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We present results from an analysis of all data taken by the BICEP2/Keck CMB polarization
experiments up to and including the 2015 observing season. This includes the first Keck Array obser-
vations at 220 GHz and additional observations at 95 & 150 GHz. The Q/U maps reach depths of 5.2,
2.9 and 26 puKcys arcmin at 95, 150 and 220 GHz respectively over an effective area of ~ 400 square
degrees. The 220 GHz maps achieve a signal-to-noise on polarized dust emission approximately equal
to that of Planck at 353 GHz. We take auto- and cross-spectra between these maps and publicly
available WMAP and Planck maps at frequencies from 23 to 353 GHz. We evaluate the joint likeli-
hood of the spectra versus a multicomponent model of lensed-ACDM+r+dust+synchrotron+noise.
The foreground model has seven parameters, and we impose priors on some of these using external
information from Planck and WMAP derived from larger regions of sky. The model is shown to
be an adequate description of the data at the current noise levels. The likelihood analysis yields
the constraint ro.05 < 0.07 at 95% confidence, which tightens to r9.05 < 0.06 in conjunction with
Planck temperature measurements and other data. The lensing signal is detected at 8.8c signifi-
cance. Running maximum likelihood search on simulations we obtain unbiased results and find that
o(r) = 0.020. These are the strongest constraints to date on primordial gravitational waves.
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PACS numbers: 98.70.Vc, 04.80.Nn, 95.85.Bh, 98.80.Es

Introduction.—It is remarkable that our standard
model of cosmology, known as ACDM, is able to statis-
tically describe the observable universe with only six pa-
rameters (tensions between high and low redshift probes
notwithstanding [1]). Observations of the cosmic mi-
crowave background (CMB) [2] have played a central
role in establishing this model and now constrain these
parameters to percent-level precision (see most recently
Ref. [3]).

The success of this model focuses our attention on the
deep physical mysteries it exposes. Dark matter and dark
energy dominate the present-day universe, but we lack
understanding of both their nature and abundance. Per-
haps most fundamentally, the standard model offers no
explanation for the observed initial conditions of the uni-
verse: highly uniform and flat with small, nearly scale-
invariant, adiabatic density perturbations. Inflation is
an extension to the standard model that addresses initial
conditions by postulating that the observable universe
arose from a tiny, causally-connected volume in a pe-
riod of accelerated expansion within the first fraction of
a nanosecond, during which quantum fluctuations of the
spacetime metric gave rise to both the observed primor-
dial density perturbations and a potentially-observable
background of gravitational waves (see Ref. [4] for a re-
cent review and citations to the original literature).

Probing for these primordial gravitational waves
through the faint B-mode polarization patterns that they
would imprint on the CMB is recognized as one of the
most important goals in cosmology today, with the poten-
tial to either confirm inflation, and establish its energy
scale, or to powerfully limit the space of allowed infla-
tionary models [5]. Multiple groups are making mea-
surements of CMB polarization, some focused on the
gravitational wave goal at larger angular scales, and oth-
ers focused on other science at smaller angular scales—
examples include [6-9].

In principle B-mode polarization patterns offer a
unique probe of primordial gravitational waves because
they cannot be sourced by primordial density perturba-
tions [10-12]. However, in practice there are two sources
of foreground: gravitational deflections of the CMB pho-
tons in flight leads to a lensing B-mode component [13],
and polarized emission from our own galaxy can also pro-
duce B-modes. The latter can be separated out through
their differing frequency spectral behavior, so extremely
sensitive multi-frequency observations are needed to ad-
vance the leading constraints on primordial gravitational
waves.

Our BICEP/Keck program first reported detection
of an excess over the lensing B-mode expectation at
150 GHz in Ref. [14]. In a joint analysis using multi-
frequency data from the Planck experiment it was shown
that most or all of this is due to polarized emission from
dust in our own galaxy [15, hereafter BKP]. We first

started to diversify our own frequency coverage by adding
data taken in 2014 with Keck Array at 95 GHz, yielding
the tightest previous constraints on primordial gravita-
tional waves [16, hereafter BK14].

In this letter [hereafter BK15], we advance these con-
straints using new data taken by Keck Array in the 2015
season including two 95 GHz receivers, a single 150 GHz
receiver, and, for the first time, two 220 GHz receivers.
This analysis thus doubles the 95 GHz dataset from two
receiver-years to four, while adding a new higher fre-
quency band that significantly improves the constraints
on the dust contribution over what is possible using the
Planck 353 GHz data alone. The constraint on primor-
dial gravitational waves parametrized by tensor to scalar
ratio r is improved to ¢ 05 < 0.057 (95%), disfavoring the
important class of inflationary models represented by a
¢ potential[4, 5].

Instrument and observations.— Keck Array consists of
a set of five microwave receivers similar in design to the
precursor BICEP2 instrument [17, 18]. Each receiver
employs a &~ 0.25m aperture all cold refracting tele-
scope focusing microwave radiation onto a focal plane
of polarized antenna-coupled bolometric detectors [19].
The receivers are mounted on a movable platform (or
mount) which scans their pointing direction across the
sky in a controlled manner. The detectors are read out
through a time-domain multiplexed SQUID readout sys-
tem. Orthogonally-polarized detectors are arranged as
coincident pairs in the focal plane, and the pair-difference
timestream data thus traces out changes in the polariza-
tion signal from place to place on the sky. The telescopes
are located at the South Pole in Antarctica where the
atmosphere is extremely stable and transparent at the
relevant frequencies. The data are recorded to disk and
transmitted back to the US daily for analysis.

