the data and the maximum likelihood
(ML) model (i.e. data minus expectation value divided
by the square root of the diagonal of the bandpower co-
variance matrix). Since the bandpower distributions are
not strictly Gaussian we overplot the same quantity from
a set of lensed-⇤CDM+dust+noise simulations evaluated
against their input model. (These simulations use the
model A

d,353 = 3.75µK2, �d = 1.59 and ↵d = �0.42.)
We see one nominally 4.0� point which is bandpower four
of P

217

⇥P
217

(see Fig. 14)—comparing to the simulated
distribution this event it not unlikely. Taking �2 versus
the ML model yields 654, which compared to the distri-

bution from simulations has a PTE of⇠ 0.1. We conclude
that there is no evidence that the signal or noise models
are an inadequate explanation of the data.

Appendix E: Likelihood Variation and Validation

1. Likelihood Evolution

In Fig 5 some evolutionary steps were shown between
the previous BKP analysis and the new BK14 analysis
presented in this paper. Fig 16 shows some additional
detail. The first step is to the alternate analysis including
synchrotron which was shown in Fig. 8 of BKP (solid red
to dashed-red). This used the BK13 maps plus all of
the polarized bands of Planck and set �

s

= �3.3 and
↵
s

= �0.6. (In BKP the synchrotron pivot frequency
was set to 150GHz but since a fixed value of �

s

was used
there we can simply transform the results to the pivot of

BICEP2+Keck through 2014 (150 + 95 GHz)

14

B2 + Keck thru 2014 (150 GHz) →  
Final map depth: 3.0 μK’

Keck 2014 (95 GHz)→  
Final map depth: 7.6 μK’

Observations focused on ~400 deg2 patch = 1% of the sky
BK14:  PRL 116.031302 
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cross-spectrum only traces spatially 
correlated component of maps


Spectra (150x150, 95x95 and 95x150 GHz)

15

BK14:  PRL 116.031302 
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Add data from Planck and WMAP 

16

30 
GHz


44 
GHz


70 
GHz


100 
GHz


143 
GHz


217 
GHz


353 
GHz


Planck then provided 
polarized maps at 7 
frequencies 
(two more from WMAP 
at low frequencies 
already existed) 

Polarized galactic synchrotron 
dominates at low frequencies

Polarized thermal emission 
(~20K) from galactic dust 

dominates at high frequencies

Planck provides polarization 
measurements in 7 other bands 

at lower S/N, but can be 
included in analysis.  Two WMAP 

bands as well.
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Take all possible auto- and cross- spectra! (66 of them)

17
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FIG. 14. BB auto- and cross-spectra between the BK14 95 & 150GHz maps and bands of WMAP and Planck. In all cases
the quantity plotted is ` (` + 1)Cl/2⇡ (µK2), and the black curves show the lensed-⇤CDM theory spectrum. The error bars
are the standard deviations of the lensed-⇤CDM+noise simulations and hence contain no sample variance on any additional
signal component. The blue dashed lines show a baseline lensed-⇤CDM+dust model (Ad,353 = 4.3µK2, �d = 1.6, ↵d = �0.4).
The red dashed lines show an upper limit lensed-⇤CDM+synchrotron model (Async,23 = 3.8µK2, �s = �3.1, ↵s = �0.6).

BK14:  PRL 116.031302 
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Joint likelihood of all spectra vs 8-parameter model

18
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FIG. 4. Results of a multicomponent multi-spectral likelihood analysis of BICEP2/Keck+external data. The red faint curves
are the primary result from the previous BKP paper (the black curves from Fig. 6 of that paper). The bold black curves are the
new baseline BK14 results. Di↵erences between these analyses include adding synchrotron to the model, including additional
external frequency bands from WMAP & Planck, and adding Keck Array data taken during the 2014 observing season at 95 &
150GHz. We see that the peak position of the tensor/scalar ratio curve r shifts down slightly and the upper limit tightens to
r0.05 < 0.09 at 95% confidence. The parameters Ad and Async are the amplitudes of the dust and synchrotron B-mode power
spectra, where � and ↵ are the respective frequency and spatial spectral indices. The correlation coe�cient between the dust
and synchrotron patterns is ✏. In the �, ↵ and ✏ panels the dashed red lines show the priors placed on these parameters (either
Gaussian or uniform).

regions of sky is becoming unnecessary. Removing the
prior the peak position of the likelihood on r shifts up
slightly and broadens so that r = 0.043+0.033

�0.031 & r < 0.11
(95%), while the likelihood curve for �

d

is close to Gaus-
sian in shape with mean/� of 1.82/0.26. In Appendix E 2
we investigate a variety of other variations from the base-
line analysis and in Appendix E 3 we perform some vali-
dation tests of the likelihood using simulations.

