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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.
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0040 and 10-SAT10-0017 from the NASA APRA and SAT
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Why	
  is	
  the	
  BICEP2	
  result	
  so	
  important	
  
for	
  Cosmology?	


•  B-­‐mode	
  polariza3on	
  can	
  be	
  evidence	
  of	
  tensor	
  
perturba3ons	
  (Gravita3onal	
  Wave).	
  
	
  	
  	
  

•  If	
  one	
  can	
  	
  find	
  the	
  consistency	
  rela3on	
  
between	
  tensor	
  and	
  scalar	
  perturba3ons,	
  the	
  
existence	
  of	
  infla3on	
  can	
  be	
  proved!	
  	


Indirect	
  Detec5on	
  of	
  Gravita5onal	
  Wave	
  
on	
  very	
  large	
  wave	
  lengths	


Indirect	
  Proof	
  of	
  Infla5on	




Why	
  is	
  the	
  BICEP2	
  result	
  so	
  important	
  
for	
  Cosmology?	


•  In	
  ADS,	
  the	
  Number	
  of	
  papers	
  with	
  the	
  word	
  
“BICEP2”	
  in	
  the	
  abstract	
  are	
  336	
  by	
  Sep	
  23.	
  	
  	
  

•  Number	
  of	
  Cita3ons	
  of	
  the	
  BICEP2	
  B-­‐mode	
  
detec3on	
  paper	
  is	
  668	
  by	
  Sep	
  23.	
  	




Ques3ons	
  have	
  to	
  answer	
  are	


1)  Are	
  BICEP2	
  signals	
  really	
  primordial?	
  	
  	
  	
  
–  Foreground?	
  

2)  Does	
  B-­‐mode	
  really	
  mean	
  gravita3onal	
  wave?	
  
–  Vector	
  mode?	
  	
  	
  

3)  Are	
  BICEP2	
  tensor	
  perturba3ons	
  consistent	
  with	
  
PLANCK	
  temperature	
  anisotropies?	
  
–  Running	
  spectrum	
  index?	
  

4)  What	
  do	
  we	
  learn	
  about	
  infla3on?	
  	
  	
  
–  Large	
  field	
  infla3on?	
  	
  	
  



Q1)	
  Are	
  BICEP2	
  signals	
  really	
  primordial?	
  	
  	
  	
  
	
  	
  	
•  You	
  may	
  have	
  convinced…	
  but	
  

•  Galac3c	
  Loop?　Liu,	
  Mertsch,	
  Sarkar,	
  arXiv:1404.1899	
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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

(�))/�
⇤
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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,
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Q1)	
  Are	
  BICEP2	
  signals	
  really	
  primordial?	
  	


Modifica3on	
  of	
  the	
  abstract:	
  the	
  last	
  sentence	
  
•  Subtrac3ng	
  the	
  best	
  available	
  es3mate	
  for	
  
foreground	
  dust	
  modifies	
  the	
  likelihood	
  
slightly	
  so	
  that	
  r	
  =	
  0	
  is	
  disfavored	
  at	
  5.9σ.	
  

	
  
•  Accoun3ng	
  for	
  the	
  contribu3on	
  of	
  foreground,	
  
dust	
  will	
  shik	
  this	
  value	
  downward	
  by	
  an	
  
amount	
  which	
  will	
  be	
  beler	
  constrained	
  with	
  
upcoming	
  data	
  sets.	

	




Q1)	
  Are	
  BICEP2	
  signals	
  really	
  primordial?	
  	


•  Dust	
  is	
  the	
  issue	
  
– PLANCK	
  has	
  the	
  best	
  dust	
  polariza3on	
  sky	
  data	
  
– But	
  the	
  data	
  was	
  not	
  available	
  
–  In	
  BICEP2	
  paper,	
  a	
  Data	
  driven	
  dust	
  model	
  is	
  
constructed	
  from	
  “publically	
  available	
  Planck	
  data	
  
products”.	
  	
  What	
  are	
  these	
  products?	


Reconstruct	
  from	
  someone’s	
  slides	
  for	
  a	
  mee3ng!	
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Polarization angle

B field direction at 353 GHz, 1° resolution

Field direction consistent with B in MW plane
Field homogeneous over large regions with strong p (e.g. Fan)

lines: ψ rotated 90°
color: I353

mercredi 3 avril 13
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Polarization Fraction

Apparent polarization fraction (p) at 353 GHz, 1° resolution

p ranges from 0 to ~20%
Low p values in inner MW plane. Consistent with unpolarized CIB
Large p values in outer plane and intermediate latitudes

Not CIB subtracted

mercredi 3 avril 13



Q1)	
  Are	
  BICEP2	
  signals	
  really	
  primordial?	
  	


•  Dust:	
  	
  Flauger,	
  Colin,	
  Spergel	
  JCAP	
  08,	
  39	
  (2014)	
  arXiv:	
  1405.7351	
  
–  Reanalyze	
  the	
  Bicep2	
  results	
  and	
  show	
  that	
  the	
  data	
  are	
  
consistent	
  with	
  a	
  cosmology	
  with	
  r	
  =	
  0.2	
  and	
  negligible	
  
foregrounds,	
  but	
  also	
  with	
  a	
  cosmology	
  with	
  r	
  =	
  0	
  and	
  a	
  
significant	
  dust	
  polariza3on	
  signal.	
  	
  

–  Using	
  4	
  models	
  of	
  polariza3on:	
  (1)	
  data-­‐driven	
  models	
  
based	
  on	
  Planck	
  353	
  GHz	
  intensity,	
  (2)	
  the	
  same	
  set	
  of	
  pre-­‐
Planck	
  models	
  used	
  by	
  the	
  Bicep2	
  team	
  but	
  taking	
  into	
  
account	
  the	
  higher	
  polariza3on	
  frac3ons	
  observed	
  in	
  the	
  
CMB-­‐	
  and	
  CIB-­‐corrected	
  map,	
  (3)	
  a	
  measurement	
  of	
  
neutral	
  hydrogen	
  gas	
  column	
  density	
  combined	
  with	
  an	
  
extrapola3on	
  of	
  a	
  rela3on	
  between	
  HI	
  column	
  density	
  and	
  
dust	
  polariza3on	
  derived	
  by	
  Planck,	
  (4)	
  a	
  dust	
  polariza3on	
  
map	
  based	
  on	
  digi3zed	
  Planck	
  data	
  

Planck	
  Dust	
  Map	
  of	
  this	
  region	
  was	
  missing	
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•  Planck	
  Dust	
  Map	
  Paper:	
  arXiv:1409.5738	
  

Planck Collaboration: Dust polarization at high latitudes

Table 1: Properties of the large retained (LR) science regions described in Sect. 3.3.1. For each region, fsky is the initial sky fraction,
f

e↵
sky its value after point source masking and apodization, hI353i the mean specific intensity at 353 GHz within the region, in MJy sr�1,

and NH i the mean H i column density, in units of 1020 cm�2 (Kalberla et al. 2005). For the power-law fits in multipole `, we also list
the exponents ↵

EE

and ↵
BB

(Sect. 4.2), the �2 of the fits with fixed exponents ↵
EE

= ↵
BB

= �2.42, the value A

EE of the fitted DEE

`

amplitude at ` = 80 (in µK2
CMB at 353 GHz, Sect. 4.3), and the mean of the amplitude ratio

⌦
A

BB/AEE

↵
(see Sect. 4.4).

LR24 LR33 LR42 LR53 LR63 LR72

fsky . . . . . . . . . . . . . . . . . . . . . . 0.3 0.4 0.5 0.6 0.7 0.8
f

e↵
sky . . . . . . . . . . . . . . . . . . . . . . 0.24 0.33 0.42 0.53 0.63 0.72
hI353i . . . . . . . . . . . . . . . . . . . . . 0.068 0.085 0.106 0.133 0.167 0.227
NH i . . . . . . . . . . . . . . . . . . . . . . 1.65 2.12 2.69 3.45 4.41 6.05

↵
EE

. . . . . . . . . . . . . . . . . . . . . . �2.40 ± 0.09 �2.38 ± 0.07 �2.34 ± 0.04 �2.36 ± 0.03 �2.42 ± 0.02 �2.43 ± 0.02
↵

BB

. . . . . . . . . . . . . . . . . . . . . . �2.29 ± 0.15 �2.37 ± 0.12 �2.46 ± 0.07 �2.43 ± 0.05 �2.44 ± 0.03 �2.46 ± 0.02

�2
EE

(↵
EE

= �2.42, Ndof = 21) . . . 26.3 28.1 31.8 38.3 32.7 44.8
�2

BB

(↵
BB

= �2.42, Ndof = 21) . . . 18.9 14.0 21.1 22.1 15.4 21.9

A

EE (` = 80) . . . . . . . . . . . . . . . 37.5 ± 1.6 51.0 ± 1.6 78.6 ± 1.7 124.2 ± 1.9 197.1 ± 2.3 328.0 ± 2.8
⌦
A

BB/AEE

↵
. . . . . . . . . . . . . . . . . 0.49 ± 0.04 0.48 ± 0.03 0.53 ± 0.02 0.54 ± 0.02 0.53 ± 0.01 0.53 ± 0.01

Fig. 1: Masks and complementary selected large regions that re-
tain fractional coverage of the sky fsky from 0.8 to 0.3 (see details
in Sect. 3.3.1). The darkest blue is the CO mask, whose com-
plement is a selected region with fsky = 0.8. In increments of
fsky = 0.1, the retained regions can be identified by the colours
dark red (0.3) to dark blue (0.8), inclusively. Also shown is the
(unapodized) point source mask used.

3.3. Selection of regions

To measure the dust polarization power spectra with high S/N,
we select six large regions, the analysis regions of interest at
intermediate Galactic latitude, which have e↵ective coverage of
the sky from 24 to 72 % (see Sect. 3.3.1).6 For statistical studies
at high Galactic latitude, we compute spectra on a complete set
of smaller regions or patches (Sect. 3.3.2), similar in size to the
patches observed in typical CMB experiments.

3.3.1. Large regions

For selection of all of the large regions, we used the Planck

CO map from Planck Collaboration XIII (2014), smoothed to
a 5� resolution, to mask the sky wherever the CO line brightness

6 Although the selection process is similar to that in Planck
Collaboration XV (2014), there are di↵erences in detail.

ICO � 0.4 K km s�1.7 This mask is shown in Fig. 1. The com-
plement to this mask by itself defines a preliminary region that
retains a sky fraction fsky = 0.8.