To date we have mapped a single region of sky centered
at RA Oh, Dec. —57.5°. From 2010 to 2013, BICEP2
and Keck Array jointly recorded a total of 13 receiver-
years of data in a band centered on 150 GHz. Two of the
Keck receivers were switched to 95 GHz before the 2014
season, and two more were switched to 220 GHz before
the 2015 season. The BK15 data set thus consists of
4/17/2 receiver-years at 95/150/220 GHz respectively.

Maps and Power Spectra—We make maps and power
spectra using the same procedures as used for BK14 and
previous analyses [14]. Briefly: the telescope timestream
data are filtered and then binned into sky pixels with
the multiple detector pairs being co-added together us-
ing knowledge of their individual pointing directions as
the telescope scans across the sky. Maps of the polariza-
tion Stokes parameters () and U are constructed by also
knowing the polarization sensitivity angle of each pair as
projected onto the sky.

After apodizing to downweight the noisy regions
around the edge of the observed area, the /U maps
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FIG. 1. Maps of degree angular scale E-modes (50 < £ < 120)
at three frequencies made using Keck Array data from the
2015 season only. The similarity of the pattern indicates that
ACDM E-modes dominate at all three frequencies (and that
the signal-to-noise is high). The color scale is in pK, and the
range is allowed to vary slightly to (partially) compensate for
the decrease in beam size with increasing frequency.

are Fourier transformed and converted to the E/B ba-
sis in which the primordial gravitational wave signal is
expected to be maximally distinct from the standard
ACDM signal.

Two details worth noting are the deprojection of lead-
ing order temperature to polarization leakage terms, and
the adjustment of the absolute polarization angle to min-
imize the EB cross spectrum. See Ref. [14] for more
information.

For illustration purposes we can inverse Fourier trans-
form to form F/B maps. Fig. 1 shows E-mode maps
formed from the 2015 data alone—the data which is be-
ing added to the previous data in this analysis. The
similarity of the pattern at all three frequencies indicates
that ACDM FE-modes dominate, and that the signal-to-
noise is high. The effective area of these maps is ~ 1% of
the full sky. (See Appendix A for the full set of T/Q/U
maps [20].)

To suppress E to B leakage we use the matrix pu-
rification technique which we have developed [14, 21].
We then take the variance within annuli of the Fourier
plane to estimate the angular power spectra. To test for
systematic contamination we carry out our usual “jack-

knife” internal consistency tests on the new 95 GHz and
220 GHz data as described in Appendices B & C—the
distributions of y and x? PTE values are consistent with
uniform showing no evidence for problems.

In this paper we use the three bands of BICEP2/Keck
plus the 23 & 33 GHz bands of WMAP [22][23] and all
seven polarized bands of Planck [24][25]. We take all pos-
sible auto- and cross-power spectra between these twelve
bands—the full set of spectra are shown in Appendix D.

Fig. 2 shows the FE and BB auto- and cross-spectra
for the BICEP2/Keck bands plus the Planck 353 GHz
band which is important for constraining the polarized
dust contribution. The spectra are compared to the
“baseline” lensed-ACDM+dust model from our previ-
ous BK14 analysis. Note that the BB spectra involving
220 GHz were not used to derive this model but agree well
with it. The EF'FE spectra were also not used to derive the
model but agree well with it under the assumption that
EE/BB = 2 for dust, as it is shown to be close to in
Planck analysis of larger regions of sky [26, 27]. (Note
that many of the BICEP/Keck spectra are sample vari-
ance dominated.)

Fig. 3 upper shows the noise spectra (derived using the
sign-flip technique [14, 28]) for the three BK15 bands af-
ter correction for the filter and beam suppression. The
turn up at low-¢ is partially due to residual atmospheric
1/f in the pair-difference data and hence is weakest in
the 95 GHz band where water vapor emission is weakest.
In an auto-spectrum the quantity which determines the
ability to constrain r is the fluctuation of the noise band-
powers rather than their mean. The lower panel therefore
shows the effective sky fraction observed as inferred from
the fractional noise fluctuation. Together, these panels
provide a useful synoptic measure of the loss of informa-
tion due to noise, filtering, and FE /BB separation in the
lowest bandpowers. We suggest that other experiments
reproduce this plot for comparison purposes.

Likelihood Analysis—We perform likelihood analysis
using the methods introduced in BKP and refined in
BK14. We use the Hamimeche-Lewis approximation [29,
hereafter HL] to the joint likelihood of the ensemble of
78 BB auto- and cross-spectra taken between the BI-
CEP2/Keck and WMAP/ Planck maps. We compare the
observed bandpower values for 20 < ¢ < 330 (9 bandpow-
ers per spectrum) to an eight parameter model of lensed-
ACDM+r+dust+synchrotron+noise and explore the pa-
rameter space using COSMOMC [30] (which implements a
Markov chain Monte Carlo). As in our previous anal-
yses the bandpower covariance matrix is derived from
499 simulations of signal and noise, explicitly setting to
zero terms such as the covariance of signal-only band-
powers with noise-only bandpowers or covariance of BI-
CEP/ Keck noise bandpowers with WMAP/ Planck noise
bandpowers [15]. The tensor/scalar power ratio r is eval-
uated at a pivot scale of 0.05 Mpc™!, and we fix the
tensor spectral index n; = 0. The COSMOMC module con-
taining the data and model is available for download at
http://bicepkeck.org. We make only one change to
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FIG. 2. EE and BB auto- and cross-spectra calculated using BICEP2/Keck 95, 150 & 220 GHz maps and the Planck 353 GHz
map. The BICEP2/Keck maps use all data taken up to and including the 2015 observing season—we refer to these as BK15.
The black lines show the model expectation values for lensed-ACDM, while the red lines show the expectation values of the
baseline lensed-ACDM+dust model from our previous BK14 analysis (r = 0, Agss3 = 4.3uK?, Ba = 1.6, cq = —0.4), and
the error bars are scaled to that model. Note that the model shown was fit to BB only and did not use the 220 GHz points
(which are entirely new). The agreement with the spectra involving 220 GHz and all the EFE spectra (under the assumption

that FE/BB = 2 for dust) is therefore a validation of the model.

