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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `⇡ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)
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ABSTRACT
We report results from the BICEP2 experiment, a Cosmic Microwave Background (CMB) polarimeter specif-

ically designed to search for the signal of inflationary gravitational waves in the B-mode power spectrum around
`⇠ 80. The telescope comprised a 26 cm aperture all-cold refracting optical system equipped with a focal plane
of 512 antenna coupled transition edge sensor (TES) 150 GHz bolometers each with temperature sensitivity of
⇡ 300 µKCMB

p
s. BICEP2 observed from the South Pole for three seasons from 2010 to 2012. A low-foreground

region of sky with an effective area of 380 square degrees was observed to a depth of 87 nK-degrees in Stokes
Q and U . In this paper we describe the observations, data reduction, maps, simulations and results. We find
an excess of B-mode power over the base lensed-⇤CDM expectation in the range 30 < ` < 150, inconsistent
with the null hypothesis at a significance of > 5�. Through jackknife tests and simulations based on detailed
calibration measurements we show that systematic contamination is much smaller than the observed excess.
We also estimate potential foreground signals and find that available models predict these to be considerably
smaller than the observed signal. These foreground models possess no significant cross-correlation with our
maps. Additionally, cross-correlating BICEP2 against 100 GHz maps from the BICEP1 experiment, the excess
signal is confirmed with 3� significance and its spectral index is found to be consistent with that of the CMB,
disfavoring synchrotron or dust at 2.3� and 2.2�, respectively. The observed B-mode power spectrum is well-
fit by a lensed-⇤CDM + tensor theoretical model with tensor/scalar ratio r = 0.20+0.07

-0.05, with r = 0 disfavored at
7.0�. Subtracting the best available estimate for foreground dust modifies the likelihood slightly so that r = 0
is disfavored at 5.9�.
Subject headings: cosmic background radiation — cosmology: observations — gravitational waves — infla-

tion — polarization
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The discovery of the Cosmic Microwave Background
(CMB) by Penzias & Wilson (1965) confirmed the hot big
bang paradigm and established the CMB as a central tool for
the study of cosmology. In recent years, observations of its
temperature anisotropies have helped establish and refine the
“standard” cosmological model now known as ⇤CDM, under
which our universe is understood to be spatially flat, domi-
nated by cold dark matter, and with a cosmological constant
(⇤) driving accelerated expansion at late times. CMB tem-
perature measurements have now reached remarkable preci-
sion over angular scales ranging from the whole sky to ar-
cminute resolution, producing results in striking concordance
with predictions of ⇤CDM and constraining its key parame-
ters to sub-percent precision (e.g. Bennett et al. 2013; Hin-
shaw et al. 2013; Story et al. 2013; Hou et al. 2014; Sievers
et al. 2013; Das et al. 2013; Planck Collaboration XV 2013;
Planck Collaboration XVI 2013).

Inflationary cosmology extends the standard model by pos-
tulating an early period of nearly exponential expansion
which sets the initial conditions for the subsequent hot big
bang. It was proposed and developed in the early 1980s
to resolve mysteries for which the standard model offered
no solution, including the flatness, horizon, smoothness, en-
tropy, and monopole problems (Brout et al. 1978; Starobin-
sky 1980; Kazanas 1980; Sato 1981; Guth 1981; Linde 1982,
1983; Albrecht & Steinhardt 1982; see Planck Collaboration
XXII 2013 for a review). Inflation also explains the universe’s
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `⇡ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `⇡ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)
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• Why is the CMB Polarized?

• What are B-modes?

• Why do people say we’ve seen primordial GW?

• Why do people say this is first evidence of 
Inflation?

• What other cosmological sources of B-modes are 
there?

• What about Foregrounds?

• If this is primordial, what are its implications?

• I am an inflation model builder/string theorist,  
should I be happy or sad?

• If I don’t believe in Inflation, should I quit now?



Why is the CMB polarized?



