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ABSTRACT

In this article, I give a brief description of Bicep2 experiment, and a summary of its result.
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1. INTRODUCTION

i. The expansion of space. I would like to start
this talk with a historical footnote. Einstein sent this
postcard to Herman Weyl, postmarked 23/5/1923. You
might recall that Einstein had previously built a quasi-
static universe in which he inserted the now famous cos-
mological constant. This was in 1917, immediately af-
ter the publication of Einstein’s celebrated paper on the
foundation of general relativity (1916). In this postcard,
Einstein appeared to be ready to abandon the cosmo-
logical constant. This is one year after Friedmann made
the case for the expanding metric, a solution that Fried-
mann found to be admissible by Einstein’s field equa-
tions. Friedmann’s theoretical conviction was confirmed
by Hubble’s discovery 7 years later.

In 1929, Hubble found evidence for the expansion of
the Universe. The discovery, as remarked by the leading
cosmologist Ed Harrison, “ranks as one of the greatest
discoveries in the history of human race.” The impli-
cation of the expansion of space is enormous. It is the
evolution of space, namely the dynamics of its expan-
sion, that sets the evolutionary history of the Universe.
Hubble’s discovery of the expansion of space is often re-
ferred to as the first pillar of the modern standard model
of cosmology.

Another pillar of the standard model of cosmology
was the discovery of the CMB by Penzias and Wilson.
The CMB is homogeneous and isotropic. The CMB was
immediately recognized to be primordial - the relic radi-
ation left over from the early universe. Historically, the
CMB is considered to be the critical evidence for the Big
Bang model advanced by Gamow et al. some 15 years
earlier. Soon after the CMB discovery, it was realized
that as the Universe cools and forms neutral hydrogen,
the CMB becomes transparent. The last scattering by
CMB photons was at z = 1100, around 380,000 years af-
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Figure 1. Einstein’s postcard to Herman Weyl, “If there is
no quasi-static world, then away with the cosmological term”
(1923).

ter the Big Bang and since then the CMB has remained
unchanged. It was then already apparent that the CMB
should be a powerful probe to study the early Universe.

The expansion of space and the CMB, together with
nucleosynthesis, paint a simple picture of the thermo-
dynamic history of the Universe with which we are all
familiar by now. As shown in figure 2, the universe be-
gins with quantum fluctuations, followed by an epoch
of inflation, affectionately known as the Big Bang. The
Universe then continues to expand, cool down, and 13.8
yrs later we have stars, galaxies, you and me and so
on. . . This figure captures the remarkable achievement
of modern cosmology. It covers basically the entire his-
tory of the Universe from an exceedingly early time, a
trillionth of a trillionth of a trillionth of a second, to
the present time of 13.8 billions of years. On the left,
we have particle physics, nuclear physics, and atomic
physics. And on the right we have astrophysics. Notice
that in this picture, the CMB is the oldest thing that
you can see directly. Beyond 380,000 yrs, the CMB is
a plasma much like the Sun. Because we cannot see
much beyond the surface of the Sun, we rely on par-
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Figure 2. A brief history of time: the expansion of the uni-
verse directly relates to its evolutionary history.

ticle physics to infer what is going on inside. Similar
indirect means must be used to probe the beginning of
time. One promising approach is to rely on the primor-
dial gravitational radiation.

ii. Cosmology from CMB. Almost 50 years after the
discovery of the CMB, measurements of the CMB have
achieved exquisite levels of sensitivity. This wonder-
ful map (see figure 3), provided by the Planck team,
is the culmination of years of efforts by CMB experi-
ments across all platforms. It is this precision achieved
by modern CMB data that heralds the new era of pre-
cision cosmology. We’ve learnt that the Universe is es-
sentially flat, 68% of the universe is made out of dark
energy, and 32% of matter.

In addition, we have learnt that the CMB power spec-
trum - over a wide range of angular scales, from the en-
tire sky down to the size of few arc seconds - can be
described by no more than 6 cosmological parameters.
The data here are remarkably consistent with the the-
ory of inflation. The wiggles and bump here arise from
density perturbations, which are responsible for today’s
large scale structure.

In the beginning, quantum fluctuations create pertur-
bations in the space-time metric. The inflation does two
things. It amplifies the primordial perturbations, and it
freezes these perturbations at superhorizon scales. In
particular, the scalar or density perturbations that give
rises to today’s structure leaves imprints or fluctuations
in the temperature of the CMB. This has been studied
extensively by Planck, WMAP, SPT, etc. Today we can
check off many things that inflation has predicted. The
list of success includes a. the isotropy and homogeneity
of space, b. a nearly flat geometry, c. fluctuations at
superhorizon scales, and d. the near scale invariance of
density perturbations. One last property that inflation
also predicts is the tensor perturbations that give rise
to gravitational waves, which leave imprints in the po-
larization of the CMB. These imprints are the subject
of the Bicep2 experiment.

iii. CMB Polarization. Initially the CMB is unpolar-
ized. The minute polarization in the CMB only arises

much later, thru interaction with electrons that were
created as the Universe evolves. This effect is strongest
at the surface of last scattering. Figure 4 shows the
Thomson scattering. Thomson scattering has the fol-
lowing properties: it has peak intensity at the direction
perpendicular to the incident direction, and only trans-
verse polarization is transmitted.