(The dashed red lines show the expectation values of

the lensed-ACDM+dust model when adding strong spectral decorrelation of the dust pattern—see Appendix F for further

information.)

the “baseline” analysis choices of BK14, expanding the
prior on the dust/sync correlation parameter. The fol-
lowing paragraphs briefly summarize.

We include dust with amplitude Aq 353 evaluated at
353GHz and ¢ =80. The frequency spectral behav-
ior is taken as a modified black body spectrum with
Tq=19.6 K and Bq = 1.59 + 0.11, using a Gaussian prior
with the given 1o width, this being an upper limit on the
patch-to-patch variation [15, 31]. We note that the lat-
est Planck analysis finds a slightly lower central value of

Ba = 1.53 [27] (well within our prior range) with no de-
tected trends with galactic latitude, angular scale or FE
vs. BB. The spatial power spectrum is taken as a power
law Dy o £*4 marginalizing uniformly over the (generous)
range —1 < aq < 0 (where Dy = ¢ (£ + 1) Cy/27). Planck
analysis consistently finds approximate power law behav-
ior of both the EFE and BB dust spectra with exponents
~ —0.4 [26, 27].

We include synchrotron with amplitude Agync 23 eval-
uated at 23GHz (the lowest WMAP band) and ¢ =
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FIG. 3. Upper: The noise spectra of the BK15 maps for

95 GHz (red), 150 GHz (green) and 220 GHz (blue) after cor-
rection for the filtering of signal which occurs due to the beam
roll-off and timestream filtering. (Note that no £? scaling is
applied.) Lower: The effective sky fraction as calculated from
the ratio of the mean noise realization bandpowers to their

. 1 (VEN,\? .
fluctuation fay (€) = 5547 (‘7<Nbb> , 1.e. the observed number

of B-mode degrees of freedom divided by the nominal full-sky
number. The turn-down at low ¢ is due to mode loss to the
timestream filtering and matrix purification.

80, assuming a simple power law for the frequency
spectral behavior Agyne o vP+ with a Gaussian prior
Bs = —3.1+0.3 [32]. We note that recent analysis of
2.3 GHz data from S-PASS in conjunction with WMAP
and Planck finds s = —3.2 with no detected trends with
galactic latitude or angular scale [33]. The spatial power
spectrum is taken as a power law D, «x % marginaliz-
ing over the range —1 < a5 < 0 [34]. The recent S-PASS
analysis finds a value at the bottom end of this range
(~ —1) for BB at high galactic latitude.

Finally we include sync/dust correlation parameter e
(called p in some other papers [27, 33, 35]). In BK14 we
marginalized over the range 0 < ¢ < 1 but in this paper
we extend to the full possible range —1 < € < 1. The lat-
est Planck analysis does not detect sync/dust correlation
at high galactic latitude and the ¢ range of interest [27].

Results of the baseline analysis are shown in Fig. 4

and yield the following statistics: 7005 = 0.02015 074

(ro.0s < 0.072 at 95% confidence), Aq 353 = 4.67( ¢ uK2,
and Agyneos = 10705 K2, (Agyne2s < 3.7 uK2at 95%
confidence). For r, the zero-to-peak likelihood ratio is
0.66. Taking (1 — f (—2log Lo/Lypeax)), where f is the
x? CDF (for one degree of freedom), we estimate that
the probability to get a likelihood ratio smaller than this
is 18% if, in fact, r = 0. As compared to the previous
analysis, the likelihood curve for r shifts down slightly
and tightens. The Aq curve shifts up very slightly but
remains about the same width (presumably saturated at

sample variance), and the Agync curve loses the second
bump at zero.

The maximum likelihood model (including priors) has
parameters T0.05 = 00207 Ad,353 = 4.7/,&(27 Asynqgg =
1.5 uK?, g = 1.6, Bs = —3.0, ag = —0.58, oy = —0.27,
and € = —0.38. This model is an acceptable fit to the
data with the probability to exceed (PTE) the observed
value of x? being 0.19. Thus, while fluctuation about
the assumed power law behavior of the dust component
is in general expected to be “super-Gaussian” [27], we
find no evidence for this at the present noise level—see
Appendix D for further details.

We have explored several variations from the baseline
analysis choices and data selection and find that these do
not significantly alter the results. Removing the prior on
B4 makes the r constraint curve slightly broader result-
ing in 7,05 < 0.079 (95%), while using the BICEP/Keck
data only shifts the peak position down to zero result-
ing in 7905 < 0.063. Concerns have been raised that
the known problems with the LFI maps [36] might affect
the analysis—excluding LFI the r constraint curve peak
position shifts down to r = 0.01270 033 (ro.05 < 0.065,
with zero-to-peak likelihood ratio of 0.90, and 32% prob-
ability to get a smaller value if » = 0), while the con-
straint on Agyyc 23 becomes 2.47 1 K2, The shifts when
varying the data set selection (e.g. omitting Planck)
are not statistically significant when compared to shifts
of lensed-ACDM+dust+noise simulations—see Appen-
dices E1 and E2 for further details. Freeing the am-
plitude of the lensing power we obtain A;, = 1.1570 15,
and detect lensing at 8.8¢ significance.

The results of likelihood analysis where the parameters
are restricted to, and marginalized over, physical values
only can potentially be biased. Running the baseline
analysis on an ensemble of lensed-ACDM+dust+noise
simulations with simple Gaussian dust we do not de-
tect bias. Half of the r constraint curves peak at zero
and the CDF of the zero-to-peak likelihood ratios closely
follows the idealized analytic expectation. When running
maximum likelihood searches on the simulations with the
parameters unrestricted we again obtain unbiased results
and find that o(r) = 0.020. See Appendix E 3 for further
details.