For the purposes of presentation we also run a likeli-
hood analysis to find the CMB and foreground contri-
butions on a bandpower-by-bandpower basis. The base-
line analysis is a single fit to all 9 bandpowers across
66 spectra with 8 parameters. Instead we now perform
9 separate fits—one for each bandpower—across the 66
spectra, with 6 parameters in each fit. These 6 param-
eters are the amplitudes of CMB, dust and synchrotron

plus �
d

, �
s

, and ✏ with identical priors to the baseline
analysis. The results are shown in Fig. 6—the result-
ing CMB bandpowers are consistent with lensed-⇤CDM
while the dust bandpowers are consistent with the level
of dust found in the baseline analysis. Synchrotron is
tightly limited in all the bandpowers.
Conclusions.—As shown above, the BK14 data in com-

bination with external maps produce B-mode based con-
straints on the tensor-to-scalar ratio r which place an up-
per limit r

0.05 < 0.09 at 95% confidence. The analysis of
Planck full mission TT data in conjunction with external
data produces the constraint r

0.002 < 0.11 (r
0.05 < 0.12)

at 95% confidence (“Planck TT+lowP+lensing+ext” in
Equation 39b of Ref. [2]), and are saturated at cosmic
variance limits. The BK14 result constitutes the first
B-mode constraints that clearly surpass those from tem-

r Adust Async

L/
L p

ea
k

A
du

st
A

sy
nc

Prior on frequency spectral 
indices of dust & sync

Allow Dust/Sync 
correlation
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variation in 
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BK14:  PRL 116.031302 
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Measurement of Gravitational Lensing

20

Measured amplitude (5.8σ) is in good agreement with the BB results!
arXiv: 1606.01968, ApJ in review

Pure E

Mixed E/B

Last Scattering

Observer

Lensing Convergence

Despite modest resolution (0.5°), BK 
map depth (3μK’) enables direct 
reconstruction of lensing potential ϕ 
using only information at ell≤700
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BK 2015 E-mode maps teaser 

LCDM E-modes with high 
S/N at three frequencies

21

Keck 220 GHz now 
deeper than Planck 
217 GHz!
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BK noise levels vs. foregrounds
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BICEP receiver evolution: Stage 2 to Stage 3

23

*comparisons at 95 GHz

B2/Keck BICEP3

Window 260mm 680mm

Optics f/2.2 f/1.6

FOV 15 deg 27 deg

Dets 288 2560

Keck 1x receiver

BICEP3

Both designs use:
1x pulsetube cryocooler 
(~30K, ~3K)
1x He3/He4 sorption fridge 
(~250mK focal plane) 

arXiv: 1407.5928
arXiv: 1607.04668
arXiv: 1607.04567
arXiv: 1607.06861
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First 700 hours of BICEP3 2016 science data

24
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Figure 10. Preliminary temperature and polarization maps of the CMB made with small amount of obtained data,
corresponding to 700 hours of integration time.

detector is then evaluated by taking the median of the noise spectrum in the science band from 0.1 - 1Hz.
The time-stream based calculation gives per-detector NET at 347µK

p
s and receiver NET at 9.91µK

p
s. The

map-based NET calculation is lower than the time-stream method due to smaller weighing in the low frequency
noise.

4. CONCLUSION

In this proceedings, we present the the design of the BICEP3 focal plane module and its readout architecture.
This compact design increases the packing density of the detectors and allows more e�cient use of optically
illuminated area on the focal plane. The modular design makes future replacements and upgrades easier. We
also show great improvement in detector performance in the second season of BICEP3, increasing detector yield
from 436 to 951 polarization-sensitive pixels, reducing the per-detector NET from 395µK

p
s to 333µK

p
s, and

achieving a receiver NET of 9.72µK
p
s.

arXiv: 1607.06861
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BICEP/Keck Program Progress

25



Zeeshan Ahmed ICHEP 2016

BICEP Array (planned Keck Array upgrade)
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Receiver Nominal Nominal Single Beam Survey Weight
Observing Band Number of Detector NET FWHM Per Year
(GHz) Detectors (µKCMB

p
s) (arcmin) (µKCMB)�2 yr�1

Keck Array
95 288 288 43 24,000
150 512 313 30 30,000
220 512 837 21 2,000
270 512 1310 17 800
BICEP3
95 2560 288 24 213,000
BICEP Array
35 384 268 68 37,000
95 3456 288 24 287,000
150 7776 313 15 453,000
220 9408 837 11 37,000
270 9408 1310 9 15,000

Table 2: Receiver parameters as used in sensitivity projections. Bold face numbers are actual/achieved quantities for
existing receivers. The remaining values in the survey weight column are scaled from the achieved survey weights
using only the ratio of the number of detectors, plus, if necessary to change frequency, the ratio of nominal NET values
squared.

point.
So far the BICEP/Keck program has observed a single patch of sky centered on R.A. 0h, Dec -57.5�.

