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Outline

The CMB continues to be exciting!
Since last year, we have had release of Planck 2015 Cosmology
papers and data
Constraints on departures from standard model becoming tighter
Inflation constraints becoming interesting
(Likelihood paper, and accompanying likelihood code, released
last week, so people can now run the Planck 2015 likelihood for
themselves.)
Also resolution of whether BICEP2 had detected primordial
B-modes
Plus several other experiments in progress for B-mode detection
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The standard model

What are the parameters of the standard model?

Physical density in
baryons Ωbh2 (h =
H0/100 km s−1Mpc−1)
Physical density in cold
dark matter Ωch2

100× angular diameter
of sound horizon at
last scattering 100θ∗
Optical depth due to
reionisation τ
Slope of the primordial
power spectrum of
fluctuations ns

Amplitude of the
primordial power
spectrum (at a given
scale) As

The aim is to measure these from
the power spectrum of the CMB,
both in temperature and polarization
Can supplement this, with
measurements of effects of the same
scale (how far the sound waves
travelled by recombination) as traced
by matter (BAO)



Planck spectrum results

2013 



Planck spectrum results

2015 



Planck polarization spectra

The model shown in solid red, is not a fit to the polarization data,
but a prediction from the best fit to the temperature data



Parameter consistency between TT and polarization

Parameter TT + lowP TT,TE,EE
Ωbh2 0.02222± 0.00023 0.02224± 0.00015
Ωch2 0.1199± 0.0022 0.1199± 0.0014
100θ∗ 1.04086± 0.00048 1.04073± 0.00032
τ 0.078± 0.019 0.079± 0.017
ns 0.9652± 0.0062 0.9639± 0.0047
H0 67.3± 1.0 67.23± 0.64
Ωm 0.316± 0.014 0.316± 0.009
σ8 0.830± 0.015 0.831± 0.013
zre 9.9± 1.9 10.7± 1.7

lowP refers to using the low-` (` < 30) Low Frequency Instrument
polarization data to help constrain optical depth
Note these are not the best final values (which for ‘Planck alone’
should include e.g. CMB lensing), but demonstrate consistency,
plus improvement of statistical errors when including polarization
Work still needs to be done to improve polarization systematics,
however (final release next year)



Planck tau resultsPlanck Collaboration: Cosmological parameters
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Fig. 8. Marginalized constraints on the reionization optical
depth in the base ΛCDM model for various data combina-
tions. Solid lines do not include low multipole polarization; in
these cases the optical depth is constrained by Planck lensing.
The dashed/dotted lines include LFI polarization (+lowP), or
the combination of LFI and WMAP polarization cleaned using
353 GHz as a dust template (+lowP+WP).

likelihood uses 73 % of the sky and is constructed from a noise-
weighted combination of LFI 70 GHz and WMAP Ka, Q, and
V maps, as summarized in Sect. 3.1 and in more detail in
Planck Collaboration XI (2015). In combination with the Planck
high multipole TT likelihood, the combined lowP+WP likeli-
hood gives τ = 0.074+0.011

−0.013, consistent with the individual LFI
and WMAP likelihoods to within ∼ 0.5σ.

The various Planck and Planck+WMAP constraints on τ are
summarized in Fig. 8. The tightest of these constraints comes
from the combined lowP+WP likelihood. It is therefore reason-
able to ask why we have chosen to use the lowP likelihood as the
baseline in this paper, which gives a higher statistical error on τ.
The principal reason is to produce a Planck analysis, utilizing the
LFI polarization data, that is independent of WMAP. All of the
constraints shown in Fig. 8 are compatible with each other, and
insofar as other cosmological parameters are sensitive to small
changes in τ, it would make very little difference to the results
in this paper had we chosen to use WMAP or Planck+WMAP
polarization data at low multipoles.

4. Comparison of the Planck power spectrum with
high-resolution experiments

In PCP13 we combined Planck with the small-scale measure-
ments of the ground-based, high-resolution Atacama Cosmology
Telescope (ACT) and South Pole Telescope (SPT). The primary
role of using ACT and SPT was to set limits on foreground com-
ponents that were poorly constrained by Planck alone and to pro-
vide more accurate constraints on the damping tail of the tem-
perature power spectrum. In this paper, with the higher signal-
to-noise of the full mission Planck data, we have taken a dif-
ferent approach, using the ACT and SPT data to impose a prior
on the thermal and kinetic SZ power spectrum parameters in the
Planck foreground model as described in Sect. 2.3. In this sec-
tion, we check the consistency of the temperature power spectra

measured by Planck, ACT, and SPT, and test the effects of in-
cluding the ACT and SPT data on the recovered CMB power
spectrum.

We use the final ACT temperature power spectra pre-
sented in Das et al. (2014), with a revised binning de-
scribed in Calabrese et al. (2013) and final beam estimates in
Hasselfield et al. (2013b). As in PCP13 we use ACT data in the
range 1000 < ` < 10000 at 148 GHz, and 1500 < ` < 10000 for
the 148×218 and 218 GHz spectra. We use SPT measurements in
the range 2000 < ` < 13000 from the complete 2540 deg2 SPT-
SZ survey at 95, 150, and 220 GHz presented in George et al.
(2014).