We extend the maximum likelihood validation study to
a suite of third-party foreground models [37-39]. These
models do not necessarily conform to the foreground pa-
rameterization which we are using, and when fit to it
are in general expected to produce bias on r. However,
for the models considered we find that such bias is small
compared to the instrumental noise—see Appendix E 4.

Spatial variation of the frequency spectral behavior of
dust will lead to a decorrelation of the dust patterns as
observed in different frequency bands. Since the base-
line parametric model assumes a fixed dust pattern as
a function of frequency such variation will lead to bias
on r. Dust decorrelation surely exists at some level—the
question is whether it is relevant as compared to the cur-
rent experimental noise. For the third-party foreground
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FIG. 4. Results of a multicomponent multi-spectral likelihood analysis of BICEP2/Keck+WMAP/Planck data. The red faint
curves are the baseline result from the previous BK14 paper (the black curves from Fig. 4 of that paper). The bold black
curves are the new baseline BK15 results. Differences between these analyses include adding Keck Array data taken during
the 2015 observing season, in particular doubling the 95 GHz sensitivity and adding, for the first time, a 220 GHz channel. (In
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The parameters Aq and Agync are the amplitudes of the dust and synchrotron B-mode power spectra, where 5 and « are the
respective frequency and spatial spectral indices. The correlation coefficient between the dust and synchrotron patterns is e.
In the 8, « and € panels the dashed lines show the priors placed on these parameters (either Gaussian or uniform). Broadening
or tightening the uniform prior range on s and aq4 results in very small changes, and negligible changes to the r constraint.

models mentioned above, decorrelation is very small.
Since our previous BK14 paper Planck Intermediate Pa-
per L [40] appeared claiming a detection of relatively
strong dust decorrelation between 217 and 353 GHz. This
was followed up by Ref. [41], which analyzed the same
data and found no evidence for dust decorrelation, and
Planck Intermediate Paper LIV [27], which performed
a more sophisticated multi-frequency analysis and again
found no evidence. In the meantime we added a decor-
relation parameter to our analysis framework. Including
it only increases o(r) from 0.020 to 0.021, but for the
present data set this parameter is partially degenerate
with r and including it results in a downward bias on r
in simulations—see Appendix F for more details.

By cross correlating against the Planck CO map we

find that the contamination of our 220 GHz map by CO
is equivalent to r ~ 1074,

Conclusions.—The previous BK14 analysis yielded the
constraint rg o5 < 0.090 (95%). Adding the Keck Ar-
ray data taken during 2015 we obtain the BK15 result
r0.05 < 0.072. The distributions of maximum likelihood
r values in simulations where the true value of r is zero
give o(rg.05) = 0.024 and o(rg.05) = 0.020 for BK14 and
BK15 respectively. The BK15 simulations have a median
95% upper limit of of rg o5 < 0.046.

Fig. 5 shows the constraints in the r vs. ns plane for
Planck 2015 plus additional data (rg.05 < 0.12) and when
adding in also BK15 (7905 < 0.057). In contrast to the
BK14 result the ¢ model now lies entirely outside of the
95% contour.
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Fig. 6 shows the BK15 noise uncertainties in the £ ~ 80
bandpowers as compared to the signal levels. Note
that the new Keck 220 GHz band has approximately the
same signal-to-noise on dust as Planck 353 GHz with two
receiver-years of operation. In 2016 and 2017 we recorded
an additional eight receiver-years of data which will re-
duce the noise by a factor of 5 & V5 for 220 x 220 &
150 x 220 respectively.

As seen in the lower right panel of Fig. 4 with four Keck
receiver-years of data, our 95 GHz data starts to weakly
prefer a non-zero value for the synchrotron amplitude for
the first time. In 2017 alone BICEP3 recorded nearly
twice as much data in the 95 GHz band as is included in
the current result. We plan to proceed directly to a BK17
result which can be expected to improve substantially on
the current results.

Dust decorrelation, and foreground complexity more
generally, will remain a serious concern. With higher
quality data we will be able to constrain the foreground
behavior ever better, but of course we will also need to
constrain it ever better. The BICEP Array experiment
which is under construction will provide BICEP3 class
receivers in the 30/40, 95, 150 and 220/270 GHz bands
and is projected to reach o(r) < 0.005 within five years.
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FIG. 6. Expectation values and noise uncertainties for the

£ ~ 80 BB bandpower in the BICEP2/Keck field. The solid
and dashed black lines show the expected signal power of
lensed-ACDM and 79.05 = 0.05 & 0.01. Since CMB units
are used, the levels corresponding to these are flat with fre-
quency. The blue/red bands show the 1 and 20 ranges of
dust and synchrotron in the baseline analysis including the
uncertainties in the amplitude and frequency spectral index
parameters (Async,23, 3s and Aq 353, 84). The BICEP2/Keck
auto-spectrum noise uncertainties are shown as large blue cir-
cles, and the noise uncertainties of the WMAP / Planck single-
frequency spectra evaluated in the BICEP2/Keck field are
shown in black. The blue crosses show the noise uncertainty
of selected cross-spectra, and are plotted at horizontal posi-
tions such that they can be compared vertically with the dust
and sync curves.