We then mask the sky above successively lower thresholds
of I857 in the Planck 857 GHz intensity map, smoothed to a 5�
resolution, chosen such that together with the CO mask we select
five more preliminary regions that retain fsky from 0.7 to 0.3 in
steps of 0.1. These six regions are displayed in Fig. 1.

To avoid power leakage, these six masks are then apodized
by convolving with a 5� FWHM Gaussian which alters the win-
dow function by gradually reducing the signal towards the edges
of the retained regions and thus lowers the e↵ective retained sky
coverage. The f

e↵
sky value is simply defined as the mean sky cov-

erage of the window function map.
Finally, we mask data within a radius 2�beam of point

sources selected from the PCCS catalogue (Planck Collaboration
XXVIII 2014) at 353 GHz. The selected sources have S/N > 7
and a flux density above 400 mJy. Selection of spurious infra-
red sources in bright dust-emitting regions is avoided by using
contamination indicators of infrared cirrus listed in the PCCS
description (Planck Collaboration XXVIII 2014). This point-
source masking is done in order to prevent the brightest polar-
ized radio sources from producing ringing in the power spec-
trum estimation, while avoiding the removal of dust emitting re-
gions and their statistical contribution to the angular power spec-
tra. The details of this source selection will be presented in the
Planck 2014 release papers. The edges of the masks around point
sources were apodized with a 300 FWHM Gaussian, further re-
ducing the retained net e↵ective sky coverage.

In combination these masking and apodization procedures
result in six large retained (LR) regions, which we distinguish
hereafter using the percentage of the sky retained (the net e↵ec-
tive fractional sky coverages, f

e↵
sky , are listed in Table 1), e.g.,

LR72 for the largest region and LR24 for the smallest.
Table 1 also lists other properties of the regions, including

hI353i, the mean specific intensity at 353 GHz within the region

7 We use the CO (J = 1! 0) “Type 3” map, which has the highest
signal-to-noise ratio. At this resolution and for this map, the cut we
apply corresponds to S/N > 8.

6
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Fig. 8: Top: map in orthographic projection of the 150 GHz DBB

` amplitudes at ` = 80, computed from the Planck 353 GHz data,
extrapolated to 150 GHz, and normalized by the CMB expectation for tensor-to-scalar ratio r = 1. The colours represent the
estimated contamination from dust in rd units (see details in Sect. 5.3). The logarithm of the absolute value of rd for a 400 deg2 patch
is presented in the pixel on which the patch is centred. As described in Sect. 3.3.2, the patches overlap and so their properties are not
independent. The northern (southern) Galactic hemisphere is on the left (right). The thick black contour outlines the approximate
BICEP2 deep-field region (see Sect. 6). Bottom: associated uncertainty, �(rd).

their positions, sizes, shapes, and apodizations. In addition, be-
cause we found the amplitudes of the dust DBB

` spectra asso-
ciated with these patches based on a power-law fit, our esti-
mate does not take into account possible features in the power
spectra that might alter the precise value of dust contamination.
Nevertheless, there are clearly some patches that appear to be op-
timal, i.e. cleaner than the others. But it needs to be emphasized

that finding the cleanest areas of the polarized sky for primordial
B-mode searches cannot be accomplished accurately using the
Planck total intensity maps alone.

13
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Fig. 2: Planck HFI 353 GHz DEE

` (red, top) and DBB

` (blue, bottom) power spectra (in µK2
CMB) computed on three of the selected LR analysis

regions that have fsky = 0.3 (circles, lightest), fsky = 0.5 (diamonds, medium) and fsky = 0.7 (squares, darkest). The best-fit power laws in ` are
displayed for each spectrum as a dashed line of the corresponding colour. The Planck 2013 best-fit ⇤CDMDEE

` expectation (Planck Collaboration
XVI 2014) and the corresponding r = 0.2DBB

` CMB model are displayed as solid black lines; the rise for ` > 200 is from the lensing contribution.
In the lower parts of each panel, the global estimates of the power spectra of the systematic e↵ects responsible for intensity-to-polarization
leakage (Sect. 2.3) are displayed in di↵erent shades of grey, with the same symbols to identify the three regions. Finally, absolute values of the
null-test spectra anticipated in Sect. 2.3, computed here from the cross-spectra of the HalfRing/DetSet di↵erences (see text), are represented as
dashed-dotted, dashed, and dotted grey lines for the three LR regions.

8
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Fig. 9: Planck 353 GHz DBB

` angular power spectrum computed on MB2 defined in Sect. 6.1 and extrapolated to 150 GHz (box
centres). The shaded boxes represent the ±1� uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ⇤CDMDBB

` CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.

in Sects. 5.2 and 6.2. This indicates that MB2 is not one of the
outliers of Fig. 7 and therefore its dust B-mode power is well rep-
resented by its mean dust intensity through the empirical scaling
lawD / hI353i1.9.

These values of the DBB

` amplitude in the ` range of the pri-
mordial recombination bump are of the same magnitude as those
reported by BICEP2 Collaboration (2014b). Our results empha-
size the need for a dedicated joint analysis of the B-mode po-
larization in this region incorporating all pertinent observational
details of the Planck and BICEP2 data sets, which is in progress.

6.4. Frequency dependence

We complement the power spectrum analysis of the 353 GHz
map with Planck data at lower frequencies. As in the analysis
in Sect. 4.5, we compute the frequency dependence of the BB

power measured by Planck at HFI frequencies in the BICEP2
field, using the patch MB2 as defined in Sect. 6.1.

We compute on MB2 the Planck DBB

` auto- and cross-power
spectra from the three Planck HFI bands at 100, 143, 217, and
353 GHz, using the two DetSets with independent noise at each
frequency, resulting in ten angular power spectra (100 ⇥ 100,
100⇥143, 100⇥217, 100⇥353, 143⇥143, 143⇥217, 143⇥353,
217 ⇥ 217, 217 ⇥ 353, and 353 ⇥ 353), constructed by combin-
ing the cross-spectra as presented in Sect. 3.2. We use the same
multipole binning as in Sect. 6.3. To each of these DBB

` spectra,
we fit the amplitude of a power law in ` with a fixed exponent
↵BB = �0.42 (see Sect. 4.2). In Fig. 10 we plot these amplitudes
as a function of the e↵ective frequency from 143 to 353 GHz, in
units of sky brightness squared, like in Sect. 4.5. Data points at
e↵ective frequencies below 143 GHz are not presented, because

the dust polarization is not detected at these frequencies. An up-
per limit on the synchrotron contribution at 150 GHz from the
Planck LFI data is given in Appendix C.4.

We can see that the frequency dependence of the amplitudes
of the Planck HFI DBB

` spectra is in very good agreement with
a squared dust modified blackbody spectrum having �d = 1.59
and Td = 19.6 K (Planck Collaboration Int. XXII 2014). We note
that this emission model was normalized only to the 353 GHz
point and that no global fit has been performed. Nevertheless,
the �2 value from the amplitudes relative to this model is 4.56
(Ndof = 7). This shows that dust dominates in the specific MB2
region defined where these cross-spectra have been computed.
This result emphasizes the need for a dedicated joint Planck–
BICEP2 analysis.

7. Conclusions

We have presented the first nearly all-sky statistical analysis of
the polarized emission from interstellar dust, focussing mostly
on the characterization of this emission as a foreground contam-
inant at frequencies above 100 GHz. Our quantitative analysis of
the angular dependence of the dust polarization relies on mea-
surements at 353 GHz of the C

EE

` and C

BB

` (alternatively DEE

`

andDBB

` ) angular power spectra for multipoles 40 < ` < 500. At
this frequency only two polarized components are present: dust
emission; and the CMB, which is subdominant in this multipole
range. We have found that the statistical, spatial, and spectral
distribution properties can be represented accurately by a sim-
ple model over most of the sky, and for all frequencies at which
Planck HFI measures polarization.
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Fig. 10: Frequency dependence of the amplitude A

BB of the angular power spectrum DBB

` computed on MB2 defined in Sect. 6.1,
normalized to the 353 GHz amplitude (red points); amplitudes for cross-power spectra are plotted at the geometric mean frequency.
The square of the adopted dust SED, a modified blackbody spectrum with �d = 1.59 and Td = 19.6 K, is over-plotted as a black
dashed-line, again normalized to the 353 GHz point. The ±1� error area arising from the expected dispersion of �d, 0.11 for the
MB2 patch size (Sect. 2.2.1), is displayed in light grey.

– The angular power spectra C

EE

` and C

BB

` at 353 GHz are
well fit by power laws in ` with exponents consistent with
↵

EE,BB

= �2.42 ± 0.02, for sky fractions ranging from 24 %
to 72 % for the LR regions used.

– The amplitudes ofDEE

` andDBB

` in the LR regions vary with
mean dust intensity at 353 GHz, hI353i, roughly as hI353i1.9.

– The frequency dependence of the dust DEE

` and DBB

` from
353 GHz down to 100 GHz, obtained after removal of the
DEE

` prediction from the Planck best-fit CMB model (Planck
Collaboration XVI 2014), is accurately described by the
modified blackbody dust emission law derived in Planck
Collaboration Int. XXII (2014), with �d = 1.59 and Td =
19.6 K.

– The ratio between the amplitudes of the two polarization
power spectra is C

BB

` /C
EE

` = 0.53, which is not consistent
with current theoretical models.

– Dust DEE

` and DBB

` spectra computed for 352 high Galactic
latitude 400 deg2 patches satisfy the above general properties
at 353 GHz and have the same frequency dependence.

We have shown that Planck’s determination of the 353 GHz
dust polarization properties is una↵ected by systematic errors
for ` > 40. This enables us to draw the following conclusions
relevant for CMB polarization experiments aimed at detection
of primordial CMB tensor B-modes.

– Extrapolating the Planck 353 GHz DBB

` spectra computed
on the 400 deg2 circular patches at high Galactic latitude to
150 GHz shows that we expect significant contamination by
dust over most of the high Galactic latitude sky in the ` range
of interest for detecting a primordialDBB

` spectrum.

– Even for the cleanest of these regions, the Planck statistical
error on the estimate of DBB

` amplitude at ` = 80 for such
small regions is at best 0.17 (3�) in units of rd.

– Our results show that subtraction of polarized dust emission
will be essential for detecting primordial B-modes at a level
of around 0.1 or below.