Each of these experiments uses a foreground model to de-
scribe the multi-frequency power spectra. Here we implement
a common foreground model to combine Planck with the high
multipole data, following a similar approach to PCP13 but
with some refinements. Following the 2013 analysis, we solve
for common nuisance parameters describing the tSZ, kSZ, and
tSZ×CIB components, extending the templates used for Planck
to ` = 13000 to cover the full ACT and SPT multipole range. As
in PCP13, we use five point source amplitudes to fit for the to-
tal dusty and radio Poisson power: APS,ACT

148 ; APS,ACT
218 ; APS,SPT

95 ;
APS,SPT

150 ; and APS,SPT
220 . We rescale these amplitudes to cross-

frequency spectra using point source correlation coefficients, im-
proving on the 2013 treatment by using different parameters for
the ACT and SPT correlations, rPS,ACT

148×218 and rPS,SPT
150×220 (a single

rPS
150×220 parameter was used in 2013). We vary rPS,SPT

95×150, rPS,SPT
95×220

as in 2013, and include dust amplitudes for ACT, with Gaussian
priors as in PCP13.

As described in Sect. 2.3 we use a theoretically motivated
clustered CIB model fitted to Planck+IRAS estimates of the
CIB. The model at all frequencies in the range 95–220 GHz is
specified by a single amplitude ACIB

217 . The CIB power is well
constrained by Planck data at ` < 2000. At multipoles ` >∼ 3000,
the 1-halo component of the CIB model steepens and becomes
degenerate with the Poisson power. This causes an underesti-
mate of the Poisson levels for ACT and SPT, inconsistent with
predictions from source counts. We therefore use the Planck
CIB template only in the range 2 < ` < 3000, and extrapo-
late to higher multipoles using a power law D` ∝ ` 0.8. While
this may not be a completely accurate model for the clustered
CIB spectrum at high multipoles (see e.g., Viero et al. 2013;
Planck Collaboration XXX 2014), this extrapolation is consis-
tent with the CIB model used in the analysis of ACT and SPT.
We then need to extrapolate the Planck 217 GHz CIB power
to the ACT and SPT frequencies. This requires converting the
CIB measurement of HFI 217 GHz channel to the ACT and
SPT bandpasses assuming a spectral energy distribution. We
use the CIB spectral energy distribution from Béthermin et al.
(2012). Combining this model with the ACT and SPT band-
passes, we find that ACIB

217 has to be multiplied by 0.12 and 0.89
for ACT 148 and 218 GHz, and by 0.026, 0.14, and 0.91 for
SPT 95, 150, and 220 GHz, respectively. With this model in
place, the best-fit Planck, ACT, and SPT Poisson levels agree
with those predicted from source counts, as discussed further in
Planck Collaboration XI (2015).

The nuisance model includes seven calibration parameters
as in PCP13 (four for ACT and three for SPT). The ACT spec-
tra are internally calibrated using the WMAP 9-year maps, with
2 % and 7 % uncertainty at 148 and 218 GHz, while SPT cali-
brates using the Planck 2013 143 GHz maps, with 1.1 %, 1.2 %,
and 2.2 % uncertainty at 95, 150, and 220 GHz. To account for
the increased 2015 Planck absolute calibration (2 % higher in

19

Note the final WMAP 9-year data value for τ was 0.089± 0.014
so these results are for even lower τ than thought then
Values here if include Planck TT+lowP+lensing+BAO are
τ = 0.066± 0.013, zre = 8.8+1.3

−1.2

Implications for numbers of objects expected e.g. for JWST



Inflation after Planck

Where do we stand on some predictions from Inflation, after
Planck?
(Note some, e.g. Steihnardt, are still saying inflation not a
predictive theory, so useful to lay some of this out.)
Probably reasonably good agreement that following should be
true in simple versions of inflation:

1 Primordial power spectrum slope should be slightly less then 1
2 Universe should be flat to high accuracy
3 Primordial perturbations should be adiabatic
4 The perturbations should be Gaussian to good accuracy
5 There should be B-modes due to gravitational waves with a fixed

spectral shape in CMB `-space, and amplitude dependent on a
given theory

Note the ‘headline’ values for curvature and non-Gaussianity are
now |ΩK | < 0.005 and f local

NL
= 0.8± 5.0

Will now look at rest of these points in more detail



Planck Isocurvature constraintsPlanck Collaboration: Cosmological parameters
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Fig. 24. Constraints on the correlated matter isocurvature mode
amplitude parameter α, where α = 0 corresponds to purely adia-
batic perturbations. The Planck temperature data slightly favour
negative values, since this lowers the large-scale anisotropies;
however, the polarization signal from an isocurvature mode is
distinctive and the Planck polarization data significantly shrink
the allowed region around the value α = 0 corresponding to adi-
abatic perturbations.

is harder to achieve. Finally, neutrino velocity potential and vor-
ticity modes are other possible consistent perturbations to the
photon-neutrino fluid after neutrino decoupling. However, they
are essentially impossible to excite as they consist of photon
and neutrino fluids coherently moving in opposite directions on
super-horizon scales (despite the fact that the relative velocity
would have been zero before neutrino decoupling).