ACKNOWLEDGMENTS

The BICEP2/Keck Array projects have been made
possible through a series of grants from the National Sci-
ence Foundation including 0742818, 0742592, 1044978,
1110087, 1145172, 1145143, 1145248, 1639040, 1638957,
1638978, & 1638970, and by the Keck Foundation. The
development of antenna-coupled detector technology was
supported by the JPL Research and Technology Develop-
ment Fund, and by NASA Grants 06-ARPA206-0040, 10-
SAT10-0017, 12-SAT12-0031, 14-SAT14-0009 & 16-SAT-
16-0002. The development and testing of focal planes
were supported by the Gordon and Betty Moore Founda-
tion at Caltech. Readout electronics were supported by
a Canada Foundation for Innovation grant to UBC. Sup-
port for quasi-optical filtering was provided by UK STFC
grant ST/N000706/1. The computations in this paper
were run on the Odyssey cluster supported by the FAS
Science Division Research Computing Group at Harvard
University. The analysis effort at Stanford and SLAC is
partially supported by the U.S. DOE Office of Science.
We thank the staff of the U.S. Antarctic Program and
in particular the South Pole Station without whose help



this research would not have been possible. Most special
thanks go to our heroic winter-overs Robert Schwarz and
Steffen Richter. We thank all those who have contributed
past efforts to the BICEP—Keck Array series of experi-

ments, including the BICEP1 team. We also thank the
Planck and WMAP teams for the use of their data, and
are grateful to the Planck team for helpful discussions
including on the use of the 7 prior in Figure 5.

* pryke@physics.umn.edu

[1] Planck Collaboration 2018 VI, ArXiv e-prints
arXiv:1807.06209.

[2] A. A. Penzias and R. W. Wilson, Astrophys. J. 142, 419
(1965).

[3] Planck Collaboration 2015 XIII, Astron. Astrophys. 594,
A13 (2016), arXiv:1502.01589.

[4] M. Kamionkowski and E. D. Kovetz, Annual Re-
view of Astronomy and Astrophysics 54, 227 (2016),
arXiv:1510.06042.

[5] K. N. Abazajian, P. Adshead, Z. Ahmed, S. W. Allen,
D. Alonso, K. S. Arnold, C. Baccigalupi, J. G. Bartlett,
N. Battaglia, B. A. Benson, C. A. Bischoff, J. Borrill,
V. Buza, E. Calabrese, R. Caldwell, J. E. Carlstrom,
C. L. Chang, T. M. Crawford, F.-Y. Cyr-Racine, F. De
Bernardis, T. de Haan, S. di Serego Alighieri, J. Dunkley,
C. Dvorkin, J. Errard, G. Fabbian, S. Feeney, S. Ferraro,
J. P. Filippini, R. Flauger, G. M. Fuller, V. Gluscevic,
D. Green, D. Grin, E. Grohs, J. W. Henning, J. C. Hill,
R. Hlozek, G. Holder, W. Holzapfel, W. Hu, K. M. Huf-
fenberger, R. Keskitalo, L. Knox, A. Kosowsky, J. Ko-
vac, E. D. Kovetz, C.-L. Kuo, A. Kusaka, M. Le Jeune,
A. T. Lee, M. Lilley, M. Loverde, M. S. Madhavacheril,
A. Mantz, D. J. E. Marsh, J. McMahon, P. D. Meerburg,
J. Meyers, A. D. Miller, J. B. Munoz, H. N. Nguyen,
M. D. Niemack, M. Peloso, J. Peloton, L. Pogosian,
C. Pryke, M. Raveri, C. L. Reichardt, G. Rocha, A. Rotti,
E. Schaan, M. M. Schmittfull, D. Scott, N. Sehgal,
S. Shandera, B. D. Sherwin, T. L. Smith, L. Sorbo, G. D.
Starkman, K. T. Story, A. van Engelen, J. D. Vieira,
S. Watson, N. Whitehorn, and W. L. Kimmy Wu, ArXiv
e-prints (2016), arXiv:1610.02743.

[6] R. Keisler, S. Hoover, N. Harrington, J. W. Henning,
P. A. R. Ade, K. A. Aird, J. E. Austermann, J. A. Beall,
A. N. Bender, B. A. Benson, L. E. Bleem, J. E. Carl-
strom, C. L. Chang, H. C. Chiang, H.-M. Cho, R. Cit-
ron, T. M. Crawford, A. T. Crites, T. de Haan, M. A.
Dobbs, W. Everett, J. Gallicchio, J. Gao, E. M. George,
A. Gilbert, N. W. Halverson, D. Hanson, G. C. Hilton,
G. P. Holder, W. L. Holzapfel, Z. Hou, J. D. Hrubes,
N. Huang, J. Hubmayr, K. D. Irwin, L. Knox, A. T. Lee,
E. M. Leitch, D. Li, D. Luong-Van, D. P. Marrone, J. J.
McMahon, J. Mehl, S. S. Meyer, L.. Mocanu, T. Natoli,
J. P. Nibarger, V. Novosad, S. Padin, C. Pryke, C. L. Re-
ichardt, J. E. Ruhl, B. R. Saliwanchik, J. T. Sayre, K. K.
Schaffer, E. Shirokoff, G. Smecher, A. A. Stark, K. T.
Story, C. Tucker, K. Vanderlinde, J. D. Vieira, G. Wang,
N. Whitehorn, V. Yefremenko, and O. Zahn, Astrophys.
J. 807, 151 (2015), arXiv:1503.02315.