– There is a significant dispersion of the polarizationDBB

` am-
plitude for a given dust total intensity. Choices of the cleanest
areas of the polarized sky cannot be made accurately using
the Planck total intensity maps alone.

– Component separation, or template cleaning, can best be
done at present with the Planck HFI 353 GHz data, but the
accuracy of such cleaning is limited by Planck noise in small
fields. Ground-based or balloon-borne experiments should
include dust channels at high frequency. Alternatively, if they
intend to rely on the Planck data to remove the dust emis-
sion, they should optimize the integration time and area so
as to have a similar signal-to-noise level for the CMB and
dust power spectra.

Turning specifically to the part of the sky mapped by the
BICEP2 experiment, our analysis of the MB2 region indicates
the following results.

– Over the multipole range 40 < ` < 120, the Planck 353 GHz
DBB

` power spectrum extrapolated to 150 GHz yields a value
1.32⇥10�2 µK2

CMB, with statistical error ±0.29⇥10�2 µK2
CMB

and a further uncertainty (+0.28,�0.24) ⇥ 10�2 µK2
CMB from

the extrapolation. This value is comparable in magnitude to
the BICEP2 measurements at these multipoles that corre-
spond to the recombination bump.

16



Q2)	
  Does	
  B-­‐mode	
  really	
  mean	
  
gravita3onal	
  wave?	
  

	
•  Two	
  independent	
  parity	
  modes	
  
– E	
  mode:	
  	
  Parity	
  even	
  /	
  Divergence	
  
– B	
  mode:	
  Parity	
  odd	
  /	
  Curl	
  (Rota3on)	
  

•  E-­‐mode	
  is	
  generated	
  by	
  density	
  fluctua3ons	
  
(scalar	
  perturba3ons).	
  

•  B-­‐mode	
  is	
  generated	
  by	
  vector	
  or	
  tensor	
  
perturba3ons	
  on	
  large	
  scales.	
  

•  E-­‐mode	
  can	
  be	
  converted	
  into	
  B-­‐mode	
  via	
  
gravita3onal	
  lensing	
  on	
  intermediate	
  scales	




Q2)	
  Does	
  B-­‐mode	
  really	
  mean	
  
gravita3onal	
  wave?	
  

	
•  Two	
  independent	
  parity	
  modes	
  
– E	
  mode:	
  	
  Parity	
  even	
  /	
  Divergence	
  
– B	
  mode:	
  Parity	
  odd	
  /	
  Curl	
  (Rota3on)	
  

•  E-­‐mode	
  is	
  generated	
  by	
  density	
  fluctua3ons	
  
(scalar	
  perturba3ons).	
  

•  B-­‐mode	
  is	
  generated	
  by	
  vector	
  or	
  tensor	
  
perturba3ons	
  on	
  large	
  scales.	
  

•  E-­‐mode	
  can	
  be	
  converted	
  into	
  B-­‐mode	
  via	
  
gravita3onal	
  lensing	
  on	
  intermediate	
  scales	




2 independent  

parity modes 

E-mode 

Divergence 

B-mode 

Curl/Rotation 

Seljak 



E-mode 

Seljak Scalar Perturbations only produce E-mode 



B-mode 

Tensor perturbations produce both E- and B- modes 



Q2)	
  Does	
  B-­‐mode	
  really	
  mean	
  
gravita3onal	
  wave?	
  

	
•  Two	
  independent	
  parity	
  modes	
  
– E	
  mode:	
  	
  Parity	
  even	
  /	
  Divergence	
  
– B	
  mode:	
  Parity	
  odd	
  /	
  Curl	
  (Rota3on)	
  

•  E-­‐mode	
  is	
  generated	
  by	
  density	
  fluctua3ons	
  
(scalar	
  perturba3ons).	
  

•  B-­‐mode	
  is	
  generated	
  by	
  vector	
  or	
  tensor	
  
perturba3ons	
  on	
  large	
  scales.	
  

•  E-­‐mode	
  can	
  be	
  converted	
  into	
  B-­‐mode	
  via	
  
gravita3onal	
  lensing	
  on	
  intermediate	
  scales	




Polariza3on	


•  Bolom	
  line	
  is	
  
– Polariza3on	
  can	
  be	
  generated	
  through	
  scalering	
  
of	
  photons	
  

– Quadrupole	
  anisotropy	
  of	
  photon	
  distribu3on	
  is	
  
needed	




Same 
Flux 

Same Flux 

Electron 

No-Preferred 
Direction 
UnPolarized 

Homogeneously Distributed Photons  

Incoming  
Electro-Magnetic 
Field 

scattering 



Strong 
Flux 

Weak Flux 

Electron 

Preferred 
Direction 
Polarized 

Photon Distributions with the Quadrupole Pattern  

Incoming  
Electro-Magnetic 
Field 

scattering 



Scalar	
  and	
  Tensor	
  Modes	


•  Perturba3ons	
  of	
  FRW-­‐metric	
  

•  Perturba3ons	
  can	
  be	
  decomposed:	
  	
  

ds2 = −(1+ 2A)dt2 − 2aBidtdx
i + a2 (δij + 2HLδij + 2HTij )dx

idx j

ds2 = −(1+ 2Ψ)dt2 + a2 (1+ 2Φ)dx2

ds2 = −dt2 + avidtdx
i + a2 (δij + ci, j + cj,i )dx

idx j

ds2 = −dt2 + a2 (δij + hij )dx
idx j

Scalar	
  

Vector	
  

Tensor	






C

C

C

C

H

H

H H

E-mode ONLY BOTH E-mode 
and B-mode

Rotation 
by 45 deg.



Temperature	
  
Distribu3on	

Polariza3on	
  
Distribu3on	


E	
  mode	
  from	
  
Gravita3onal	
  
Wave	


Gravita3onal	
  Wave	
  can	
  generate	
  both	
  E	
  and	
  B	
  modes	


E	
  mode	


E.	
  Komatsu	




Temperature	
  
Distribu3on	

Polariza3on	
  
Distribu3on	


B	
  mode	
  from	
  
Gravita3onal	
  
Wave	


Gravita3onal	
  Wave	
  can	
  generate	
  both	
  E	
  and	
  B	
  modes	


B	
  mode	


E.	
  Komatsu	




Vector	
  Mode	


•  The	
  Vector	
  mode	
  generates	
  mostly	
  B-­‐mode	
  
polariza3on	
  

•  However,	
  the	
  vector	
  mode	
  perturba3ons	
  from	
  
the	
  early	
  universe	
  are	
  decaying	
  modes	
  and	
  
damped	
  away	
  at	
  the	
  epoch	
  of	
  recombina3on	
  

•  Possibility:	
  	
  Generate	
  vector	
  modes	
  
akerwards,	
  such	
  as	
  Cosmic	
  Strings,	
  
Topological	
  Defects	
  and	
  modified	
  gravity	
  
theory	
  …	
  	
  	




Q2)	
  Does	
  B-­‐mode	
  really	
  mean	
  
gravita3onal	
  wave?	
  

	
•  Two	
  independent	
  parity	
  modes	
  
– E	
  mode:	
  	
  Parity	
  even	
  /	
  Divergence	
  
– B	
  mode:	
  Parity	
  odd	
  /	
  Curl	
  (Rota3on)	
  

•  E-­‐mode	
  is	
  generated	
  by	
  density	
  fluctua3ons	
  
(scalar	
  perturba3ons).	
  

•  B-­‐mode	
  is	
  generated	
  by	
  vector	
  or	
  tensor	
  
perturba3ons	
  on	
  large	
  scales.	
  

•  E-­‐mode	
  can	
  be	
  converted	
  into	
  B-­‐mode	
  via	
  
gravita3onal	
  lensing	
  on	
  intermediate	
  scales	




Temperature	


Temperature	


E-­‐mode	
  Polariza3on	


E-­‐mode	
  Polariza3on	


Poten3al	


B-­‐mode	
  Polariza3on	


Unlensed	


lensed	


Warping	
  of	
  the	
  polariza3on	
  field	
  generates	
  B-­‐modes	
  from　E-­‐modes	


Hu	
  and	
  Okamoto	
  2002	




hlp://bicep.caltech.edu/public/	


r=T/S=0.28	


Gravita3onal	
  	
  
Wave	


E	
  mode	


B	
  mode	




Detec3on	
  of	
  B-­‐mode	
  from	
  lensing	
  by	
  POLARBEAR	
  	
  	
  ariXiv:1403.2369	

20

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 0  500  1000  1500  2000  2500

l(l
+1

)C
lBB

/(2
�)

 (!
K2 )

Multipole Moment, ell
`

`
(`

+
1)

C

B
B

`
/
(2

⇡
)

(µ
K

2
)

Fig. 12.— Binned CBB
` spectrum measured using data from all three patches (⇠ 30 deg2). A theoretical wmap-9 ⇤CDM high-resolution

CBB
` spectrum with ABB= 1 is shown. The uncertainty shown for the band powers is the diagonal of the band power covariance matrix,

including beam covariance.

TABLE 8
Reported Polarbear band powers and the diagonal

elements of their covariance matrix

Central ` ` (`+ 1)CBB
` /2⇡ [µK2] �{` (`+ 1)CBB

` /2⇡} [µK2]
700 0.093 0.056

1100 0.149 0.117
1500 �0.317 0.236
1900 0.487 0.482

trum; including statistical uncertainty and beam covari-
ance, this PTE is 42%. Table 8 enumerates the band
powers reported here.

We fit the band powers to a ⇤CDM cosmological
model with a single ABB amplitude parameter. We find
ABB = 1.12 ± 0.61(stat)+0.04

�0.10(sys) ± 0.07(multi), where
ABB = 1 is defined by the wmap-9 ⇤CDM spectrum.
To calculate the lower bound on the additive uncertain-
ties on this number, we linearly add, in each band, the
upper bound band powers of all the additive systematic
e↵ects discussed in Section 7, and the uncertainty in the
removal of E to B leakage. We then subtract this possi-
ble bias from the measured band powers, and calculate
ABB . This produces a lower ABB , and sets the lower
bound of the additive uncertainty. We then repeat the

process to measure the upper bound. The multiplicative
uncertainties are the quadrature sum of all the multi-
plicative uncertainties discussed in Section 7.

The measurement rejects the hypothesis of no C

BB
`

from lensing with a confidence of 97.5%. This is calcu-
lated using the bias-subtracted band powers described
above (the most conservative values to use for rejecting
this null hypothesis), and integrating the likelihood of
ABB> 0.