Planck Collaboration XXII (2014) presented constraints on
a variety of general isocurvature models using the Planck tem-
perature data, finding consistency with adiabaticity, though with
some mild preference for isocurvature models that reduce the
power at low multipoles to provide a better match to the Planck
temperature spectrum at multipoles ` <∼ 50. For matter isocurva-
ture perturbations, the photons are initially unperturbed but per-
turbations develop as the universe becomes more matter domi-
nated. As a result, the phase of the acoustic oscillations differs
from adiabatic modes; this is most clearly distinctive with polar-
ization data (Bucher et al. 2001a)

An extended analysis of isocurvature models is given in
Planck Collaboration XX (2015). Here we focus on a simple il-
lustrative case of a totally-correlated matter isocurvature mode.
We define an isocurvature amplitude parameter α, such that22

S m = sgn(α)

√
|α|

1 − |α|
ζ, (43)

where ζ is the primordial curvature perturbation. Here S m is the
total matter isocurvature mode, defined as the observable sum
of the baryon and CDM isocurvature modes, i.e., S m = S c +
S b(ρb/ρc), where

S i ≡
δρi

ρi
−

3δργ
4ργ

. (44)

22Planck Collaboration XX (2015) gives equivalent one-tailed con-
straints on βiso = |α|, where the correlated and anti-correlated cases are
considered separately.

All modes are assumed to have a power spectrum with the same
spectral index ns, so that α is independent of scale. For pos-
itive α this agrees with the definition in Larson et al. (2011)
and Bean et al. (2006) for α−1, but also allows for the corre-
lation to have the opposite sign. Approximately, sgn(α)α2 ≈

Bc, where Bc is the CDM version of the amplitude defined as
in Amendola et al. (2002). Note that in our conventions, nega-
tive values of α lower the Sachs–Wolfe contribution to the large-
scale TT power spectrum. We caution the reader that this con-
vention differs from e.g., Larson et al. (2011).

Planck constraints on the correlated isocurvature amplitude
are shown in Fig. 24, with and without high multipole polariza-
tion. The corresponding marginalized limit from the temperature
data is

α = −0.0025+0.0035
−0.0047 (95%,Planck TT+lowP), (45)

which is significantly tightened around zero when Planck polar-
ization information is included at high multipoles:

α = 0.0003+0.0016
−0.0012 (95%,Planck TT,TE,EE+lowP). (46)

This strongly limits the isocurvature contribution to be less than
about 3 % of the adiabatic modes. Figure 25 shows how models
with negative correlation parameter, α, fit the temperature data at
low multipoles slightly better than models with α = 0; however,
these models are disfavoured from the corresponding change in
the polarization acoustic peaks.

In this model most of the gain in sensitivity comes from
relatively large scales, ` <∼ 300, where the correlated isocur-
vature modes with delayed phase change the first polarization
acoustic peak (` ≈ 140) significantly more than in tempera-
ture (Bucher et al. 2001a). The polarization data are not entirely
robust to systematics on these scales, but in this case the result
appears to be quite stable between the different likelihood codes.
However, it should be noted that a significantly low point in the
T E spectrum at ` ≈ 160 (see Fig. 3) pulls in the direction of
positive α, and could be giving an artificially strong constraint if
this were caused by an unidentified systematic.

6.2.4. Curvature

The simplifying assumptions of large-scale homogeneity and
isotropy lead to the familiar Friedman-Robertson-Walker (FRW)
metric that appears to be an accurate description of our Universe.
The base ΛCDM cosmology assumes an FRW metric with a
flat 3-space. This is a very restrictive assumption that needs to
be tested empirically. In this subsection, we investigate con-
straints on the parameter ΩK , where for ΛCDM models ΩK ≡

1−Ωm−ΩΛ. For FRW models ΩK > 0 corresponds to negatively-
curved 3-geometries while ΩK < 0 corresponds to positively-
curved 3-geometries. Spatial curvature has often been connected
to the spatial topology of the Universe, closed universes being
positively curved and open ones being negatively curved. Even
if our Universe is topologically flat, a curved FRW model might
be the best description for the contents of our past light cone, the
curvature accounting for the sum total of perturbations remain-
ing super-horizon even today.

The parameter ΩK decreases exponentially with time during
inflation, but grows only as a power law during the radiation
and matter dominated phases, so the standard inflationary pre-
diction has been that curvature should be unobservably small
today. Nevertheless, by fine-tuning parameters it is possible to
devise inflationary models that generate open (e.g., Bucher et al.
1995; Linde 1999) or closed universes (e.g., Linde 2003). Even

37

Expect adiabaticity in single field models of inflation (only one
place where energy can be shared)
Result shown is for constraints on the correlated matter
isocurvature mode amplitude parameter α, where α = 0
corresponds to purely adiabatic perturbations
Polarization information makes a big difference here



The primordial spectrum
The constraint on ns from combination of Planck data with SN
and BAO is now ns = 0.9667± 0.0040, i.e. 8σ away from the
Harrison-Zeldovich value of 1
Worth considering what we know about the primordial spectrum
in more detail
Following shows range of k space over which we have direct
information from CMB and matter distribution
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Fig. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ΛCDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc−1

show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h−1Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman–α forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, ∆M/M, and illustrates how the range in wavenumber k
(measured in Mpc−1) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.