[7] T. Louis, E. Grace, M. Hasselfield, M. Lungu, L. Mau-
rin, G. E. Addison, P. A. R. Ade, S. Aiola, R. Allison,
M. Amiri, E. Angile, N. Battaglia, J. A. Beall, F. de
Bernardis, J. R. Bond, J. Britton, E. Calabrese, H.-m.
Cho, S. K. Choi, K. Coughlin, D. Crichton, K. Crow-
ley, R. Datta, M. J. Devlin, S. R. Dicker, J. Dunk-

(2018),

ley, R. Diinner, S. Ferraro, A. E. Fox, P. Gallardo,
M. Gralla, M. Halpern, S. Henderson, J. C. Hill, G. C.
Hilton, M. Hilton, A. D. Hincks, R. Hlozek, S. P. P.
Ho, Z. Huang, J. Hubmayr, K. M. Huffenberger, J. P.
Hughes, L. Infante, K. Irwin, S. Muya Kasanda, J. Klein,
B. Koopman, A. Kosowsky, D. Li, M. Madhavacheril,
T. A. Marriage, J. McMahon, F. Menanteau, K. Mood-
ley, C. Munson, S. Naess, F. Nati, L. Newburgh, J. Ni-
barger, M. D. Niemack, M. R. Nolta, C. Nufez, L. A.
Page, C. Pappas, B. Partridge, F. Rojas, E. Schaan, B. L.
Schmitt, N. Sehgal, B. D. Sherwin, J. Sievers, S. Simon,
D. N. Spergel, S. T. Staggs, E. R. Switzer, R. Thorn-
ton, H. Trac, J. Treu, C. Tucker, A. Van Engelen, J. T.
Ward, and E. J. Wollack, J. Cosmol. Astropart. Phys.
6, 031 (2017), arXiv:1610.02360.
POLARBEAR Collaboration, P. A. R. Ade, M. Aguilar,
Y. Akiba, K. Arnold, C. Baccigalupi, D. Barron, D. Beck,
F. Bianchini, D. Boettger, J. Borrill, S. Chapman,
Y. Chinone, K. Crowley, A. Cukierman, R. Dinner,
M. Dobbs, A. Ducout, T. Elleflot, J. Errard, G. Fab-
bian, S. M. Feeney, C. Feng, T. Fujino, N. Galitzki,
A. Gilbert, N. Goeckner-Wald, J. C. Groh, G. Hall,
N. Halverson, T. Hamada, M. Hasegawa, M. Hazumi,
C. A. Hill, L. Howe, Y. Inoue, G. Jaehnig, A. H.
Jaffe, O. Jeong, D. Kaneko, N. Katayama, B. Keating,
R. Keskitalo, T. Kisner, N. Krachmalnicoff, A. Kusaka,
M. Le Jeune, A. T. Lee, E. M. Leitch, D. Leon, E. Lin-
der, L. Lowry, F. Matsuda, T. Matsumura, Y. Mi-
nami, J. Montgomery, M. Navaroli, H. Nishino, H. Paar,
J. Peloton, A. T. P. Pham, D. Poletti, G. Puglisi, C. L.
Reichardt, P. L. Richards, C. Ross, Y. Segawa, B. D.
Sherwin, M. Silva-Feaver, P. Siritanasak, N. Stebor,
R. Stompor, A. Suzuki, O. Tajima, S. Takakura, S. Taka-
tori, D. Tanabe, G. P. Teply, T. Tomaru, C. Tucker,
N. Whitehorn, and A. Zahn, Astrophys. J. 848, 121
(2017), arXiv:1705.02907.
[9] A. Kusaka, J. Appel, T. Essinger-Hileman, J. A. Beall,
L. E. Campusano, H.-M. Cho, S. K. Choi, K. Crowley,
J. W. Fowler, P. Gallardo, M. Hasselfield, G. Hilton,
S.-P. P. Ho, K. Irwin, N. Jarosik, M. D. Niemack,
G. W. Nixon, M. "Nolta, L. A. Page, Jr., G. A. Palma,
L. Parker, S. Raghunathan, C. D. Reintsema, J. Siev-
ers, S. M. Simon, S. T. Staggs, K. Visnjic, and K.-
W. Yoon, J. Cosmol. Astropart. Phys. 9, 005 (2018),
arXiv:1801.01218.
[10] U. Seljak, Astrophys. J. 482, 6 (1997), astro-ph/9608131.
[11] M. Kamionkowski, A. Kosowsky, and A. Stebbins, Phys.
Rev. Lett. 78, 2058 (1997), astro-ph/9609132.
[12] U. Seljak and M. Zaldarriaga, Phys. Rev. Lett. 78, 2054
(1997), astro-ph/9609169.
[13] M. Zaldarriaga and U. Seljak, Phys. Rev. D 58, 023003
(1998), astro-ph/9803150.
[14] BICEP2 Collaboration I, Physical Review Letters 112,
241101 (2014), arXiv:1403.3985.

8


mailto:pryke@physics.umn.edu
http://arxiv.org/abs/1807.06209
http://dx.doi.org/10.1086/148307
http://dx.doi.org/10.1086/148307
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1051/0004-6361/201525830
http://arxiv.org/abs/1502.01589
http://dx.doi.org/ 10.1146/annurev-astro-081915-023433
http://dx.doi.org/ 10.1146/annurev-astro-081915-023433
http://arxiv.org/abs/1510.06042
http://arxiv.org/abs/1610.02743
http://dx.doi.org/ 10.1088/0004-637X/807/2/151
http://dx.doi.org/ 10.1088/0004-637X/807/2/151
http://arxiv.org/abs/1503.02315
http://dx.doi.org/ 10.1088/1475-7516/2017/06/031
http://dx.doi.org/ 10.1088/1475-7516/2017/06/031
http://arxiv.org/abs/1610.02360
http://dx.doi.org/ 10.3847/1538-4357/aa8e9f
http://dx.doi.org/ 10.3847/1538-4357/aa8e9f
http://arxiv.org/abs/1705.02907
http://dx.doi.org/10.1088/1475-7516/2018/09/005
http://arxiv.org/abs/1801.01218
http://dx.doi.org/10.1086/304123
http://arxiv.org/abs/astro-ph/9608131
http://dx.doi.org/10.1103/PhysRevLett.78.2058
http://dx.doi.org/10.1103/PhysRevLett.78.2058
http://arxiv.org/abs/astro-ph/9609132
http://dx.doi.org/10.1103/PhysRevLett.78.2054
http://dx.doi.org/10.1103/PhysRevLett.78.2054
http://arxiv.org/abs/astro-ph/9609169
http://dx.doi.org/10.1103/PhysRevD.58.023003
http://dx.doi.org/10.1103/PhysRevD.58.023003
http://arxiv.org/abs/astro-ph/9803150
http://dx.doi.org/10.1103/PhysRevLett.112.241101
http://dx.doi.org/10.1103/PhysRevLett.112.241101
http://arxiv.org/abs/1403.3985

[15] BICEP2/Keck and Planck Collaborations, Physical Re-
view Letters 114, 101301 (2015), arXiv:1502.00612.