Why is the CMB polarized?
Quadrupole Anisotropy + Thomson Scattering =

Polarized Light

Quadrupolar temperature anisotropy leads to linear polarization:

unpolarized

unpolarized

polarized

hot cold hot

Credit : Daniel Baumann

Thomson scattering cross-section depends on polarization of 
incoming radiation and outgoing direction.

d�

d⌦
/ (n · n0)2

n0

n

n



What are B-modes?



What are B-modes?
Polarized light is measured in terms of the Stokes 
Parameters T, Q, U (and V).

We project these onto the 2D sphere, by setting     
and using spherical harmonics.

T (n) =
X

l,m

almYlm(n)

T = I , Q = rI cos 2 cos 2� , U = rI sin 2 cos 2� , V = rI sin 2�

Further decompose           into parity odd 
B/even E representations.



What are B-modes?Summing over many plane waves, we get the following 
polarization patterns around hot and cold spots:

coldcold cold

hothot

B-mode
(curl)(grad)

E-mode

Credit : Daniel Baumann

Parity Even Parity Odd
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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Recall the two polarization modes of a gravitational wave:

The anisotropic stretching of space induces a temperature quadrupole:

hot

cold
redshifting

blueshifting

cold

hot

cold

hot

cold

hot

Stretches spacetime and generates cold/hot spots.

Parity Even = E modes Parity Odd = B modes

Scalar anisotropy 
is parity even (E 
modes), so this 
must be GW!
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expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
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Lensing B-modes
(Causally generated)

Scale-invariant
B-mode spectrum

(for r=0.2)

B-modes are degree angular scales : they must be 
superhorizon modes which have reentered the horizon.
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Why do people say this is the first 
evidence of Inflation?

Causal mechanism to explain super-horizon 
correlations

Framework to set up initial conditions : primordial 
gravitational waves are quantum fluctuations of spacetime.

Inflation can

If inflation is a Sine qua non explanation then 
gravity is quantized.
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What other cosmological sources 
of B-modes are there?

• Primordial vector spin-1 Perturbations 

Carroll hep-th/9806099

• Parity Violation (e.g. axions)

E&M

parity violating term
rotates polarization plane

Armendariz-Picon et al. 1003.1283

• Topological Defects 
“Active sources” (i.e. causal), hard to arrange to 

generate degree scale anisotropy.
Lizarraga et al.1403.4924
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What about Foregrounds?
Known Knowns : Lensing B-modes

Lensing converts E to B modes (and B to E).

Abazarjian et al. 1309.5381



What about Foregrounds?
Known Unknowns : dust and synchrotron14 BICEP2 Collaboration
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FIG. 7.— The BICEP2 EE and BB auto spectra (as shown in Figure 2)
compared to cross spectra between BICEP2 and the 100 and 150 GHz maps
from BICEP1. The cross spectrum points are offset horizontally for clarity.

Pursuing this formally, we use simulations of both ex-
periments observing a common sky to construct a com-
bined likelihood function for bandpowers 1–5 of the BI-
CEP2 auto, BICEP1100 auto, and their cross spectrum using
the Hamimeche & Lewis (2008) approximation; see B14 for
implementation details. We use this likelihood function to
fit a six-parameter model parametrized by the five 150 GHz
bandpowers and a single common spectral index, �. Without
loss of generality we take this spectral index to be the power
law exponent of the signal’s antenna temperature as a function
of frequency. We marginalize this six-parameter model over
the bandpowers to obtain a one-parameter likelihood function
over the spectral index.

Figure 8 shows the resulting estimate of the spectral in-
dex, with approximate 1� uncertainty range. We evaluate the
consistency with specific values of � using a likelihood ratio
test. The data are consistent with the spectrum of the CMB
(� = -0.7 for these bands and conventions), with a CMB-to-
peak likelihood ratio of L = 0.68. Following Wilks (1938)
we take �2 ⇡ -2logL and evaluate the probability to exceed
this value of �2 (for a single degree of freedom). A syn-
chrotron spectrum with � = -3 is disfavored (L = 0.076, PTE
0.023, 2.3�), as is the preferred whole-sky dust spectrum from
Planck Collaboration et al. (2013a), which corresponds under
these conventions to � ⇡ +1.75 (L = 0.091, PTE 0.028, 2.2�).
We have also conducted a series of simulations applying this
procedure to simulated data sets with CMB and dust spectral
indexes. These simulations indicate that the observed likeli-
hood ratios are typical of a CMB spectral index but atypical
of dust.