9. SUMMARY & DISCUSSION

We have reported a measurement of the CMB’s B-
mode angular power spectrum, C

BB
` , over the multipole

range 500 < ` < 2100. This measurement is enabled by
the unprecedented combination of high angular resolu-
tion (3.50) and low noise that characterizes the Polar-
bear CMB polarization observations.

To validate the Polarbear measurement of this faint
signal, we performed extensive tests for systematic er-
rors. We evaluated nine null tests and estimated twelve
sources of instrumental contamination using a detailed
instrument model, and found that all the systematic un-
certainties were small compared to the statistical uncer-
tainty in the measurement. To motivate comprehensive
evaluation of the data set and prevent observer bias in

4

Fig. 1.— The three Polarbear patches overlaid on a full-sky
853GHz intensity map (Planck Collaboration 2013a). Patches were
chosen for low dust emission, overlap with other observations, and
to allow nearly continuous CMB observations from the James Ax
Observatory in Chile.

TABLE 1
The three Polarbear patch centers.

Patch RA Dec
RA4.5 4h40m12s -45�

RA12 11h53m0s -0�300

RA23 23h1m48s -32�480

For the remainder of the data, the observing horizon was
30�. The patches rise to a maximum elevation angle of
80�. To optimize sensitivity and linearity in changing
atmospheric loading, the detectors are re-biased every
hour. Before and after each re-bias we measure the rel-
ative gain of the detectors using both elevation nods (2�

modulations of the telescope elevation angle) and obser-
vation of a chopped 700�C thermal source visible through
a small hole in the secondary mirror. The chopping fre-
quency for the thermal source calibration is stepped be-
tween 4 and 44 Hz to simultaneously measure the detec-
tor time constant.

Observation of one patch is broken into 15 minute scans
at constant elevation, during which the telescope scans
back and forth in azimuth 3� at a speed of 0.75�/s on
the sky. The telescope then moves in azimuth and eleva-
tion to where the patch will be in 7.5 minutes, and the
constant elevation scan (CES) pattern is repeated.

In one CES there are approximately 200 constant-
velocity subscans – data obtained while not at constant
velocity are discarded for this analysis. Observing at con-
stant elevation allows scan-synchronous systematic sig-
nals, such as ground pick-up, to be removed from the
map with only a small loss of information.

The cold HWP is always stationary during observa-
tions. Over the first half of the season, the HWP was
stepped in angle by 11.25� every 1–2 days. During the
second half of the season the HWP was stepped in an-
gle only occasionally, as we worked to characterize the
HWP-dependent signals in the data. As described in
Section 4.4, the HWP was important in understanding
the polarization angles of the detectors, and provided
the ability to constrain the pixel-pair relative gain (see
Section 7.2.1).

3.3. Yield

Of the 1,274 optical TES bolometers in the Polar-
bear focal plane, 1,015 were able to be electrically bi-

ased and showed nominal optical response to astrophysi-
cal point sources. During observations, readout channels
that show anomalously high noise properties are turned
o↵ so that pathological noise e↵ects are not induced in
other detectors. Individual pixels are permanently ex-
cluded when they show no optical response, unaccept-
ably high di↵erential gain, or high variation in di↵eren-
tial gain. This leaves 810 bolometers that are used in
the reported measurement. Further data selection crite-
ria are described in Section 5.1.

4. CALIBRATION

As input to map-making and power spectrum estima-
tion, there are four primary instrument properties to be
modeled: individual detector pointing, thermal-response
calibration, polarization angle, and the instrument e↵ec-
tive beam. The models for these properties are described
in the following section. Uncertainties in these models
are evaluated in Section 7, and none are found to pro-
duce significant contaminant signals with respect to the
detected C

BB
` signal.

4.1. Pointing

A five-parameter pointing model (Mangum 2001) char-
acterizes the relationship between the telescope’s encoder
readings and its true boresight pointing on the sky. Of
the parameters described in this reference, Polarbear
uses IA, the azimuth encoder zero o↵set, IE, the el-
evation encoder zero o↵set, CA, the collimation error
of the electromagnetic axis, AN, the azimuth axis o↵-
set/misalignment (north-south) and AW, the azimuth
o↵set/misalignment (east-west). We experimented with
extending and modifying this parameter set, and did
not find substantial improvements to the model. The
pointing model is created by observing bright extended
and point-like millimeter sources that were selected from
known source catalogs (Wrobel et al. 1998; Murphy et al.
2010) to span a wide range in azimuth and elevation.
These pointing observations occurred several times per
week during observations. The best-fit pointing model
recovers the source positions for the sources that were
used to create it with an accuracy of 2500 RMS.

Individual detector beam o↵sets are determined rel-
ative to the boresight using raster scans across Saturn
and Jupiter. These beam o↵sets are then combined with
the boresight pointing model to determine the absolute
pointing of each bolometer. The o↵sets were typically
measured several times per week during observations
throughout the season, showing an RMS fluctuation of
less than 600 over time. The o↵sets show arcsecond-level
di↵erential pointing between the two detectors in a pixel,
which is shown to be a negligible contaminant in Sec-
tion 7.

The robustness of the pointing model is tested by fit-
ting the same model to various subsets of the point-
ing data separated by source, time, or environmental
conditions. Some systematic di↵erences were observed,
and we believe this indicates a problem with the point-
ing model that is not well-characterized by the residual
source position accuracy. As described in Section 7.1.3,
these systematic pointing uncertainties were simulated
and they were found to not create significant bias in C

BB
` .

However, the systematic uncertainties in our pointing

Small	
  patches.	
  	
  Reject	
  no-­‐lensing	
  at	
  97.5%.	
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made separately for each of the four boresight rotation angles,
for left-going and right-going scans, for each detector across
the 2010–11 data set. Each of these eight maps was then
cross-correlated with the temperature map from the five-year
WMAP W band data set (Hinshaw et al. 2009). The external
temperature map had the WMAP beams deconvolved and was
Gaussian-smoothed to the BICEP2 beam size before cross-
correlation. The offset that maximized the cross-correlation
was taken as a correction to the ideal detector pointing that
had been used in forming the single-detector map. From com-
parison among the eight maps for each detector, we estimate
that this procedure gives beam centers accurate to 20 rms. We
have simulated the effect of cosmological T E correlations as
a bias on the beam centers and find it well below 500. The
same beam-fitting procedure has been repeated with Planck
143 GHz maps (Planck Collaboration et al. 2013; Planck HFI
Core Team et al. 2011) instead of WMAP templates. The re-
sults are identical to within 1500 for all BICEP2 detectors.

When we compare the beam centers as fit from CMB maps
at different boresight rotation angles, we detect an offset in the
elevation direction of an average of 10. We interpret this offset
as an internal flexure of the focal plane assembly relative to
the cryostat shell and the telescope mount.

12. OBSERVING STRATEGY

The BICEP2 observing strategy is based on deep integration
in the region of the sky least contaminated by polarized fore-
grounds. The telescope spends 90% of its observing time on
this CMB field, and the other 10% on a secondary Galactic
field. These observations are grouped in schedules of three
sidereal days, including a six-hour cryogenic service period.
Within one three-day schedule the telescope scans in azimuth
at a fixed boresight angle—the orientation of the telescope
about its own axis. The details of the observing schedule have
been chosen to allow for control of possible systematics such
as drift in detector gain and ground-fixed signals.

12.1. Observing fields
BICEP2 spends most of its time observing the primary

CMB field centered at (RA = 0 hr, dec = -57.5�). This 1000-
degree2 field (2% of the sky) lies well away from the Galactic
plane, within a larger region known as the “Southern Hole”
where polarized foregrounds are expected to be especially
low. The BICEP2 field is the same one observed by BICEP1.
It was selected for its very low level of expected Galactic dust
emission, less than 1% of the sky median (Finkbeiner et al.
1999) as shown in Fig. 20. If the dust signal is polarized
at 5%, the resulting contamination of the B-mode signal at
150 GHz will be below r = 0.02. The faint synchrotron sig-
nal within the Southern Hole has not been well measured, but
a scaling of WMAP data at 23 GHz implies that the B-mode
contamination at 150 GHz is at a level similar to or below that
from dust (Nguyen et al. 2008).

The secondary BICEP2 field covers a part of the Galac-
tic plane centered at (RA = 15 : 42 hr, dec = -55.0�). Ob-
servations of this field are used for Galactic science objec-
tives (Bierman et al. 2011) and as a bright, partially polarized
source for use in instrument characterization.

These same two fields have also been observed by BI-
CEP129 and the Keck Array. Coverage of the same fields

29BICEP1 also observed a third field in a different part of the Galactic
plane. This field has not been covered by BICEP2 or the Keck Array.

CMB

Gal

0 5 10 15µKCMB

6 h 18 h

0 h

FIG. 20.— BICEP2 observing fields relative to the polarization amplitude
predicted from FDS (Finkbeiner et al. 1999) model 8, assuming a 5% polar-
ization fraction.
by the three experiments allows for consistency tests, cross-
calibrations on the bright Galactic signal, and the possibility
of achieving greater map depth by stacking CMB maps across
multiple experiments. The additional frequencies of BICEP1
and the Keck Array (beginning in the 2014 season) also give
spectral information needed to separate any foreground sig-
nals from the CMB.

12.2. Scan pattern
The telescope scans at 2.8�/s in azimuth, so that at an ele-

vation of 57.5� a signal with frequency f (in Hz) corresponds
to a multipole ` = 240 f . This sets the science band for the ex-
periment: 0.05–1 Hz for 20  ` 200 where the inflationary
B-mode signal is expected to peak, or 2.6 Hz for ` = 500.

Each scan spans 64.2� in azimuth, of which the central
56.4� (77.7% of the duration of the scan) is covered at uni-
form speed and is used for mapmaking. The region around
each turn-around is excluded from CMB analysis. The trajec-
tory of each scan was optimized at the time of BICEP2 deploy-
ment for a gain of 4% in the usable, central part of the scan
relative to BICEP1. The elevation is kept fixed as the tele-
scope executes 53 round-trip scans over a period of 46 min-
utes. During this single “scan set” the telescope scans back
and forth within fixed limits in azimuth, rather than continu-
ously tracking the sky. Each scan set is preceded and followed
by bracketing calibrations as described in §12.4, bringing the
total duration of each scan set up to 50 minutes.