[16] Keck Array and BICEP2 Collaborations VI, Physical Re-
view Letters 116, 031302 (2016), arXiv:1510.09217.

[17] BICEP2 Collaboration II, Astrophys. J. 792, 62 (2014),
arXiv:1403.4302.

[18] Keck Array and BICEP2 Collaborations V, Astrophys.
J. 811, 126 (2015), arXiv:1502.00643.

[19] BICEP2/Keck and Spider Collaborations, Astrophys. J.
812, 176 (2015), arXiv:1502.00619.

[20] See Supplemental Material at http://xxx.yyy for ap-
pendixes, which include references [43-49].

[21] Keck Array and BICEP2 Collaobrations VII, Astrophys.
J. 825, 66 (2016), arXiv:1603.05976.

[22] See http://lambda.gsfc.nasa.gov/product/map/dr5/
m_products.cfm.

[23] C. L. Bennett, D. Larson, J. L. Weiland, N. Jarosik,
G. Hinshaw, N. Odegard, K. M. Smith, R. S. Hill,
B. Gold, M. Halpern, E. Komatsu, M. R. Nolta, L. Page,
D. N. Spergel, E. Wollack, J. Dunkley, A. Kogut,
M. Limon, S. S. Meyer, G. S. Tucker, and E. L.
Wright, Astrophys. J. Suppl. Ser. 208, 20 (2013),
arXiv:1212.5225.

[24] Public Release 2 “full mission” maps as available at
http://www.cosmos.esa.int/web/planck/pla. We will
update to PR3 in our next analysis.

[25] Planck Collaboration 2015 I, Astron. Astrophys. 594, A1l
(2016), arXiv:1502.01582.

[26] Planck Collaboration Int. XXX, Astron. Astrophys. 586,
A133 (2016), arXiv:1409.5738.

[27] Planck Collaboration 2018 XI, ArXiv e-prints
arXiv:1801.04945.

[28] A. van Engelen, R. Keisler, O. Zahn, K. A. Aird, B. A.
Benson, L. E. Bleem, J. E. Carlstrom, C. L. Chang, H. M.
Cho, T. M. Crawford, A. T. Crites, T. de Haan, M. A.
Dobbs, J. Dudley, E. M. George, N. W. Halverson, G. P.
Holder, W. L. Holzapfel, S. Hoover, Z. Hou, et al., As-
trophys. J. 756, 142 (2012), arXiv:1202.0546.

[29] S. Hamimeche and A. Lewis, Phys. Rev. D 77, 103013
(2008), arXiv:0801.0554.

[30] A. Lewis and S. Bridle, Phys. Rev. D 66, 103511 (2002),
astro-ph/0205436.

[31] Planck Collaboration Int. XXII, Astron. Astrophys. 576,
A107 (2015), arXiv:1405.0874.

(2018),

[32] U. Fuskeland, I. K. Wehus, H. K. Eriksen, and S. K.
Neess, Astrophys. J. 790, 104 (2014), arXiv:1404.5323.

[33] N. Krachmalnicoff, E. Carretti, C. Baccigalupi,
G. Bernardi, S. Brown, B. M. Gaensler, M. Haverkorn,
M. Kesteven, F. Perrotta, S. Poppi, and L. Staveley-
Smith, ArXiv e-prints (2018), arXiv:1802.01145.

[34] J. Dunkley, A. Amblard, C. Baccigalupi, M. Betoule,
D. Chuss, A. Cooray, J. Delabrouille, C. Dickinson,
G. Dobler, J. Dotson, H. K. Eriksen, D. Finkbeiner,
D. Fixsen, P. Fosalba, A. Fraisse, C. Hirata, A. Kogut,
J. Kristiansen, C. Lawrence, A. M. Magalhdes, M. A.
Miville-Deschenes, et al., AIP Conf. Proc. 1141, 222
(2009), arXiv:0811.3915.

[35] S. K. Choi and L. A. Page, J. Cosmol. Astropart. Phys.
12, 020 (2015), arXiv:1509.05934.

[36] Planck Collaboration 2015 II, Astron. Astrophys. 594,
A2 (2016), arXiv:1502.01583 [astro-ph.IM].

[37] B. Thorne, J. Dunkley, D. Alonso, and S. Nass, Mon.
Not. R. Astron. Soc. 469, 2821 (2017), arXiv:1608.02841.

[38] B. Hensley, On the nature of interstellar grains, Ph.D.
thesis, Princeton University (2015).

[39] A. G. Kritsuk, S. D. Ustyugov, and M. L. Norman, New
Journal of Physics 19, 065003 (2017), arXiv:1705.01912.

[40] Planck Collaboration Int. L, Astron. Astrophys. 599,
A51 (2017), arXiv:1606.07335.

[41] C. Sheehy and A. Slosar, Phys. Rev. D 97, 043522 (2018),
arXiv:1709.09729.

[42] Planck Collaboration XLVI, Astron. Astrophys. 596,
A107 (2016), arXiv:1605.02985v2.

[43] Keck Array and BICEP2 Collaborations XI, (to be pub-
lished).