An unpolarized red photon incident from the left, col-
lides with an electron and scatters out of the page. The
scattered red photon is only polarized in the vertical
direction. Another unpolarized blue photon is incident
from the top, and scatters out of the page. The scat-
tered blue photon is now polarized in the horizontal di-
rection. And notice that if the intensities of the red and
blue are the same, then we don’t have polarization. The
polarization is non-zero only if their intensity is not the
same. In other words, the CMB background has to be
anisotropic in order to give rise to polarization.

The inhomogeneity in the structure of space-time can
be decomposed into 2 different components: density
waves and gravitational waves. These waves are re-
sponsible for the non-uniformity, or anisotropy, of the
CMB temperature as described above. As a result, the
electrons see a distinct distribution of hot and cold pho-
tons surrounding them. Figure 5 shows the tempera-
ture pattern seen by the density wave and gravity wave.
These hot and cold patterns then leave unique polariza-
tion patterns. The polarization can be broken into two
components: an electric or E mode, and a magnetic
or B mode. The mirror image of an E mode pattern
doesn’t change, whereas the mirror image of a B-mode
turns one into another. So the E-mode is said to have
even-parity, and B-mode odd-parity. As it turns out,
this difference in the parity between E and B modes
play a fundamental role here: since gravitational waves
have odd parity (unlike density wave which have even
parity), it is responsible for the B-mode. That is, a de-
tection of B-mode patterns in the CMB would directly
confirm the existence of gravitational waves.

2. THE BICEP2 INSTRUMENT

i. Bicep2 Instrument Concept. Bicep2 is the second
stage receiver of the BICEP experiment plan. In the
search for B-mode, we aim to achieve a level of sensi-
tivity of a few parts in a billion. This exquisite level
of sensitivity demands a series of staged efforts, begin-
ning with the first receiver BICEP in which we verify
that the instrument design and the observing strategy
achieve required sensitivity with low systematics. The
next generation of receivers will implement the latest de-
tector technology in order to improve the experiment’s
mapping speed.

Bicep2 follows the same optical design concept as BI-
CEP, which has been successfully operated in the field
for 3 years. The telescope is a small refractor at 26 cm
aperture, giving an instantaneous F.O.V of 20o. The en-
tire compact optics has very low sidelobe response, and
is kept at 4K to reduce thermal noise. The optics are
telecentric and the entire telescope can rotate around
the boresight. The boresight rotation serves as a useful
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Figure 3. The physics of CMB. On the left is the picture of the universe when it was 380,000 years old (z ∼ 1, 1000) by the
Planck team. The 2D map of CMB can be transformed into a 1D angular power spectrum. The level of fluctuations below
l of ∼ 100 is known as the superhorizon fluctuations, and it is flat, though hard to see in this figure. This is known as the
Sach-Wolf plateau, and is the primordial density perturbation (which is responsible for structure formation later). The peak
intensity at 1o scale was amplified by the maximal compression of baryon-photon fluid. The location of the peak gives an
estimate of the sound horizon (∼ 3x smaller than the universe’s particle horizon). The periodicity of the wiggles also set
the size of the horizon with remarkable precision. At smaller angular scales, the anisotropy is washed out due to photon
diffusion. The universe is found to be isotropic, homogenous, and flat, and the fluctuations are nearly scale invariant. All
of these attributes are consistent with the predictions of inflation.

Figure 4. Thomson scattering, Chiang Ph.D Thesis (2008).
Property of Thomson scattering: i. peak intensity at direc-
tion perpendicular to incident direction, ii. only transverse
polarization are transmitted. iii. a uniform background gives
no polarization. vi. non-uniform background, and specifi-
cally a quadrupole anisotropic background, gives linear po-
larization

check for systematics.

(As a note, the concept of the BICEP instrument was
conceived by Jamie Bock, then at JPL. Both BICEP
and BICEP2 were designed, integrated and tested at
JPL and Caltech and shipped to the South pole from
Pasadena, California.)

ii. Revolutionary Detectors. The key improvement in
Bicep2, when compared with the first receiver BICEP, is
the mapping speed, taking advantage of the latest evo-
lution of detector technology. BICEP uses polarization-
sensitive bolometers (NTD), which have the same ar-
chitecture that was developed for Planck by our team.
Bicep2 uses superconducting TES (transition edge sen-
sor) arrays. These are network antenna-coupled TES
(in preparation). The 2D network antennas was devel-
oped to replace the traditional 3D physical feeds that
were used by BICEP, and greatly reduces the mechani-
cal volume of the focal array (see figure 6). The compact
512 pixel TES array is 10 times larger than BICEP’s,
and gives a factor of 10 improvement in the mapping
speed. (3 years of Bicep2 is equivalent to 30 years of
BICEP.)

iii. Deep Integration. In order to realize the detec-
tor’s ultimate sensitivity, we must choose an observing
site that is favorable for mm waves. The best site on
the surface of the Earth for mm wave observations is
the South Pole. The Antarctic South Pole is the cold-
est and driest place on earth, so its sky has the lowest
amount of precipitated water vapor. This makes the
South pole sky pristine and stable for observations in the
microwave band. Again, a pristine or clear atmosphere
means the transmission of CMB signal is maximal. A
stable atmosphere means the sky noise is minimal. Last
but not least, the sky above the South pole never sets, so
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Figure 5. The E-mode and B-mode polarization patterns.