10.3. Additional Cross Spectra
Having seen that the BICEP2 auto spectrum is com-

patible with both the BICEP2⇥BICEP1100 and the
BICEP2⇥BICEP1150 cross spectra we proceed to com-
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FIG. 8.— The constraint on the spectral index of the BB signal
based on joint consideration of the BICEP2 auto, BICEP1100 auto, and
BICEP2⇥BICEP1100 cross spectra. The curve shows the marginalized likeli-
hood as a function of assumed spectral index. The vertical solid and dashed
lines indicate the maximum likelihood and the ±1� interval. The blue verti-
cal lines indicate the equivalent spectral indices under these conventions for
the CMB, synchrotron, and dust. The observed signal is consistent with a
CMB spectrum, while synchrotron and dust are both disfavored by & 2�.

bine the latter36. Figure 9 compares the result to the BICEP2
auto spectrum from Figure 2. Taking the difference of these
spectra and comparing to the differences of the lensed-
⇤CDM+noise+r = 0.2 simulations the bandpower 1–5 �2 and
� PTEs are mid-range indicating compatibility.

Comparing the BICEP2⇥BICEP1comb spectrum to the
lensed-⇤CDM expectation the �2 and � values have PTE of
0.005 and 0.002 respectively corresponding to ⇡ 3� evidence
of excess power. The compatibility of the BICEP2 auto and
BICEP2⇥BICEP1comb cross spectra combined with the detec-
tion of excess power in the cross spectra is powerful addi-
tional evidence against a systematic origin of the nominal sig-
nal given the significant differences in focal plane technology
and beam imperfections.

The successor experiment to BICEP2 is the Keck Array
which consists of five BICEP2 like receivers (Sheehy et al.
2010). The Keck Array data analysis is not yet complete and
will be the subject of future publications. However as an addi-
tional systematics check we show in Figure 9 a cross spectrum
between BICEP2 and preliminary Keck Array maps from the
2012 and 2013 seasons. This cross spectrum also shows ob-
vious excess BB power at low `.

11. COSMOLOGICAL PARAMETER CONSTRAINTS

We have shown that our observed B-mode spectrum i) can-
not be explained by systematics (jackknifes, beam-map sim-
ulations, other systematics studies, and cross spectra with
BICEP1150), and ii) seems highly unlikely to be dominated by
foregrounds (dust model projections, dust model cross corre-
lations, and spectral index constraints from cross spectra with
BICEP1100). In this section we do some basic fitting of cosmo-
logical parameters while noting again that all the bandpowers
and ancillary data are available for download so that others
may conduct fuller studies.

11.1. Lensed-⇤CDM + Tensors

36 We combine using weights which minimize the variance of the lensed-
⇤CDM+noise simulations as described in B14.

These are non-thermal, so they can be 
distinguished if we have multi-frequency spectra.

Soon to find out! Keck Array (220,150,100), Spider 
(90,150,280, r=0.03)

BICEP2 (150Ghz) 
cross BICEP1 (100Ghz, 150Ghz)



What about Foregrounds?
Unknown Unknowns ?? Radio Loops?

Liu et al. 1404.1899

2

Figure 1. The 408 MHz survey (top left), the Planck 857 GHz map (top right) the low resolution (l  20) WMAP9 ILC map (bottom
left) and the WMAP9 K-band polarised intensity map (bottom right), with the positions of the radio loops indicated: Loops I-IV are
indicated by the solid, dashed, dotted and dash-dotted line, respectively. The white outline (upper left panel) marks the NPS at 22 MHz.