The instantaneous field of view of the BICEP2/Keck receivers is quite large (15� across) compared to the
“box” over which we scan the telescope boresight (⇡ 60� scan throw in R.A. while stepping in Dec by
5�). This means that the maps are intrinsically highly apodized with the sensitivity falling smoothly and
continuously from center to edge (see Figure 4 which shows apodized maps), and results in an effective
area of ⇡ 400deg2.

This sky patch was originally selected on the basis of very low degree scale power in the total intensity
of dust emission (using the FDS maps [23]). Once one is removing foregrounds using multi-frequency data
it is not necessarily critical to observe in the absolute lowest foreground region of the sky. Nevertheless
now that the Planck polarized full sky maps are available it is interesting to investigate. In the left part of
Figure 8 we show the much publicized Fig. 8 of Planck Intermediate Paper XXX [11]. Using the analysis
recipe as detailed in that paper (and the same detector-set split input maps) we have tried to reproduce this
plot exactly but have been unable to do so. Instead we find smoother variation across the sky—particularly
when we switch to any of the alternate data splits. Our conclusion is that the noise level of the currently
available data is just barely adequate for a determination, but it does not appear that there is any region
which is significantly lower in degree scale polarized dust power than the existing BICEP/Keck patch.

3.2 Comparison with Other Experiments

While BICEP2/Keck have been targeted on the possible IGW signal at the ` ⇡ 80 recombination bump, a
number of other suborbital experiments have been doing excellent work at finer angular scales (SPTPOL,
ACTPOL, POLARBEAR etc.), and the full mission maps from the Planck space mission have been published.
In their publications each of these experiments have quoted the noise levels and areas of their polarization
maps allowing us to calculate survey weight values3. Figure 9 shows this measure for the published deep
polarization maps to date. While BICEP/Keck is clearly the leader in terms of published results at this time,
all of the ground based experiments shown have taken additional data not shown on the plot, and all of
them have either deployed upgraded receivers already, or are planning to do so. This proposal is a part of
this on-going “Stage-3” upgrade process.

3Survey weight can be simply added over observing bands and sky patches. To calculate the numbers in Figure 9 we use the num-
bers from POLARBEAR [2] Section 5.2.4, ACTPOL [4] Section 3.1, SPTPOL [3] Section 3, Planck [25] Tables 5&6, and BICEP2/Keck [1] in
the abstract. These numbers differ in the detail of how there are extracted. The Planck sensitivity varies significantly across the sky
and the quoted numbers are some kind of average—but the noise is presumably fairly white. For BICEP2/Keck the numbers are the
weighted rms of the Q/U maps—without any correction for filtering and beam rolloff. For POLARBEAR, ACTPOL and SPTPOL they
are a “white noise level” measured in the power spectrum at higher `—i.e. deliberately excluding any low ` excess noise which may

9

Survey Weight=2(Map Area)/(Map Noise)^2

*Bolded numbers represent measured quantities from BK14 analysis
All other quantities scaled by frequency and/or NET

arXiv: 1607.04668
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Conclusions

• BICEP/Keck observations combined with Planck and WMAP 
data have produced most stringent constraints to date on 
inflationary gravitational waves 

• Dust and gravitational lensing detected at high significance. No 
synchrotron yet

• Third generation receiver, BICEP3, taking science data in field. 
Will serve as baseline design for Keck Array upgrade in 2018
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A balloon-borne payload to identify 
primordial B-modes on degree 
angular scales in the presence of 
foregrounds 

1. Verify angular power spectrum  
Many modes  
high fidelity from ~10 < l < 300 

2. Verify statistical isotropy 
Large (~10%) sky coverage 

3. Verify frequency spectrum  
Multiple colors, (esp. 200+ GHz)

The SPIDER Program

Rahlin et al., SPIE, arXiv:1407.2906 
Fraisse et al., JCAP 04 (2013) 047 
Filippini et al., SPIE, arXiv:1106.2158 
O’Dea et al., ApJ 738, 63 (2011) 
…. 