Figure 6. BICEP and Bicep2 detector arrays. These are two
very different detector technologies, which employs radically
different approaches to beam matching, control of stray ra-
diation, signal detection and amplification.

Figure 7. Aerial view of the South Pole, Antarctica. On the
left is the Amundsen-Scott station. The center stripe is the
runway. On the right is the Dark Sector Lab, where BICEP2
and all other microwave telescopes live. The place is flat like
an ocean, as far as the eyes can see.

one could integrate continuously for a long time. In the
search for B-mode signals, deep integration is strategi-
cally important if not decisive. Figure 7 shows the South
Pole plateau.

3. THE RESULTS AND INTERPRETATION

Bicep2 spent 3 years observing: 2010, 2011 and 2012.
In the end, we accumulate a total of nearly 590 days
(after cuts of bad weather). This is 63% efficiency.
The recorded amount of data allows Bicep2 to integrate
down to 87 nK-deg and achieve the highest sensitivity
for the map on degree scales, shown in figure 8.

The Bicep2 result with detailed analysis has been pub-
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Figure 8. B-mode pattern of polarization in the CMB de-
tected by Bicep2.

lished here (Bicep2 I (2014)), and a description of the
instrument is available here (Bicep2 II (2014)). Briefly,
the experiment detects a strong B-mode signal at a de-
gree angular scale with high significance. All system-
atic effect that we could imagine, including detector
beam mismatch, experimental contamination such as
ground-fixed signal, polarized atmosphere or magnetic
field, etc., were investigated. The data passed all the rig-
orous jackknife tests. (The systematics paper has been
submitted for publication.) We find with high confi-
dence that the apparent signal cannot be explained by
instrumental systematics.

In addition, BICEP’s cross-correlations with both col-
ors are consistent with the Bicep2 auto spectrum. Note
that BICEP, though less sensitive, used a different tech-
nology which has different systematics control, and mul-
tiple colors which may lend to some measure of fore-
ground control (cross with BICEP’s 100GHz data shows
3σ detection of BB power), and observed the same sky.

We found Bicep2 auto spectrum also compatible with
B2xB1 cross spectrum, with 3σ evidence of excess power
in the cross spectrum. The additional cross correlation
with 2 years of data from the Keck Array, the successor
to BICEP2 also yield consistent excess power in BB.

We also conducted an extensive check for possible as-
trophysical contamination. In particular, contamination
by synchrotron, which varies as ν−3, and points sources
are ruled out. Bicep2 × WMAP 22 GHz polarization
(extrapolated to 150 GHz with β = −3.3) is noise dom-
inated but limits synchrotron to r < 0.0008.

Emission by polarized galactic dust should be mini-
mal in the Bicep2 region. Using various models of po-
larized dust emission to estimate dust power gives dust
auto spectra well below the observed signal level. (and
cross spectra consistent with zero.) We note, however,
Planck’s recent data, which suggests possible significant
contamination by dust, so that considerable uncertainty
on the nature of detected B-mode remains. In order to
distinguish CMB from dust, a test of correlation be-
tween Bicep2 150 Ghz map and Planck 353 GHz map
should be performed. This is the task that Bicep2 and
Planck teams are now working on.

4. CONCLUSIONS

Extensive studies and jackknife test strongly argue
against systematics as the origin. Bicep2 has detected

Figure 9. Status of the search for B-mode. Bicep2 has made
the most sensitive polarization maps to date. The power
spectra perfectly consistent with lensed-?CDM except: 5.2?
excess in the B-mode spectrum at low multipoles!

a clear B-mode signal, the most sensitive measurement
to date. The signal is in the sky. And it is a significant
detection.

Celestial foregrounds do not appear to be a large frac-
tion of the signal: due to foreground projections using
known data (synchrotron) or model (dust). The de-
tected BB has a CMB-like spectral index, a shape of
the primordial B-mode spectrum, and appears not to
strongly correlate with known foreground. Constraint
on tensor-to-scalar ratio r in simple inflationary gravi-
tational wave model: R = 0.2 + 0.07 − 0.05, with r = 0
is ruled out at 7σ.

Cross correlation of the Bicep2 150 GHz map and
Planck 353 GHz map are in progress. The exercise
should be useful for revealing the role of dust in this re-
gion. Ultimately, however, the path forward is to carry
out the deep integration at multiple frequencies, which
is precisely the original’s Bicep2/Keck plan (Nguyen et
al. (2008)). Such effort has already been under way.
Keck has completed its first season on 100 GHz in 2014.
We plan to expand the 100 GHz observations with Bi-
cep3 in 2015, and add 220 GHz receivers for Keck.
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