From Hlozek et al, arXiv:1105.4887



k ranges probed

This is actually a small fraction of the range which comes from
inflation, and could be discussed
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FIG. 6: Constraints on the allowed amplitude of primordial density (curvature) perturbations Pδ (PR) at all scales. Here we
give the combined best measurements of the power spectrum on large scales from the CMB, large scale structure, Lyman-α
observations and other cosmological probes [152, 153, 156]. We also plot upper limits from gamma-ray and reionisation/CMB
searches for UCMHs, and primordial black holes [43]. For ease of reference, we also show the range of possible DM kinetic
decoupling scales for some indicative WIMPs [74]; for a particle model with a kinetic decoupling scale kKD, limits do not apply
at k > kKD. Note that for modes entering the horizon during matter domination, Pδ (but not PR) should be multiplied by a
further factor of 0.81.

to be n . 1.17. Since large-scale observations actually
put much stronger limits on the spectral index, we have
also considered the case of n = 0.968 ± 0.012, as ob-
tained by WMAP observations, and constrained the al-
lowed additional power below some small scale ks to be at
most a factor of ∼10–12 (assuming a step-like enhance-
ment in the spectrum). As a third example, we have
obtained quasi-model-independent limits, of the order of
PR . 10−6, on perturbation spectra that can at least
locally be well described by a power law. We would like
to stress, however, that it is intrinsically impossible to
constrain primordial density fluctuations in a completely
model-independent way; one thus has to re-derive such
limits for any particular model of, e.g., inflation which
produces a spectrum that does not fall into one of these
classes. Here, we have provided all the necessary tools to
do so.

We have mentioned that present gravitational lens-
ing data cannot be used to constrain the abundance of
UCMHs – essentially because they are simply not point-
like enough, even in view of their highly dense and con-
centrated cores. Future missions making use of the light-
curve shape in lensing events, however, are likely to probe
or constrain their existence. This would be quite remark-
able as it would allow us to put limits on the power spec-
trum without relying on the WIMP hypothesis for DM.
Most of our formalism is readily extended, or can in fact
be directly applied to, such constraints arising from grav-
itational microlensing.

Finally, we have compiled an extensive list of the most

stringent limits on PR(k) that currently exist in the lit-
erature for the whole range of accessible scales, from the
horizon size today down to scales some 23 orders of mag-
nitude smaller. Direct and indirect observations of the
matter distribution on large scales – in particular galaxy
surveys and CMB observations – constrain the power
spectrum to be PR(k) ∼ 2 × 10−9 on scales larger than
about 1 Mpc. On sub-Mpc scales, on the other hand, only
upper limits exist. From the non-observation of PBH-
related effects, one can infer PR . 10−2 − 10−1 on all
scales that we consider here. UCMHs are much more
abundant and thus result in considerably stronger con-
straints, PR . 10−6, down to the smallest scale at which
DM is expected to cluster (this depends on the nature of
the DM; for typical WIMPs like neutralino DM, e.g., it
falls into the range kχmax ∼ 8× 104 − 3× 107 Mpc−1).

It is worth recalling that the observational evidence
for a simple, nearly Harrison-Zel’dovich spectrum of den-
sity fluctuations is obtained by probing a relatively small
range of rather large scales. The limits we have provided
here will thus be very useful in constraining any model of
e.g. inflation, or phase transitions in the early Universe,
that predicts deviations from the most simple case and
which would result in more power on small scales.

From Bringmann, Scott & Akrami, arXiv:1110.2484v3



Primordial power spectrum slope
As an illustration of theoretical expectations, following shows
predicted power spectrum from inflation over a larger range than
ordinarily shown

Black dashed lines mark (currently) observable range, and red
line is a spectrum with constant slope ns = 0.965
Note also cutoff in power at large spatial scales
(Will discuss what underlying theory is shortly.)



Primordial power spectrum reconstruction

For latest Planck release Inflation paper, Handley & Lasenby
have been working on a novel method of primordial power
spectrum reconstruction

Uses a new Bayesian sampling
method called POLYCHORD
(arXiv:1502.01856, developed by
Handley, Lasenby & Hobson)
(also used in other applications in
the Inflation paper)
Lay down N ‘knots’ with N
variable and calculate evidence
as a function of N
Featureless spectrum still
preferred by evidence (except
Planck TTTEEE where slight
preference for 1 internal knot)

26 Planck Collaboration: Constraints on inflation

Fig. 24. Bayesian movable knot reconstructions of the primordial power spectrum PR(k) using Planck TT data. The plots indicate
our knowledge of the PPS P(PR(k)|k,N) for a given number of knots. The number of internal knots Nint increases (left to right and
top to bottom) from 0 to 8. For each k-slice, equal colours have equal probabilities. The colour scale is chosen so that darker regions
correspond to lower-σ confidence intervals. 1σ and 2σ confidence intervals are also sketched (black curves). The upper horizontal
axes give the approximate corresponding multipoles via ` ≈ k/Drec, where Drec is the comoving distance to recombination.
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line: Planck TT. Dashed line: Planck TT,TE,EE. Dotted line:
Planck TT, with priors on the P parameters reduced in width
by a factor of 2 (2.5 < ln(1010P) < 3.5).

Fig. 26. Bayesian reconstruction of the primordial power spec-
trum averaged over different values of Nint (as shown in
Fig. 24), weighted according to the Bayesian evidence. The re-
gion 30 < ` < 2300 is highly constrained, but the resolution is
lacking to say anything precise about higher `. At lower `, cos-
mic variance reduces our knowledge of PR(k). The weights as-
signed to the lower Nint models outweigh those of the higher
models, so no oscillatory features are visible here.