[44] Planck Collaboration 2015 X, Astron. Astrophys. 594,
A10 (2016), arXiv:1502.01588.

[45] D. P. Finkbeiner, M. Davis, and D. J. Schlegel, Astro-
phys. J. 524, 867 (1999), astro-ph/9905128.

[46] F. Vansyngel, F. Boulanger, T. Ghosh, B. D. Wan-
delt, J. Aumont, A. Bracco, F. Levrier, P. G. Martin,
and L. Montier, Astron. Astrophys. 603, A62 (2017),
arXiv:1611.02577.

[47] Planck Collaboration IX, Astron. Astrophys. 571, A9
(2014).

[48] Keck Array and BICEP2 Collaborations VIII, Astro-
phys. J. 833, 228 (2016), arXiv:1606.01968.

[49] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594,
A15 (2016), arXiv:1502.01591.


http://dx.doi.org/10.1103/PhysRevLett.114.101301
http://dx.doi.org/10.1103/PhysRevLett.114.101301
http://arxiv.org/abs/1502.00612
http://dx.doi.org/ 10.1103/PhysRevLett.116.031302
http://dx.doi.org/ 10.1103/PhysRevLett.116.031302
http://arxiv.org/abs/1510.09217
http://dx.doi.org/10.1088/0004-637X/792/1/62
http://arxiv.org/abs/1403.4302
http://dx.doi.org/ 10.1088/0004-637X/811/2/126
http://dx.doi.org/ 10.1088/0004-637X/811/2/126
http://arxiv.org/abs/1502.00643
http://dx.doi.org/10.1088/0004-637X/812/2/176
http://dx.doi.org/10.1088/0004-637X/812/2/176
http://arxiv.org/abs/1502.00619
http://xxx.yyy
http://dx.doi.org/ 10.3847/0004-637X/825/1/66
http://dx.doi.org/ 10.3847/0004-637X/825/1/66
http://arxiv.org/abs/1603.05976
http://lambda.gsfc.nasa.gov/product/map/dr5/m_products.cfm
http://lambda.gsfc.nasa.gov/product/map/dr5/m_products.cfm
http://dx.doi.org/ 10.1088/0067-0049/208/2/20
http://arxiv.org/abs/1212.5225
http://www.cosmos.esa.int/web/planck/pla
http://dx.doi.org/10.1051/0004-6361/201527101
http://dx.doi.org/10.1051/0004-6361/201527101
http://arxiv.org/abs/1502.01582
http://dx.doi.org/10.1051/0004-6361/201425034
http://dx.doi.org/10.1051/0004-6361/201425034
http://arxiv.org/abs/1409.5738
http://arxiv.org/abs/1801.04945
http://dx.doi.org/ 10.1088/0004-637X/756/2/142
http://dx.doi.org/ 10.1088/0004-637X/756/2/142
http://arxiv.org/abs/1202.0546
http://dx.doi.org/10.1103/PhysRevD.77.103013
http://dx.doi.org/10.1103/PhysRevD.77.103013
http://arxiv.org/abs/0801.0554
http://dx.doi.org/10.1103/PhysRevD.66.103511
http://arxiv.org/abs/astro-ph/0205436
http://dx.doi.org/10.1051/0004-6361/201424088
http://dx.doi.org/10.1051/0004-6361/201424088
http://arxiv.org/abs/1405.0874
http://dx.doi.org/10.1088/0004-637X/790/2/104
http://arxiv.org/abs/1404.5323
http://arxiv.org/abs/1802.01145
http://dx.doi.org/ 10.1063/1.3160888
http://dx.doi.org/ 10.1063/1.3160888
http://arxiv.org/abs/0811.3915
http://dx.doi.org/10.1088/1475-7516/2015/12/020
http://dx.doi.org/10.1088/1475-7516/2015/12/020
http://arxiv.org/abs/1509.05934
http://dx.doi.org/10.1051/0004-6361/201525818
http://dx.doi.org/10.1051/0004-6361/201525818
http://arxiv.org/abs/1502.01583
http://dx.doi.org/10.1093/mnras/stx949
http://dx.doi.org/10.1093/mnras/stx949
http://arxiv.org/abs/1608.02841
http://dx.doi.org/10.1088/1367-2630/aa7156
http://dx.doi.org/10.1088/1367-2630/aa7156
http://arxiv.org/abs/1705.01912
http://dx.doi.org/10.1051/0004-6361/201629164
http://dx.doi.org/10.1051/0004-6361/201629164
http://arxiv.org/abs/1606.07335
http://dx.doi.org/10.1103/PhysRevD.97.043522
http://arxiv.org/abs/1709.09729
http://dx.doi.org/10.1051/0004-6361/201628890
http://dx.doi.org/10.1051/0004-6361/201628890
http://arxiv.org/abs/1605.02985v2
http://dx.doi.org/10.1051/0004-6361/201525967
http://dx.doi.org/10.1051/0004-6361/201525967
http://arxiv.org/abs/1502.01588
http://dx.doi.org/10.1086/307852
http://dx.doi.org/10.1086/307852
http://arxiv.org/abs/astro-ph/9905128
http://dx.doi.org/ 10.1051/0004-6361/201629992
http://arxiv.org/abs/1611.02577
http://dx.doi.org/ 10.3847/1538-4357/833/2/228
http://dx.doi.org/ 10.3847/1538-4357/833/2/228
http://arxiv.org/abs/1606.01968
http://dx.doi.org/10.1051/0004-6361/201525941
http://dx.doi.org/10.1051/0004-6361/201525941
http://arxiv.org/abs/1502.01591

	BICEP2 / Keck Array X: Constraints on Primordial Gravitational Waves using Planck, WMAP, and New BICEP2/Keck Observations through the 2015 Season
	Abstract
	Acknowledgments
	References