At the end of each 50-minute scan set, the telescope steps
up by 0.25� in elevation and shifts the azimuth of the scan
center to follow the apparent motion of the field on the sky
before beginning the next scan set.

This scan pattern deliberately scans across a fixed range in
azimuth within each 50-minute observing block, rather than a
fixed range in right ascension. After 50 minutes the CMB has
drifted by 12.5� relative to the ground. Therefore, any pickup
of ground-fixed optical power, the magnetic field of the Earth
or nearby structures, scan-fixed thermal fluctuations, or scan-
fixed vibrational noise will all appear in the same locations
from scan to scan. This allows us to remove these signals
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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT
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Figure 4. BICEP2 data points with errors and the B-mode angular power spectra from SOSF’s,
choosing the values f10 such that the spectra pass respectively through the first (f10 = 0.215),
second (f10 = 0.130) and third (f10 = 0.070) data point. Also shown is the spectrum for f10 = 0.055.
Clearly, fitting the BICEP2 data purely with SOSF is impossible, since the spectra simply have the
wrong shape.

amplitude of the acoustic peaks. Note that this is not a MCMC best fit including defects

but just an addition of the defect component to the inflationary scalar component with

adjustment of solely the amplitude, while all other cosmological parameters are fixed to

the Planck best fit values. Nonetheless, these plots indicate very clearly that the Planck

temperature data does not favor a contribution from SOSF.

In Fig. 4 we attempt di↵erent fits to the B-mode BICEP2 data with only SOSF +

lensing. We fix f10 to 0.215, 0.130, 0.070 and 0.055 such that the curves pass successively

though the 1st, 2nd and 3rd BICEP2 data points. We also show the B-mode angular

spectrum for the case f10 = 0.055 (which does not pass though any of the BICEP2 points),

since as we mentioned before this represents the maximum fraction allowed by Planck

(at least for an O(4)-global texture). Clearly, no choice for f10 yields a good fit. The

data simply have a di↵erent shape and are much better fitted by an inflationary spectrum

(indicated with a black dotted line). Besides, even if we were able to somehow fit the B-

mode signal alone with SOSF, the required values for f10 are so big that clearly they would

be in tension with the temperature angular spectrum measured by Planck, as indicated by

Fig. 3.

In Fig. 5 we finally vary both r and f10 at the same time. On the left panels we vary

f10 for three given values of r, while in the right panels we vary r for three given values

of f10. The BICEP2 data show that a combination of an inflationary signal with r = 0.16

and f10 = 0.01 � 0.02 is a good fit to the data, alleviating the tension with Planck and

the deviation of three of the data points from BICEP2 at higher `’s. The presence of
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FIG. 2: B-mode polarization power spectra for textures (solid
red), semilocal strings (dashed black), and Abelian Higgs
strings (dot-dash blue). All the curves are normalized to make
the temperature spectra match the Planck ℓ = 10 value. We
see that all these types of topological defects predict similar
shapes in the BICEP2 data range 30 ! ℓ ! 300, though they
become different for ℓ > 300.

temperature anisotropies at ℓ = 10). The scalar B-mode
spectrum is the one inevitably produced by lensing of the
scalar E-modes. In the B-mode channel the string spec-
trum has a quite different shape to the inflationary ten-
sors, peaking towards smaller scales. Figure 2 shows the
B-mode polarization spectra for several classes of defects
(textures, semilocal strings, and Abelian Higgs strings
[21]), showing that they share the same general shape
in the multipole range of interest. We focus on cosmic
strings (using the Abelian Higgs model) as a specific ex-
ample for the remainder of this work.

We first attempt to match the cosmic string B-mode
spectrum to the BICEP2 data, showing the result in
the lower panel of Figure 3. It is clear that the defect
spectrum has the wrong shape, and could only match
the low-multipole data at ℓ < 100 by substantially over-
predicting the high multipole data (ℓ > 100). In detail,
we see that we need f10 ≃ 0.3 to generate the necessary
power at ℓ = 80, which in turn leads to a B-mode ampli-
tude which is a factor of about 5 too large at higher ℓ.
In addition, matching the low-multipole data requires

a fractional contribution to the total TT power spec-
trum at ℓ = 10 far larger than the maximum allowed
by Planck [13], as shown in the upper panel of Figure
3. We show the defect contributions to the temperature
spectrum as the blue-dotted curves, with the required
contributions to match the B-mode polarization ampli-
tude at ℓ = 80 as the highest blue-dotted curve (which
corresponds to f10 = 0.3). The solid back line is the best-
fit ΛCDM model, while the grey dashed line shows the
sum of the f10 = 0.3 string prediction with the Planck
best-fit ΛCDM model [22]. The model in which strings
match the B-mode polarization amplitude at ℓ = 80 is
clearly incompatible with the temperature data. Allow-
ing the parameters of the ΛCDM model to vary does not
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FIG. 3: Temperature (upper panel) and B-mode polarization
(lower panel) power spectra compared to the Planck temper-
ature and the BICEP2 B-mode polarization data. The black
curve in the upper panel is the best-fit ΛCDM model and
the blue dashed lines show the contribution from strings for
f10 = 0.3, 0.15, 0.06, and 0.03. The green-dotted curves in
the lower panel show the combined contribution from strings
and the lensing of the scalar perturbations, for the same val-
ues of f10 as in the upper panel. The lowest dotted curve, for
f10 = 0.03, shows roughly the maximal allowed contribution
from strings to the temperature power spectrum, given the
Planck data. The highest dotted curve, f10 = 0.3, matches
the BICEP2 B-mode polarization at ℓ = 80. The grey dashed
line is the sum of the f10 = 0.3 string prediction with the
Planck best-fit ΛCDM model. The thin solid red line in the
lower panel shows the combined contribution from the lensing
of scalar perturbations and textures, normalized to match the
ℓ = 80 BICEP2 data point.

help: the 95% upper limit from Planck is around 0.03 to
0.055 depending on the type of defect [13].

We can therefore immediately conclude that defects
do not provide an alternative to inflationary tensors in
explaining the observed data.

We can also use the B-mode data to constrain the con-
tribution of defects to the total anisotropy in a scenario
where both strings and inflationary gravitational waves
contribute significantly, as anticipated in Refs. [23, 24].
In fact, because the strings contribute more substantially
at higher multipoles than inflationary tensors do, a mod-
est admixture of defects improves the fit to the BICEP2
data; as seen in Fig. 4 a string fraction of around 0.04
would explain the excess signal at ℓ ≃ 200 (as an alterna-
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a high level of statistical significance. Closer inspection of the
best-fits shows that the change in �2 when dns/d ln k is included
as a parameter comes almost entirely from the low multipole
temperature likelihood. (The fits to the high multipole Planck
likelihood have a ��2 = �0.4 when dns/d ln k is included.) The
slight preference for a negative running is therefore driven by
the spectrum at low multipoles ` <⇠ 50. The tendency for nega-
tive running is partly mitigated by including the Planck lensing
likelihood (Eq. 62c).

The constraints on dns/d ln k are broadly similar if tensor
fluctuations are allowed in addition to a running of the spectrum
(Fig. 23) . Adding tensor fluctuations, the marginalized posterior
distributions for dns/d ln k give

dns/d ln k = �0.021 ± 0.011 (68%; Planck+WP), (63a)
dns/d ln k = �0.022 ± 0.010 (68%; Planck+WP+highL), (63b)
dns/d ln k = �0.019 ± 0.010 (68%; Planck+lensing

+WP+highL). (63c)

As with Eqs. (62a)–(62c) the tendency to favour negative run-
ning is driven by the low multipole component of the tempera-
ture likelihood not by the Planck spectrum at high multipoles.

This is one of several examples discussed in this section
where marginal evidence for extensions to the base ⇤CDM
model are favoured by the TT spectrum at low multipoles. (The
low multipole spectrum is also largely responsible for the pull of
the lensing amplitude, AL, to values greater than unity discussed
in Sect. 5.1). The mismatch between the best-fit base ⇤CDM
model and the TT spectrum at multipoles ` <⇠ 30 is clearly vis-
ible in Fig. 1. The implications of this mismatch are discussed
further in Sect. 7.

Beyond a simple running, various extended parameter-
izations have been developed by e.g., Bridle et al. (2003),
Shafieloo & Souradeep (2008), Verde & Peiris (2008), and
Hlozek et al. (2012), to test for deviations from a power-law
spectrum of fluctuations. Similar techniques are applied to the
Planck data in Planck Collaboration XXII (2014).

6.2.2. Tensor fluctuations

In the base ⇤CDM model, the fluctuations are assumed to
be purely scalar modes. Primordial tensor fluctuations could
also contribute to the temperature and polarization power spec-
tra (e.g., Grishchuk 1975; Starobinsky 1979; Basko & Polnarev
1980; Crittenden et al. 1993, 1995). The most direct way of
testing for a tensor contribution is to search for a magnetic-
type parity signature via a large-scale B-mode pattern in
CMB polarization (Seljak 1997; Zaldarriaga & Seljak 1997;
Kamionkowski et al. 1997). Direct B-mode measurements are
challenging as the expected signal is small; upper limits
measured by BICEP and QUIET give 95% upper limits of
r0.002 < 0.73 and r0.002 < 2.8 respectively (Chiang et al. 2010;
QUIET Collaboration et al. 2012)37.

Measurements of the temperature power spectrum can also
be used to constrain the amplitude of tensor modes. Although
such limits can appear to be much tighter than the limits from
B-mode measurements, it should be borne in mind that such lim-
its are indirect because they are derived within the context of a
particular theoretical model. In the rest of this subsection, we

37As discussed in Planck Collaboration II (2014) and
Planck Collaboration VI (2014), residual low-level polarization
systematics in both the LFI and HFI data preclude a Planck B-mode
polarization analysis at this stage.

will review temperature based limits on tensor modes and then
present the results from Planck.

Adding a tensor component to the base ⇤CDM model, the
WMAP 9-year results constrain r0.002 < 0.38 at 95% confidence
(Hinshaw et al. 2012). Including small-scale ACT and SPT data
this improves to r0.002 < 0.17, and to r0.002 < 0.12 with the
addition of BAO data. These limits are degraded substantially,
however, in models which allow running of the scalar spectral
index in addition to tensors. For such models, the WMAP data
give r0.002 < 0.50, and this limit is not significantly improved by
adding high resolution CMB and BAO data.