Primordial power spectrum reconstruction

However, interesting stable feature is present (found by the other
two power spectrum reconstruction methods used as well),
presumably associated with slight overall lack of large scale
power plus dip in CMB spectrum around 20 < ` < 30

Reconstruction of the primordial power spectrum: 2
Two different methods explore lower k modes probing to the low-deficit in TT and the l =20-40 
wiggles

 (highlight Handley/Lasenby poster)

1 knot 8 knots

Preliminary

4 knot

(See talk by Bond)From Planck 2015 ‘Constraints on Inflation’, arXiv:1502.02114



CMB Power spectra (Two parts separately)

Scalar (matter and radiation
density) perturbations

Tensor (gravity wave)
perturbations for r = 0.1



Planck 2015 results in r − ns plane

16 Planck Collaboration: Constraints on inflation
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to the theoretical predictions of selected inflationary models.



Expectations for r
Want to emphasise that although things look bad for φ2, φ3 and
φ4 individually, their combination can be completely fine with
current data
This was something emphasised by de Vega, Sanchez, Destri et
al
In the following, from astro-ph/0703417, the h parameter controls
the cubic (asymmetric) part of the potential 12
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FIG. 2: Trinomial Inflation. We plot r vs. ns for fixed values of the asymmetry parameter h and the field z varying along the
curves. The red curves are those of chaotic inflation with h ≤ 0 (only the short magenta curve has positive h), while the black
curves are for new inflation. The color–filled areas correspond to 12%, 27%, 45%, 68% and 95% confidence levels according
to the WMAP3 and Sloan data. The color of the areas goes from the darker to the lighter for increasing CL. New inflation
only covers a narrow area between the black lines while chaotic inflation covers a much wider area but, as shown by fig. 9,
this wide area is only a small corner of the field z - asymmetry h plane. Since new inflation covers the banana-shaped region
between the black curves, we see from this figure that the most probable values of r are definitely non-zero within trinomial
new inflation. Precise lower bounds for r are derived from MCMC in eq.(5.2).
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Therefore, we reach the Harrison-Zeldovich spectrum ns = 1, r = 0 as a limiting value. This is a strong coupling
regime y → ∞ where in addition we must keep the ratio M/(h+1)

1
4 fixed for h → −1+ since it is determined by the



Expectations for r
And here is the cosmic banana, which includes all possible
higher order corrections in terms of a Ginsburg-Landau type
effective field theory
From Destri, de Vega, Sanchez, arXiv:0906.4102 (the vertical
lines indicate the 1σ limits from the WMAP5 data)
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FIG. 10: We plot here the borders of the universal banana region B in the (ns, r)-plane setting N = 60. The curves are
computed with the quadratic plus quartic potential eq.(2.21) and with the n = ∞ limit of the quadratic plus u2n potential
eq.(4.1) (or the b = ∞ limit of the quadratic plus exponential potential eq.(5.1), which gives identical results) as given by
eqs.(4.4)-(4.6) and eqs.(4.9) and (4.11). Notice that the lower part of the right border of B, 0 < r < 4/N = 0.06666 . . .
corresponds to the limit n = ∞ at fixed u eq.(4.6). The upper part 4/N < r < 8/N of the right border of B is not displayed
here. We display in the vertical full line the LCDM+r value ns = 0.968 ± 0.015 using WMAP5+BAO+SN data. The broken
vertical lines delimit the ±1σ region.

[20] Peiris H. V. & Easther R., 2008, JCAP 7, 24.
[21] C. Burigana, C. Destri, H. J. de Vega, A. Gruppuso, N. Mandolesi, P. Natoli, N. G. Sanchez, arXiv:1003.6108 to appear

in ApJ.



Expectations for r

Also want to emphasise that single field inflation can have some
surprises in ‘modified gravity’ theories
Have been working on a new scale-invariant gauge theory
approach to gravity
This generalises the Gauge Theory Gravity of Lasenby, Doran &
Gull (see Phil. Trans. R. Soc. Lond. A, 356, 487 (1998)) to
include scale invariance, as well as translation and rotation
invariance
Theoretical foundations will be described in a paper to appear in
August: Lasenby & Hobson, Gauge theories of gravity and scale
invariance. I. Theoretical foundations
Scale invariance requires the introduction of a vector gauge field
Turns out that this has the interesting effect in cosmology of
generating a φ4 term by itself, when all we put in ‘by hand’ is a
standard m2φ2 type potential term



Expectations for r
Final effective potential is of the form

V (φ) =

(
− 3H2

η + 6
+

m2

2

)
φ2 +

m2

2(η + 6)
φ4

This produces the plot of scalar spectrum shown above, and can
get perfectly sensible values of r from this

r

r is shown here in a point by point comparison with scalar
spectrum, and again dashed black lines represent extent of
observability of scalar spectrum



Current situation on BICEP
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Foregrounds?

This was clearly the biggest
potential problem
Key foregrounds are Galactic
dust at higher frequencies
(>∼ 70GHz) and Galactic
synchrotron at lower frequencies
(<∼ 70GHz)
They worked at 150GHz and
based their analysis on existing,
publically available maps of dust
(e.g. from IRAS and Planck)
Maps are in intensity, so they
assumed a fixed 5% polarization
fraction
BICEP2 only has a single
frequency, so can’t discriminate
spectra on this basis
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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 2′ rms. We
have simulated the effect of cosmological T E correlations as
a bias on the beam centers and find it well below 5′′. 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 15′′ 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 1′. 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



High latitude Planck dust results
The released Planck high latitude dust results from September
last year indicated there could indeed be serious contamination
(arXiv:1409.5738) Planck Collaboration: Dust polarization at high latitudes

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 ±1σ 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 ΛCDMDBB

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

Appendix D.1 confirms that the result does not depend on the
method of computing the power spectrum.