Balloonatics



• High sensitivity to approach CMB photon 
noise limit 

• Access to higher frequencies obscured from 
the ground 

• Retain larger angular scales due to dimmer 
atmospheric fluctuations (filtering) 

• Technology pathfinder for orbital missions 
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• Limited integration time (~weeks) 

• Stringent weight/power constraints 

• Very limited bandwidth demands 
nearly autonomous operations!

FIGURE BY A.S. RAHLIN (AM MODEL)

Why Ballooning?



The SPIDER Payload
• 1300L shared LHe cryostat (4K, 1.6K)

• Lightweight carbon fiber frame

• Mylar sun shields for thermal control

• Attitude control

• Reaction wheel (azimuth)
• Linear elevation drives (elevation)

In-flight (~1’ accuracy)
• Differential GPS
• Magnetometer
• Pinhole sun sensors

Post-flight (~6” accuracy)
• 3-axis gyroscopes
• Orthogonal star cameras on deck
• Fixed boresight star camera

Pointing reconstruction



Loading reduction
4K refractive optics 
Infrared blockers 
Cold internal baffling 
Reflective forebaffle 

Polarization  
modulation
Cold half-wave plate 
Custom worm drive 
Stepped daily

Magnetic shielding
Multi-layer focal plane 

SPIDER Receivers

First flight (2015)
3x 94 GHz: 42’ fwhm 
3x 150 GHz: 30’ fwhm 
2400 TESs (96 dark)
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90
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Antarctica 2014-15



• January 1-18, 2015: 16 days 
at 36 km 

• All systems operational  
(except dGPS, no science 
impact)

SPIDER Aloft!



Full payload recovery courtesy of 
the British Antarctic Survey  
•Data disks: Feb. 4, 2015 
•Payload: Nov. 2015  

All hardware back in our hands!

RECOVERY



• 1.56 TB of data 

• Cosmic ray flagging negligible 

• No obvious magnetic pickup  

• RFI flagging significant 

• ~30% total flagging so far 

• Very low stray photon load 

• Sensitivities (NETs) consistent with 
expectations (~160 uKcmb-rts / det) 

• All HWPs turned reliably

In-band 
power

Instrument NET (det/total)
94 GHz ≲0.25 pW ~7 μKcmb-√s (~80% used)

 150 GHz ≲0.35 pW ~6 μKcmb-√s (~70% used)
Boomerang 150 GHz ~0.5 pW ~60 μKcmb-√s

BICEP2 150 GHz 4.7 pW ~16 μKcmb-√s

Preliminary estimates 

CMB calibration 

Conservative detector, 
data selections

In-Flight Performance
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Sky coverage 12.3% (6.3% hit-weighted)  
e.g. BICEP2/Keck: 2.4% (0.9%)

Planck Commander 
dust model 

SPIDER’s Sky



Planck 143 GHz

SPIDER 150 GHzSPIDER 94 GHz

SPIDER 150 GHz: RCW38
Analysis in progress: temperature, polarization look good, stay tuned!

SPIDER’s Sky



SPIDER was designed to wrestle with foregrounds 
• High signal-to-noise detection of non-CMB polarization visible 

in first flight data 
• Visible correlation with Planck data-informed dust model with 

higher sensitivity 
• ⟹ Post-Planck sensitivities at high frequencies are crucial!

Synchrotron

Dust

Planck Commander model 
(comparable to 2011 proposal)

PROJECTION

Dust Polarization
SP1-95 SP1-150 SP2-285

Avoid galactic CO lines



Second flight (NASA APRA 2016) 
targeting 2017 - 2018 austral summer 

• Expanded frequency coverage (285 
GHz) to resolve foregrounds 

• Successful recovery enables 
significant hardware reuse 

• New flight cryostat complete, 
undergoing final testing 3x 285 GHz feedhorn-coupled arrays 

Stacked silicon wafer feed horn arrays 
Arrays in fabrication at NIST

up to 2 JPL 230 GHz receivers(in fab) 
+ existing JPL 95 / 150 GHz receivers

Meyer Tool (Chicago)

SPIDER II Receivers

SPIDER II

Hubmayr et al., SPIE, arXiv:1606.09396



Second flight targets 3σ detection of r=0.03 in the presence of 
foregrounds 

The future?
• ULDB (“super-pressure”) nearing maturity  

100-day mid-latitude flights ⇒τ? 

• Satellite proposals: LiteBIRD, CORE, EPIC, …?
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Looking Ahead



• Primordial gravitational waves remain elusive… 

• Post-Planck foreground maps are a key requirement for 
the field 

• SPIDER’s first flight was very successful, data analysis is 
well underway 

• Stay tuned for SPIDER-2 in 2017-18, with new high-
frequency channels and instrument improvements

Summary



Thank you!