The precise determination of the fourth, fifth and sixth
acoustic peaks by Planck now largely breaks the degener-
acy between the primordial fluctuation parameters. For the
Planck+WP+highL likelihood we find

r0.002 < 0.11 (95%; no running), (64a)
r0.002 < 0.26 (95%; including running). (64b)

As shown in Figs. 21 and 23, the tensor amplitude is weakly cor-
related with the scalar spectral index; an increase in ns that could
match the first three peaks cannot fit the fourth and higher acous-
tic peak in the Planck spectrum. Likewise, the shape constraints
from the fourth and higher acoustic peaks give a reduction in
the correlations between a tensor mode and a running in the
spectral index, leading to significantly tighter limits than from
previous CMB experiments. These numbers in Eqs. (64a) and
(64b) are driven by the temperature spectrum and change very
little if we add non-CMB data such as BAO measurements. The
Planck limits are largely decoupled from assumptions about the
late-time evolution of the Universe and are close to the tightest
possible limits achievable from the temperature power spectrum
alone (Knox & Turner 1994; Knox 1995).

These limits on a tensor mode have profound implications
for inflationary cosmology. The limits translate directly to an up-
per limit on the energy scale of inflation,

V⇤ = (1.94 ⇥ 1016 GeV)4(r0.002/0.12) (65)

(Linde 1983; Lyth 1984), and to the parameters of “large-field”
inflation models. Slow-roll inflation driven by a power law po-
tential V(�) / �↵ o↵ers a simple example of large-field inflation.
The field values in such a model must necessarily exceed the
Planck scale mPl , and lead to a scalar spectral index and tensor
amplitude of

1 � ns ⇡ (↵ + 2)/2N, (66a)
r ⇡ 4↵/N, (66b)

where N is the number of e-foldings between the end of inflation
and the time that our present day Hubble scale crossed the infla-
tionary horizon (see e.g., Lyth & Riotto 1999). The 95% confi-
dence limits from the Planck data are now close to the predic-
tions of ↵ = 2 models for N ⇡ 50–60 e-folds (see Fig. 23).
Large-field models with quartic potentials (e.g., Linde 1982) are
now firmly excluded by CMB data. Planck constraints on power-
law and on broader classes of inflationary models are discussed
in detail in Planck Collaboration XXIV (2014). Improved lim-
its on B-modes will be required to further constrain high field
models of inflation.

6.2.3. Curvature

An explanation of the near flatness of our observed Universe
was one of the primary motivations for inflationary cosmol-
ogy. Inflationary models that allow a large number of e-foldings
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phenomenon known as Silk damping. Diffusion causes the
drop in power toward high ‘ and makes the power spec-
trum sensitive to the angular scale of the diffusion length,
!d. To second order in "mfp=", where "mfp is the photon
mean free path, the temperature fluctuations are suppressed
by exp ½"ð2rd="Þ2%, where the mean squared diffusion
distance at recombination is

r2d ¼ #2
Z a'

0

da

a3$TneH

!
R2 þ 16

15 ð1þ RÞ
6ð1þ R2Þ

"
; (1)

where ne is the number density of free electrons, $T is the
Thomson cross section, a' is the scale factor at recombi-
nation (defined below), and the factor in square brackets is
due to the directional and polarization dependence of
Thomson scattering [33,34]. Although Eq. (1) is only an
approximation to the diffusion length, it allows an analytic
understanding of the dependence of this diffusion length on
model parameters [22].
If we approximate a' as independent of H, then rd /

H"0:5. This is as expected for a random walk process: the
distance increases as the square root of time. Increasing H
(which happens when we increaseNeff) leads to smaller rd,
which would decrease the amount of damping. Why do we
see, in Fig. 1, the damping increase as Neff increases?
The answer has to do with how rs andDA change to keep

!s fixed despite the increased expansion rate. The comov-
ing sound horizon is given by

rs ¼
Z t'

0
csdt=a ¼

Z a'

0

csda

a2H
: (2)

Since rs / 1=H, it responds even more rapidly to changes
inH than is the case for rd. To keep !s fixed at the observed
value, DA must also scale as 1=H. Since DA decreases by
more than would be necessary to keep !d fixed, !d in-
creases, which means the damping is increased.
To look at it another way, if we knew DA perfectly, we

could use rs to determineH prior to recombination. But we
do not knowDA, largely because we do not know the value
of the cosmological constant, or more generally, the den-
sity of the dark energy as a function of the scale factor.
Instead, we can use the two scales together to form a ratio
that is sensitive to H, with no dependence on DA: !d=!s ¼
rd=rs / H0:5.
Does this explanation hold together quantitatively? To

demonstrate that what we are seeing in the power spectrum
actually is increased Silk damping (at fixed !s), we experi-
ment with also fixing !d as Neff increases. The bottom
panel of Fig. 1 shows how the angular power spectrum
responds to the same variations in Neff , only now taken at
constant !d as well. When we remove the !d variation, the
impact of the Neff variation almost entirely disappears. We
conclude that the variations we are seeing in the top panel
are indeed due to the impact of Neff on the amount of Silk
damping. A very similar demonstration was provided by
Ref. [23].
To keep !d fixed as Neff varies, we vary a parameter

whose sole impact is on the number density of electrons:
the primordial fraction of baryonic mass in helium, YP.
Even as early as times when 99% of the photons have yet
to last scatter, helium, with its greater binding energy
than hydrogen, is almost entirely neutral. Thus, ne ¼
Xeðnp þ nHÞ ¼ Xenbð1" YPÞ, where the first equality de-
fines Xe and we have kept nb (and thus %b) fixed. The limit
of integration in the above equations for rs and rd is only
slightly affected by changing YP, and thus rs is largely

FIG. 1 (color online). Top panel: WMAP and SPT power
spectrum measurements, and theoretical power spectra normal-
ized at ‘ ¼ 200. The black (central) curve is for the best-fit
!CDMþ Neff model assuming BBN consistency. The other
model curves are for Neff varying from 2 to 6, with %b, !s,
and zEQ held fixed. Larger Neff corresponds to lower power.
Central panel: Same as above, except normalized at ‘ ¼ 400,
where the ISW contribution is negligible. We see most of the
variation remains. Bottom panel: The same as the central panel,
except we vary YP to keep !d fixed. The lack of scatter in these
spectra compared to those in the middle panel demonstrates that
the effect of Neff on small-scale data is largely captured by its
impact on the damping scale. We can also begin to see more
subtle effects of the neutrinos, most noticeably a phase shift in
the acoustic oscillations [23].
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We explore the physical origin and robustness of constraints on the energy density in relativistic species

prior to and during recombination, often expressed as constraints on an effective number of neutrino

species, Neff . If the primordial helium abundance, YP, follows the prediction of the big bang nucleosyn-

thesis (BBN) theory, the constraint on Neff from current cosmic microwave background anisotropy data is

almost entirely due to the impact of the neutrinos on the expansion rate, and how those changes to the

expansion rate alter the ratio of the photon diffusion scale to the sound horizon scale at recombination. We

demonstrate that, as long as the primordial helium abundance is derived in a BBN-consistent manner, the

constraint on Neff degrades little after marginalizing over AeISW, the phenomenological parameter

characterizing the amplitude of the early Integrated Sachs-Wolfe (ISW) effect. We also provide a first

determination of AeISW. Varying the YP also changes the ratio of damping to sound horizon scales. We

study the physical effects that prevent the resulting near degeneracy between Neff and YP from being a

complete one and find that the early ISW effect does play a role in breaking this degeneracy. Examining

light-element abundance measurements, we see no significant evidence for the evolution of Neff and the

baryon-to-photon ratio from the epoch of BBN to decoupling. Finally, we consider measurements of the

distance-redshift relation at low to intermediate redshifts and their implications for the value of Neff .
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I. INTRODUCTION

High-resolution observations of the cosmic microwave
background (CMB) temperature anisotropy are providing a
precise measurement of the damping tail of CMB power
spectrum, shedding light on the physical conditions during
recombination and back into the radiation-dominated era.
Themeasurements have revealed somewhat less fluctuation
power at small angular scales than expected in the standard
cosmological model [1–4]. Many papers [3–9] have con-
sidered the possibility that this deficit of power is due to
extra (dark) relativistic species [10], such as nearlymassless
sterile neutrinos. Constraints are usually expressed in terms
of an effective number of neutrinos, Neff [11].

Note that these constraints apply to any weakly interact-
ing or noninteracting species that is relativistic at recom-
bination. Hypothesized additional species include sterile
neutrinos; sub-eV-mass axions as in, e.g., Ref. [12]; and
those arising in many other extensions of the standard
model, such as in Ref. [13].

Interest in the number of light degrees of freedom is
further stimulated by i) recent inferences of the primordial
helium abundance which are larger, and with larger un-
certainties than previous analyses [14–16], ii) evidence for
additional (sterile) neutrino species from laboratory-
produced neutrinos [17] and reactor-produced neutrinos
[18], and iii) a slight tension between determinations of
distance vs redshift at very low redshifts (essentially mea-
surements of H0 [19]) and those at low to intermediate
redshifts that use the baryon acoustic oscillation (BAO)

feature in the galaxy power spectrum as a CMB-calibrated
standard ruler [20,21].
Given this interest, and impending improvements to the

damping tail measurements from the SPT [4] (K11 here-
after) and the Planck satellite, a pedagogical exposition of
the impact of Neff on the CMB is quite timely. The relevant
physics is beautifully simple and deserves to be as well
(and as broadly) understood as the constraints on Neff from
BBN considerations. Focusing on the physics behind the
constraints also allows one to understand their more gen-
eral implications. The only important assumptions about
the relativistic degrees of freedom that go into the CMB
predictions are that their interactions are negligible and
they are massless.
Despite the analyses provided by Refs. [22,23], we find

that the mechanism for constraining Neff is not broadly
understood, and is in some cases misunderstood. The sen-
sitivity to Neff from high-resolution CMB observations is
due to the impact of the mean relativistic energy density on
the Universe’s expansion rate prior to (and during) the
epoch of photon-baryon decoupling. As we demonstrate
below, neutrino perturbations do not play a significant
role [24], nor do anisotropies induced after decoupling. To
study how much the early ISW effect plays a role in the
estimation of Neff , we introduce a phenomenological scal-
ing of its physical value by a parameter AeISW and examine
the constraints on Neff that follow from marginalizing over
AeISW.
The constraints on Neff are model dependent; there

are other ways to extend the standard cosmological model
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νrΛCDM–EC νΛCDM–CL νrΛCDM–ECL

∆Neff 0.93± 0.36 0.52 ± 0.27 0.81 ± 0.25

ms [eV] < 0.21 0.47 ± 0.14 0.47 ± 0.13

r 0.19± 0.04 – 0.22 ± 0.05

100Ωbh
2 2.265 ± 0.042 2.267 ± 0.027 2.279 ± 0.027

Ωch
2 0.130 ± 0.005 0.120 ± 0.005 0.125 ± 0.004

100θMC 1.040 ± 0.001 1.041 ± 0.001 1.041 ± 0.001

τ 0.100 ± 0.015 0.096 ± 0.014 0.097 ± 0.014

ln(1010As) 3.132 ± 0.033 3.102 ± 0.030 3.112 ± 0.030

ns 0.996 ± 0.017 0.982 ± 0.012 0.998 ± 0.010

h 0.73± 0.04 0.70 ± 0.01 0.72 ± 0.01

S8 0.89± 0.03 0.81 ± 0.01 0.81 ± 0.01

TABLE II. Parameter constraints (68% confidence level) with various model and data assumptions. Note that the νΛCDM-CL
case is in a different, no tensor model, context than the others which affects parameter interpretations.