This power spectrum is extrapolated to 150 GHz as in
Sect. 6.2, with an extrapolation uncertainty estimated from the
inferred dispersion of βd. Our final estimate of the DBB

` spec-
trum is presented in Fig. 9, together with its 1σ error budget.
For the first bin, `= 40–120, the expected level of dust polarized
DBB
` , as extrapolated to 150 GHz, is 1.32× 10−2 µK2

CMB (Fig. 9).
The statistical error, estimated from Monte Carlo simulations of
inhomogeneous Planck noise (presented in Appendix A for this
particular binning), is ± 0.29×10−2 µK2

CMB, so that the dustDBB
`

spectrum is statistically detected at 4.5σ in this broad ` bin.

In order to assess the potential contribution from systemat-
ics, we have computed the dust DBB

` spectrum on MB2 on dif-
ferent subsets of the data and performed null tests, which are
presented in Appendix D.3. In this lowest bin of `, we do not ob-
serve any departure from what is allowed by noise. Nevertheless,
we stress that below the noise level our cross-spectra could be
subject to a positive or negative bias due to systematic effects.
For example, if instead of taking the DetSets cross-spectra (as
we have done throughout this paper) we take the mean value
computed from the DetSets, HalfRings, and Years cross-spectra
(presented in Appendix D.3), the statistical significance of our
measurement is decreased from 4.5σ to 3.6σ.

The uncertainty coming from the MB2 definition (presented
in Appendix D.2) is 0.04 × 10−2 µK2

CMB for this bin, thus much
less than the statistical error. For this reason, it is not added to
the error budget. However, the spectral extrapolation to 150 GHz
adds an additional uncertainty (+0.28,−0.24) × 10−2 µK2

CMB to
the estimated power in MB2, added in quadrature in Fig. 9.

The expected value in this lowest-` bin from direct compu-
tation of theDBB

` power spectrum on MB2, as shown in Fig. 9, is
lower than (but consistent with) the statistical expectation from
the analysis of the 352 high Galactic latitude patches presented
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 ∝〈I353〉

1.9.
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

15

The blue boxes represent 1σ uncertainties about the mean for
extrapolating Planck 353GHz measurements of dust to BICEP’s
observing frequency (150GHz)
Solid curve is what an r = 0.2 primordial B-mode would look like!
Proper joint analysis of Planck and BICEP2 data then followed
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FIG. 12. Upper: BB spectrum of the BICEP2/Keck maps be-
fore and after subtraction of the dust contribution, estimated
from the cross-spectrum with Planck 353 GHz. The error bars
are the standard deviations of simulations, which, in the lat-
ter case, have been scaled and combined in the same way. The
inner error bars are from lensed-ΛCDM+noise simulations as
in the previous plots, while the outer error bars are from
the lensed-ΛCDM+noise+dust simulations. The red curve
shows the lensed-ΛCDM expectation. Lower: constraint on r
derived from the cleaned spectrum compared to the fiducial
analysis shown in Fig. 6.

analysis with the full multi-spectra likelihood. It is clear
from the widths of the likelihood curves that compressing
the spectra to form the cleaned difference results in very
little loss of information on r. The difference in peak
values arises from the different data treatments and is
consistent with the scatter seen across simulations. Fi-
nally, we note that one could also form a combination
(BK×BK−2αBK×P+α2P×P)/(1−α)2 in which dust
does not enter at all for α = αfid. However, the variance
of this combination of spectra is large due to the Planck
noise levels, and likelihoods built from this combination
are considerably less constraining.

V. POSSIBLE CAUSES OF DECORRELATION

Any systematic error that suppresses the BK150×P353
cross-frequency spectrum with respect to the
BK150×BK150 and P353×P353 single-frequency
spectra would cause a systematic upward bias on the r
constraint. Here we investigate a couple of possibilities.

A. Spatially varying dust frequency spectrum

If the frequency dependence of polarized dust emission
varied from place to place on the sky, it would cause the
150 GHz and 353 GHz dust sky patterns to decorrelate
and suppress the BK150×P353 cross-frequency spectrum
relative to the single-frequency spectra. The assump-
tion made so far in this paper is that such decorrela-
tion is negligible. In fact PIP-XXX implicitly tests for
such variation in their Figure 6, where the Planck single-
and cross-frequency spectra are compared to the modi-
fied blackbody model (with the cross-frequency spectra
plotted at the geometric mean of their respective frequen-
cies). This plot is for an average over a large region of low
foreground sky (24%); however, note that if there were
spatial variation of the spectral behavior anywhere in this
region it would cause suppression of the cross-frequency
spectra with respect to the single-frequency spectra.

PIP-XXX also tests explicitly for evidence of decorre-
lation of the dust pattern across frequencies. Their fig-
ure E.1 shows the results for large and small sky patches.
The signal-to-noise ratio is low in clean regions, but no
evidence of decorrelation is found.