radio loops correlate with expanding shells of gas and
dust, energized by supernovae or stellar winds (Berkhui-
jsen et al. 1971; Heiles et al. 1980; Salter 1982; Wolleben
2007). The Loop I superbubble has been attributed to
stellar winds from the Sco-Cen OB association and super-
nova activity, with the NPS being the brightest segment
of a supernova remnant (SNR). The ambient magnetic
field is most likely draped around the expanding bub-
bles (Heiles et al. 1980), as seen in radio and optical po-
larisation data. The NPS is observed over a wide range
of wavelengths — the 21 cm IRAS survey, the ROSAT X-
ray surveys at 0.25, 0.75 and 1.5 keV, and soft and hard
�-ray sky maps from EGRET and Fermi -LAT. It has
also been detected in the WMAP K-band intensity and
polarization maps, and more recently in the 2013 Planck

30 GHZ temperature map (Ade et al. 2013a), and even
in the 353-857 GHz near-IR maps. Hansen et al. (2012b)
have suggested from a cross-correlation of Faraday rota-
tion and WMAP maps that such structures may a↵ect
the measured CMB temperature at high galactic lati-
tudes.
Throughout this paper, we adopt the properties of

Loops I-IV as given by Berkhuijsen et al. (1971) in their
Tbl. 1. In Fig.1 we show the 408 MHz all-sky sur-
vey (Haslam et al. 1982), and 2013 Planck 857 GHz
maps, indicating the positions of the four radio loops.
For comparison, the loops are also shown superimposed
on the low resolution (`  20) WMAP9 ILC — hereafter
called ILC9 — and K-band polarisation intensity maps.

3. CMB PEAKS ALONG LOOP I

To investigate possible correlations between the ra-
dio loops and features in the ILC9 map, we examine
a ring of width ±2� along Loop I. The average tem-

perature of the ILC9 signal along the ±2� ring, T =
1/(2⇡)

R
2⇡
0

d� (T
ILC

(�)� T

ILC

) ' 23.9µK, deviates sig-
nificantly from the expectation for a random realisation
of the CMB. In order to quantify this, we have gener-
ated 1000 CMB realizations of the 2013 WMAP best
fit ⇤CDM cosmological model (Bennett et al. 2013).
Computing the number of simulated realisations with an
average temperature equal or larger than the observed
T = 23.9µK, we find a p-value of only 0.01.
We have also determined the skewness of the distribu-

tion of ILC9 temperatures along the ±2� Loop I ring:

�

1

= 1/(2⇡)
R
2⇡
0

d�
⇥
(T

ILC

(�)� T

ILC

(�))/�
⇤
3 ' �0.68,

where � is the standard deviation of the ILC9 temper-
atures. Comparing this with the skewness of 1000 MC
simulations we find a similarly small p-value of 0.03.
We interpret these anomalies as warranting a more de-

tailed analysis. In order to show the result more clearly,
we have investigated the statistical isotropy in a ±10�

ring around Loop I, using a cluster analysis (Naselsky
& Novikov 1995) that has been applied previously to
WMAP data (Naselsky et al. 2004): If the ILC9 map is
statistically isotropic, there should be no correlation be-
tween the position of its peaks and the position of Loop I.
We therefore test the hypothesis that the distribution of
the positive peaks around Loop I is not random.
As seen in Figs. 2, about 10 positive and 4 nega-

tive peaks of the (`  20) ILC9 signal in the interval
[�88µK, 88µK] are clustered around Loop I. To quan-
tify this, we compute for each pixel the angular distance
G from Loop I along great circles crossing both the pixel
and the loop center. Fig. 3 shows the average distance
hGi for all pixels in a ±10� wide ring around Loop I, aver-
aged in �T = 3µK bins. It is apparent that on average,

Solar winds/remnants of ancient supernovaes
Not considered as a foreground by BICEP2.

Paper analyzed “Loop 1” which does not actually pass 
through BICEP2 region, but a new loop discovered in 
2007 does. Need to check!
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If this is primordial, what are its 
implications?

Evidence for Inflation is very strong.
Very hard to dynamically arrange superhorizon GW 

correlations without something like inflation.

Inflation is GUT scale.

We can start to probe Planck scales physics!
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If this is primordial, what are its 
implications?

Tension with Planck?