FIG. 1. Early Universe tension and neutrinos. In the νrΛCDM
parameter space the EC data set favors ∆Neff> 0 in order to offset
the excess large angle temperature anisotropy implied by the high
tensor-scalar ratio r (68%, 95% contours here and below). This in
turn is driven by the degeneracy between ∆Neff and ns illustrated
in Fig. 2. In brief, gravitational waves add power at low ℓ, requiring
larger ns to compensate. Larger ns then requires larger ∆Neff to
agree with the higher-ℓ CMB.

II. RESULTS

We begin by discussing the tension introduced by the
BICEP2 data in the EC data set in the rΛCDM model
and its alleviation in the νrΛCDM space independently
of the CL data.
In Fig. 1 we show the two dimensional r−∆Neff pos-

terior for the EC data and the νrΛCDM model. Note
in particular that r ∼ 0.2 would favor a fully populated
∆Neff∼ 1 extra neutrino state, while ∆Neff= 0 is sig-
nificantly disfavored (at 2.6σ once r is marginalized, see
Tab. II). The origin of this preference is exposed by ex-
amining the ns−∆Neff plane in Fig. 2. Extra neutrino
energy density at recombination allows a higher tilt and

FIG. 2. In the νrΛCDM parameter space the EC data set allows
a positive change in the tilt when ∆Neff is increased explaining
the mechanism by which the large angle temperature anisotropy is
reduced.

hence removes excess power in the low multipole tem-
perature anisotropy. For example changing ns from 0.96
to 1 reduces the amount of power at k = 0.002 Mpc−1

relative to 0.05 Mpc−1 by 0.88, a reduction comparable
to the amount of temperature power added by tensors
when r = 0.2.
This change simultaneously relaxes the CMB-ΛCDM

upper bound on H0, as can be seen in Fig. 3. Extra
neutrino energy density at recombination changes the
amount of time sound waves propagate in the CMB-
baryon plasma and hence the standard ruler for CMB
and BAO distance measures.
Note that the EC data set does not incorporate late

Universe measurements of H0 or S8. It is therefore in-
teresting to compare the posterior probability of these
parameters with the actual measurements before com-
bining them into a joint likelihood. In Fig. 4, we show
these distributions from the νrΛCDM-EC analysis. Pre-
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Infla3on	
  is	
  the	
  most	
  plausible	
  
explana3on!	
  

Simplest	
  Infla3on,	
  i.e.,	
  single	
  scalar	
  field,	
  
can	
  work	


If	
  BICEP2	
  B-­‐mode	
  polariza3on	
  is	
  primordial	




Q4)	
  What	
  do	
  we	
  learn	
  about	
  infla3on?	


•  Energy	
  Scale	
  of	
  inflaton	
  poten3al	
  suggests	
  the	
  
Grand	
  Unified	
  Theory	
  (GUT)	
  Scale	
  

•  Evidence	
  of	
  Large	
  Field	
  Infla3on	
  
•  Consistency	
  Rela3on?	
  



Inflation
 : a phase of the exponential expansion.

Inflation can solve the horizon 
and flatness problems.

V �⇥ = H
2�

One way to realize the inflation is the slow-
roll inflation. 

Infla3on	

•  Exponen3al	
  expansion	
  to	
  solve	
  horizon	
  and	
  
flatness	
  problems.	
  	
  	
  

•  Slow	
  Roll	
  of	
  a	
  scalar	
  field	
  (Inflaton)	
  causes	
  
infla3on	
  

•  Quantum	
  Fluctua3ons	
  
	
  	
  	
  	
  of	
  inflaton	
  δφ generate	
  
	
  	
  	
  	
  density	
  fluctua3ons	
  
	
  	
  	
  	
  (seeds	
  of	
  structure)	


F.	
  Takahashi	




Scalar	
  mode	


•  Fluctua3ons	
  are	
  induced	
  by	
  3me	
  shik	
  due	
  to	
  
inflaton’s	
  quantum	
  fluctua3ons	
  

Inflation
 : a phase of the exponential expansion.

Inflation can solve the horizon 
and flatness problems.

V �⇥ = H
2�

One way to realize the inflation is the slow-
roll inflation. 

ds2 = −(1+ 2Ψ)dt2 + a2 (1+ 2Φ)dx2

Ψ ~ δρ
ρ HC

~ Hδt ~ H δφ
φ
~ H

2

φ
~ V 3/2

"VM 3
PL

δφ =
H
2π

H 2 =V / 3M 2
PL

φ ≈ "V / 3H = "VMPL /V
1/231/2

Friedmann	
  Eq.	


Slow	
  Roll	
  Condi3on	


φ +3H φ + !V = 0
Slow	
  Roll	


F.	
  Takahashi	




Tensor	
  Mode	


n  Fluctua3ons	
  of	
  graviton!	


hij =
δφ
MP

~ H
MP

~ V 1/2

M 2
P

ds2 = −dt2 + a2 (δij + hij )dx
ij
Tensor mode

It is due to fluctuations of 
graviton itself.

h+	


hx	




Observa3on	
  and	
  Theory	


•  Ini3al	
  Scalar	
  mode	
  
	
  
•  Ini3al	
  Tensor	
  mode	

PS (k) = AS (k / k0 )

ns−1

PT (k) = AT (k / k0 )
nT

AS =V
3 / 2 3 !V 2

nS =1+ 2 !!V /V −3( !V /V )2

r = 8( !V /V )2

nT = −( !V /V )2

Observables	
  &	
  Poten3al	
  V	
  	


Observables	

AS,nS,AT ,nT

AS,nS, r ≡ AT / AS,nT
or	


MPL =1Here	
  take	


4	
  Observables	
  and	
  	
  
3	
  parameters	
  V,	
  V’,	
  V’’	


One	
  Consistency	
  Rela3on	
  e.g.,	
  
nT=-­‐r/8	




BICEP2	
  Observa3on	
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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT

r = 0.20−0.05
+0.07
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Impact	
  on	
  Infla3on	

•  Knowing	
  AT,	
  nT,	
  r,	
  one	
  can	
  determine	
  all	
  V,	
  V’,	
  V’’	
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Unifica3on	
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Large	
  Field	
  Infla3on!	

•  During	
  Infla3on,	
  inflaton	
  excursion	
  should	
  
exceed	
  the	
  Planck	
  Scale	
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Various large-field inflation models

Quadratic chaotic inflation
Linde `83

-4 -2 2 4
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2.0Natural inflation Freese et al, `90

Various large-field inflation models

Quadratic chaotic inflation
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Some	
  of	
  Large	
  Field	
  Infla3on	
  Models	


•  Quadra3c	
  Chao3c	
  Infla3on	
  	
  	
  Linde	
  1983	
  

•  Natural	
  Infla3on	
  	
  	
  Freese	
  et	
  al.	
  1990	
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Consistency	
  Rela3on	

•  4	
  Observables:	
  nS,	
  As,	
  r,	
  nT	
  
•  3	
  Parameters:	
  V,V’,V’’	


Consistency	
  Rela3on	
  
e.g.,	
  nT=-­‐r/8	
  	


How	
  accurate	
  can	
  we	
  determine	
  nT?	

ü Fine	
  angular	
  resolu3on	
  is	
  needed	
  
ü Need	
  to	
  clean	
  Lensing	
  B-­‐mode	
  
	
  	
  	
  	
  	


Dodelson	
  arXive:1403.6310	


In	
  the	
  lek	
  panel,	
  95%	
  of	
  the	
  
lensing	
  signal	
  is	
  removed.	
  
If	
  one	
  can	
  measure	
  l	
  up	
  to	
  500,	
  	
  
Signal	
  to	
  Noise	
  Ra3o	
  can	
  be	
  as	
  
large	
  as	
  3	
  for	
  r=0.2,	
  but	
  1.3	
  for	
  
r=0.1.	
  	
  	
  	
  
	


Proof	
  of	
  Infla3on	




Can	
  we	
  directly	
  detect	
  Gravita3onal	
  
Wave	
  by	
  Interferometer	
  Experiment?	

•  Next	
  (or	
  Next	
  Next)	
  genera3on	
  space	
  
interferometer	
  is	
  needed.	
  

•  It	
  is	
  possible	
  to	
  directly	
  detect	
  gravita3onal	
  
wave!	
  	
  

•  One	
  has	
  a	
  chance	
  to	
  measure	
  the	
  rehea3ng	
  
temperature	
  from	
  the	
  experiment	
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10−5 and the WMAP cosmological parameters h = 0.732,
Ωm = 0.241, and ΩΛ = 0.759 [40]. The particles we as-
sume are listed in Table I of Ref. [22]. Here, we con-
sider only particles in the standard model and do not
include SUSY particles or any other exotic particles. In-
cluding SUSY particles would double g∗ at above the TeV

scale and ΩGW,0(∝ g−1/3
∗,hc ) would decrease by a factor of

2−1/3 ≃ 0.8 [41].

IV. SPECTRUM OF PRIMORDIAL
GRAVITATIONAL WAVES FROM INFLATION

Before showing our numerical results, we briefly de-
scribe details of the numerical calculation method. We
first compute the background equations for the Hubble
rate using the procedure described in Sec. III, and then
substitute it into the evolution equation of gravitational
waves, Eq. (4), presented in Sec. II. Note that this equa-
tion is obtained by neglecting the anisotropic stress term,
which can be set to zero when neutrinos do not induce an
anisotropic stress. We take into account the contribution
of the neutrino anisotropic stress by using Eq. (C1) after
the time of neutrino decoupling.