As a further check, we artificially suppress the ampli-
tude of the BK150×P353 spectra in the Gaussian dust-
only simulations (see Sec. IV A) by a conservative 10%
(PIP-XXX sets a 7% upper limit). We find that the
maximum likelihood value for r shifts up by an average
of 0.018, while Ad shifts down by an average of 0.43µK2,
with the size of the shift proportional to the magnitude of
the dust power in each given realization. This behavior
is readily understandable—since the BK150×BK150 and
BK150×P353 spectra dominate the statistical weight, a
decrease of the latter is interpreted as a reduction in dust
power, which is compensated by an increase in r. The
bias on r will be linearly related to the assumed decorre-
lation factor.

B. Calibration, analysis etc.

Figure 3 shows that the EE spectrum BK150×BK150
is extremely similar to that for BK150×P143. We
can compare such spectra to set limits on possible
decorrelation between the BICEP2/Keck and Planck
maps arising from any instrumental or analysis re-
lated effect, including differential pointing, polarization
angle mis-characterization, etc. Taking the ratio of
BK150×P143 to the geometric mean of BK150×BK150
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FIG. 10. Likelihoods for r and Ad, using BICEP2/Keck
and Planck, as plotted in Fig. 6, overplotted on constraints
obtained from realizations of a lensed-ΛCDM+noise+dust
model with dust power similar to that favored by the real
data (Ad = 3.6µK2). Half of the r curves peak at zero as
expected.
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FIG. 11. Constraints obtained when adding dust realizations
from the Planck Sky Model version 1.7.8 to the base lensed-
ΛCDM+noise simulations. (Curves for 139 regions with peak
Ad < 20µK2 are plotted). We see that the results for r
are unbiased in the presence of dust realizations which do
not necessarily follow the `−0.42 power law or have Gaussian
fluctuations about it.

as the level of Ad increases, and we should therefore not
be surprised if the fraction of realizations peaking at a
value higher than the real data is increased compared to
the simulations with mean Ad = 3.6µK2. However we
still expect that on average 50% will peak above zero and
approximately 8% will have an L0/Lpeak ratio less than
the 0.38 observed in the real data. In fact we find 57%
and 7%, respectively, consistent with the expected val-
ues. There is one realization which has a nominal (false)
detection of non-zero r of 3.3σ, although this turns out to
also have one of the lowest L0/Lpeak ratios in the Gaus-
sian simulations shown in Fig. 10 (with which it shares
the CMB and noise components), so this is apparently
just a relatively unlikely fluctuation.
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FIG. 12. Upper: BB spectrum of the BICEP2/Keck maps
before and after subtraction of the dust contribution, esti-
mated from the cross-spectrum with Planck 353 GHz. The
error bars are the standard deviations of simulations, which,
in the latter case, have been scaled and combined in the same
way. The inner error bars are from lensed-ΛCDM+noise sim-
ulations as in the previous plots, while the outer error bars
are from the lensed-ΛCDM+noise+dust simulations. Lower:
constraint on r derived from the cleaned spectrum compared
to the fiducial analysis shown in Fig. 6.

B. Subtraction of scaled spectra

As previously mentioned, the modified blackbody
model predicts that dust emission is 4% as bright in the
BICEP2 band as it is in the Planck 353 GHz band. There-
fore, taking the auto- and cross-spectra of the combined
BICEP2/Keck maps and the Planck 353 GHz maps, as
shown in the bottom row of Fig. 2, and evaluating
(BK×BK−αBK×P)/(1−α), at α = αfid cleans out the
dust contribution (where αfid = 0.04). The upper panel
of Fig. 12 shows the result.

As an alternative to the full likelihood analysis pre-
sented in Sec. III B, we can instead work with the dif-
ferenced spectra from above, a method we denote the
“cleaning” approach. If αfid were the true value, the ex-

Can see that’s there’s only really evidence for the lensing
B-mode in BICEP’s results so far
For r , using Planck to clean dust, only get an upper limit r < 0.12
at 95% conf.
So how does combination of Planck and (Planck-cleaned) BICEP
likelihoods affect the ns-r plane?



Planck results in r − ns plane
Planck Collaboration: Cosmological parameters
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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ΛCDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with ∆Neff = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V ∝ (φ/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ΛCDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` ≥ 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ΛCDM. Note that
for base ΛCDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ΛCDM between the Planck 2013 and Planck
2015 analyses (about 0.7σ). As explained in Sect. 3.1, part of
this shift was caused by the ` ≈ 1800 systematic in the nominal-
mission 217 × 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of Ωch2, which at fixed θ∗ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4σ). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ΛCDM
model and the temperature power spectrum at multipoles ` <∼ 40,
partly driven by the dip in the multipole range 20 <∼ ` <∼ 30. If
this mismatch is simply a statistical fluctuation of the ΛCDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ΛCDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ΛCDM can give sig-
nificantly different results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated

34



Planck results in r − ns plane
Planck Collaboration: Cosmological parameters

φ2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

0
2

N
=

50

N
=

60

ConvexConcave

φ

Planck TT+lowP+lensing (∆Neff = 0.39)