PLANCK (+ highL) constraints are obtained from 
assuming single field inflation with consistency relation

Measured scalar index running

Limit from Temperature 

r=0.2
r=1.2

Komatsu

Obvious solution : big 
(negative) running 

so no “slow roll” hierarchy
(i.e. eta problem)

⌘0 ⇠ �0.01 ⇠ ✏
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I am an inflation model builder/string 
theorist, should I be happy or sad?

At some UV scale      “new physics kicks in”, but at low 
energy IR those new physics are “integrated out”.

Operators encoding 
“integrated out” 

massive UV fields,
obey UV symmetry.

“Light” fields Wilson Coefficients

Effective Theory = some low IR energy version of a “full 
theory” valid at all energy scales (“UV completion”).

Energy
“Light” fields “Heavy” fields 
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I am an inflation model builder/string 
theorist, should I be happy or sad?

Lyth Bound tells us how much the inflaton rolls during 
inflation

Inflation is “Large Field” (traverse) 

Suppose Inflation is an EFT at      scale, then there is 
some scale                    where new physics occur 
(“naturalness).

But if inflaton traverse                     ,then regime of 
validity for these higher order terms become suspect.

??
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What the data tells us

What “bottoms up” EFT tells
us to expect
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• Declare Inflation NOT an EFT : construct 
whatever potentials that works.

• Impose (approx.) shift symmetry on the UV 
(“full”) theory 

• Try to derive theory from more 
fundamental theory (like String theory)



I am an inflation model builder/string 
theorist, should I be happy or sad?

• Declare Inflation NOT an EFT : construct 
whatever potentials that works.

Problem : too many models work!

Throwing away EFT means that you have
no guidance from powerful theoretical infrastructure
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charges are conserved.
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BH radiates Hawking
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gone!

Charges not globally conserved. Black hole are “quantum 
gravity” objects, so obey quantum gravity laws. 



I am an inflation model builder/string 
theorist, should I be happy or sad?
• Impose (approx.) shift symmetry on the UV 

(“full”) theory

Banks and Seiberg 1011.5120

This shift symmetry is a global symmetry, i.e. global 
charges are conserved.

Throw baryons
 into black hole

BH radiates Hawking
radiation, loses mass

Poof!

Baryons charges
gone!

Charges not globally conserved. Black hole are “quantum 
gravity” objects, so obey quantum gravity laws. 

“Quantum Gravity has no global symmetry”
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theory (like String theory)

Very hard.  Also, in perturbative string theory, ran 
into the previous problem on global charges.

Banks and Dixon Nucl.Phys. B307 (1988) 93-108

Example that may evade the global charges 
problem : axion monodromy.

Silverstein and Westphal 0803.3085



I am an inflation model builder/string 
theorist, should I be happy or sad?
• Try to derive theory from more fundamental 

theory (like String theory)

Very hard.  Also, in perturbative string theory, ran 
into the previous problem on global charges.

Banks and Dixon Nucl.Phys. B307 (1988) 93-108

Example that may evade the global charges 
problem : axion monodromy.

Silverstein and Westphal 0803.3085

Hard = Good thing!



I am an inflation model builder/string 
theorist, should I be happy or sad?

My opinion : the most pressing question in inflation 
theory is now

Why is the Inflation scale the highest possible 
it can be?

Put it another way, between r=0 and r=1, there are 
two special numbers 0 and 1. We found it’s almost 1.



If I don’t believe in Inflation, should I quit 
now?
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Suppose we live in an imaginary world where Alan 
Guth is a rich banker who, instead of discovering 

inflation, gave money to John Kovac et al to build a B-
mode detector. The Guth Array discovered r=0.2.

Coincidence ? 



If I don’t believe in Inflation, should I quit 
now?

Suppose we live in an imaginary world where Alan 
Guth is a rich banker who, instead of discovering 

inflation, gave money to John Kovac et al to build a B-
mode detector. The Guth Array discovered r=0.2.

Coincidence ? 

If we don’t know about inflation, the most natural 
initial conditions for scalars and tensors would be

Harrison Zeldovich, and            because anything else 
will imply a new scale. We would be right.

This is a “no-inflation” restatement of the question 
“why is the inflation scale so high”.