For the calculation of the Hubble rate, we use Eqs.
(24),(25) and (26) during inflation and reheating. Then
we switch to Eq. (34) at the point when the Universe
becomes well dominated by radiation, H ∝ a−2. The
e-folding number of inflation, corresponding to the pivot
scale, is chosen in order to ensure smooth connection to
the present Hubble rate. We obtain its exact value by
iteratively solving the equations for inflation and reheat-
ing.

We start the calculation for each gravitational wave
mode from a point where the mode is well inside the
horizon. The initial condition of the mode is set to oscil-
late with the amplitude given in Eq. (5). Then we solve
the evolution of the gravitational waves for each mode
using Eq. (2) and the evolution of the Hubble rate. Af-
ter the mode has reentered into the horizon and again
begun to oscillate rapidly, we replace its evolution with
the WKB solution of Eq. (7) since it would be time con-
suming to treat the oscillations numerically. Note that
we also use the WKB solution even when the neutrino
anisotropic stress is taken into account because the effect
is negligible if k ≫ aH (see Appendix C). Finally, we
compute the spectrum according to Eq. (8).

A. Chaotic inflation

First, we consider the case where the scalar field has a
quadratic potential,

V (φ) =
1

2
m2φ2. (35)

We used the normalization of the scalar perturbations
which is derived by combining the constraints from recent

FIG. 1: The spectrum of the gravitational wave background
generated during inflation with a quadratic potential V =
mφ2/2, versus the gravitational frequency f0 = k/2π[Hz].
The black-line spectrum includes the effects of g∗ changes
and the neutrino anisotropic stress, and the light gray one
does not. Two lines are shown to compare our numerical re-
sult with theoretical prediction: the dotted curve represents a
scale-invariant spectrum and the dashed line is the spectrum
predicted under the slow-roll approximation, which is plotted
according to Eq. (22) with the spectral index nT (kpivot) =
−1.76×10−2 and its running αT (kpivot) = −3.11×10−4. The
shaded area corresponds to the spectrum due to quantum zero
point fluctuations (see Sec. IVA).

observations [42],

PS,prim(kpivot = 0.05Mpc−1) = (2.45 ± 0.23)× 10−9.
(36)

This fixes the value of the scalar field mass to be m =
1.64× 1013GeV. The decay rate is set to be Γ = 10−2m.

Figure 1 shows the result of our numerical calculation.
In the lower frequency region, we see a well-known char-
acteristics of the spectrum as described in Sec.II – that is
the change of the frequency dependence of the spectrum
(ΩGW ∝ k−2 to k0) at around 10−17Hz, which corre-
sponds to the horizon scale at matter-radiation equality.
At frequencies above 10−17Hz, the spectrum shows some
interesting structural features, which we will focus on for
the remainder of this paper.

Let us first discuss the effect of inflation by paying at-
tention to the tilt of the spectrum. For comparison with
previous works, we plotted the Taylor-expanded spec-
trum derived in the slow-roll regime (Eq. (22)). Note
that, when comparing with the spectrum of g∗ = const
and Πij = 0, our calculation is in good agreement around
the pivot wavenumber kpivot = 0.05Mpc−1 which corre-
sponds to f0 ≃ 10−16.1Hz. On the other hand, we see
deviations from the Taylor-expanded spectrum at fre-
quencies above about 10−5Hz, which includes the fre-
quency bands of LISA [12] and DECIGO/BBO [13, 14].
This is because the Taylor expansion around the pivot

FIG. 1: Spectra of the gravitational wave background for different inflation models, shown with

the sensitivity curves of DECIGO (dotted) and BBO (solid). The spectra are calculated assuming

TRH = 107GeV. The cases of TRH = 106GeV and 108GeV are also plotted assuming the quadratic

potential model. Note that the spectrum lines mean the time-averaged value of ΩGW.

where the slow-roll parameter is defined as ϵ ≡ m2
Pl/(16π)(V

′/V )2|kCMB=aH . The reheating

temperature is set as TRH = 109GeV which is so high that the suppression does not arise

at the detection frequency. As is clear from the comparison between m2φ2 and λφ4 model,

the amplitude of the gravitational wave at the direct detection scale is not proportional to

the tensor-to-scalar ratio r because the tilt of the spectrum nT ≃ −2ϵ and the higher order

terms of the Taylor-expansion becomes important when connecting the two different scales

[34]. This is prominent in models which predict larger r.

For DECIGO, the inflationary gravitational background could be detected with SNR≥ 3

if the inflation model is chaotic inflation with TRH ! 107GeV. For BBO, the inflationary

gravitational background could be detected with SNR≥ 5 if the inflation model is chaotic

inflation with TRH ! 2 × 106GeV or natural inflation with f ! mPl and TRH ! 107GeV.

Therefore, from the contraposition, if DECIGO does not detect the inflationary gravita-

tional wave background, the chaotic inflation model will be excluded unless the reheating

temperature is lower than 107GeV. The same argument holds for BBO except that it can

apply to natural inflation.

10

TR=2x1014GeV	
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FIG. 3: The spectrum for different values of the reheating
temperature for chaotic inflation. The lightest gray spectrum
is the same as shown in Fig. 1, i.e. the decay rate is set to be
Γ = 10−2m which corresponds to TRH ≃ 2 × 1014GeV. The
dark gray one shows the case of TRH ≃ 109GeV and the black
one shows the case of TRH ≃ 106GeV.

TRH < 106 − 109GeV [44]. As we discussed in the previ-
ous subsection, the reheating temperature determines the
characteristic frequency of the feature induced by reheat-
ing, so that different reheating temperatures are expected
to result in different spectrum shapes. Here, we consider
the case of TRH = 109GeV and 106GeV, which corre-
sponds to the decay rate Γ ≃ 2×10−11m and 2×10−17m.
The calculation is carried out with the same condition as
that of quadratic chaotic inflation except the value of the
decay rate.

Shown in Fig. 3 is a comparison of the spectrum at
different reheating temperatures. It can be seen that
each spectrum has the k−2 dependence due to the re-
heating effect, although their length are quite different.
This is because a lower decay rate makes the reheating
time longer. Note that the edge at the frequency which
corresponds to the reheating temperature shifts to lower
frequencies as the reheating temperature decreases. This
behavior is consistent with the estimation from Eq. (37)
that the corresponding frequencies for TRH = 106GeV
and 109GeV are 10−2Hz and 101Hz which will be cov-
ered by DECIGO/BBO. It is an exciting possibility to
determine the reheating temperature of the Universe by
these experiments [45, 46].

C. Application to other inflation models

We also repeat the calculations for other inflation mod-
els: λφ4, new inflation, and hybrid inflation. In each case,
we adopt the same normalization as in Eq. (36) and set
the decay rate to be Γ = 10−2m̄, where m̄ is the effective

FIG. 4: The spectrum for different inflation potentials.
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Figure 4: Signal-to-noise ratio vs. reheating temperature calculated for chaotic with quadratic potential and natural inflation
with f = 10Mpl. The upper panel shows the SNR for DECIGO and the lower panel is for BBO. The gray region shows the
1σ uncertainty in the normalization ∆2

R = (2.xxx+0.0xx
−0.0xx) × 10−9 from Planck, which is used to determine the energy scale of

inflation.

where f̂ = 2πLf . In the case of BBO, the arm length is L = 5.0 × 104km and noise functions are Sshot = 2.0 ×
10−34/L2Hz−1 and Saccel = 9.0 × 10−34/(2πf)4/(2L)2Hz−1.

In Fig. 4, we show the SNR for cross-correlation analysis expected with 10-year observation by DECIGO and
BBO.1 The SNR decreases significantly when the reheating temperature TRH is lower than 107GeV because of the
suppression due to the matter-dominated stage during the reheating phase (Eq. 35). In Table I, we present the
tensor-scalar-ratio r at k =??Mpc, the amplitude of the gravitational wave ΩGW at f = 0.2Hz, and the signal-to-noise
ratio in DECIGO and BBO for each inflation model with the reheating temperature TRH = 109GeV. We find that
these models satisfy the recent measurement of r by BICEP2: r = 0.20+0.07

−0.05 (or r = 0.16+0.06
−0.05 after subtracting dust

models) [12].
We find that DECIGO (BBO) could detect the primordial gravitational waves from chaotic/natural inflation with

3σ if the reheating temperature is larger than 107 GeV (2×106 GeV). BBO could even detect with 5σ if the reheating
temperature is larger than 3 × 106 GeV. .

1 These SNRs are slightly larger than those in [31] by a factor (220/106.75)1/3 ≃ 1.3 because we consider the standard model particles
only and take g∗,RH = 106.75 rather than g∗,RH = 220 there.

Forecast	
  for	
  	
  
Future	
  GW	
  
experiment	
  
(10yr	
  obs.)	




Summary	

•  Dust	
  (foreground)	
  or	
  Primordial	
  is	
  not	
  yet	
  clear	
  
– Wait	
  Planck	
  polariza3on	
  paper,	
  Nov.	
  2014	
  
–  BICEP2	
  and	
  Planck	
  cross	
  correla3on	
  	
  	
  

•  If	
  BICEP2	
  B-­‐mode	
  Polariza3on	
  is	
  not	
  foreground	
  origin,	
  
it	
  means	
  
–  Detec3on	
  of	
  	
  Gravita3onal	
  Wave	
  (Tensor)	
  
– Measurement	
  of	
  Tensor-­‐Scalar	
  Ra3on	
  r	
  

•  Implica3ons	
  on	
  Cosmology	
  are	
  
–  Running	
  Spectral	
  Index	
  or	
  Neff~4	
  (Dark	
  Radia3on?)	
  
–  GUT	
  scale	
  Infla3on	
  V~2x1016GeV	
  
–  Large	
  Field	
  Infla3on	
  φ>	
  9MPL	
  

•  Future	
  
–  If	
  r=0.2,	
  the	
  consistency	
  rela3on	
  can	
  be	
  checked	
  by	
  an	
  all	
  
sky	
  fine	
  resolu3on	
  experiment	
  as	
  a	
  prove	
  of	
  Infla3on	
  

–  Direct	
  measurement	
  of	
  gravita3onal	
  wave	
  by	
  space	
  
interferometer	
  is	
  feasible.	
  	