ΛCDM Planck TT+lowP

+lensing+ext

φ2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

0
2

N
=

50

N
=

60

ConvexConcave

φ

Planck TT+lowP

Planck TT+lowP+BKP

+lensing+ext

Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ΛCDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with ∆Neff = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V ∝ (φ/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ΛCDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` ≥ 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ΛCDM. Note that
for base ΛCDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ΛCDM between the Planck 2013 and Planck
2015 analyses (about 0.7σ). As explained in Sect. 3.1, part of
this shift was caused by the ` ≈ 1800 systematic in the nominal-
mission 217 × 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of Ωch2, which at fixed θ∗ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4σ). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ΛCDM
model and the temperature power spectrum at multipoles ` <∼ 40,
partly driven by the dip in the multipole range 20 <∼ ` <∼ 30. If
this mismatch is simply a statistical fluctuation of the ΛCDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ΛCDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ΛCDM can give sig-
nificantly different results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated
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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ΛCDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with ∆Neff = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V ∝ (φ/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ΛCDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` ≥ 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ΛCDM. Note that
for base ΛCDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ΛCDM between the Planck 2013 and Planck
2015 analyses (about 0.7σ). As explained in Sect. 3.1, part of
this shift was caused by the ` ≈ 1800 systematic in the nominal-
mission 217 × 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of Ωch2, which at fixed θ∗ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4σ). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ΛCDM
model and the temperature power spectrum at multipoles ` <∼ 40,
partly driven by the dip in the multipole range 20 <∼ ` <∼ 30. If
this mismatch is simply a statistical fluctuation of the ΛCDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ΛCDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ΛCDM can give sig-
nificantly different results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated
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Fig. 29. Samples from the Planck TT+lowP posterior in the∑
mν–H0 plane, colour-coded by σ8. Higher

∑
mν damps

the matter fluctuation amplitude σ8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s−1Mpc−1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of

∑
mν < 0.23 eV reported in PCP13 for Planck+BAO. The

limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in ΛCDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2σ). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ΛCDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ΛCDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

∑
mν < 0.68 eV (95%,Planck TT+lowP+lensing). (55)
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Fig. 30. Constraints on
∑

mν for various data combinations.

Adding the polarization spectra improves this constraint slightly
to∑

mν < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit∑

mν < 0.23 eV

Ωνh2 < 0.0025

 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might affect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

σ8 = 0.810+0.015
−0.012

 Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of σ8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather different, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s−1Mpc−1 in this section.
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Headline result (after combination with BAO) is
∑

mν < 0.21 eV
at 95%
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Fig. 31. Samples from Planck TT+lowP chains in the Neff–H0
plane, colour-coded by σ8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s−1Mpc−1 of Eq. (30). Note that higher
Neff brings H0 into better consistency with direct measurements,
but increases σ8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Neff < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (∆Neff ≈ 0.57), or before muon
annihilation (∆Neff ≈ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(∆Neff ≈ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ΛCDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
ΛCDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Lyα flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

∑
mν <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

∑
mν < 0.23 eV preferred by Planck, detection with the

first generation experiment will be difficult.

6.4.2. Constraints on Neff

Dark radiation density in the early Universe is usually parame-
terized by Neff , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ργ at T � 1 MeV by

ρ = Neff

7
8

(
4

11

)4/3

ργ. (59)

The numerical factors in this equation are included so that
Neff = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Neff = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Neff . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional ∆Neff = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <∼ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Neff and

∑
mν is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically ∆Neff < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ≈ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give ∆Neff � 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are different, and even thermalized particles could give specific
fractional values of ∆Neff . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
∆Neff = 4/7 ≈ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or ∆Neff ≈ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Neff as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Neff < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Neff = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Neff = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Neff = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Neff = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Neff = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)
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Results are Neff = 3.13± 0.32 (Planck TT alone)
Neff = 3.04± 0.18 (Planck TT+polzn+BAO)
(Note expect Neff = 3.046 just on basis of 3 neutrino species due
to effects at electron-positron annihilation.)



Future of B-mode measurements

Only way to improve measurements of r
is via direct detection of B-modes
(Planck has already reached limit of
what can be done from TT alone)
Several experiments underway in this
area
BICEP/Keck is deepest measurement so
far and progressing rapidly with further
receivers and frequencies
Will hear about this in detail from Clem
Pryke
Will mention briefly some others
Two QUIJOTE telescopes were
inaugurated by the King of Spain on
June 27th QUIJOTE Telescopes



QUIJOTE

QUIJOTE Spanish/UK
ground-based experiment
Currently one of only two
ground-based CMB experiments
with European leadership (other
is QUBIC, led by APC, Paris)
Rafa Rebolo (IAC) is overall PI
and ANL PI at Cambridge
Two-fold aim: low frequency
foreground mapping in
polarization, plus in future
versions sensitive to r at about
0.05 level.
First telescope/receiver has 4
horns at 11, 13, 17 and 19GHz
and maps most of Northern sky
Second telescope/receiver will
add 32 horns at 30GHz

Horns of first receiver

Installation of second telescope



QUIJOTE first results

First scientific results now
published
Concentrates on Perseus region,
and in particular the IRAS dust
cloud G159.6-18.5
Intensity points fill in well the
lower frequency part of the AME
spectrum for this object
Get limits on AME dust
polarization fraction of
< 6.3% at 11− 13GHz and
< 2.8% at 17− 19GHz
Important in helping to rule out
magnetic dipole mechanisms for
spinning dust (prefers electric
dipole)

6 R. Génova-Santos et al.

Figure 1. QUIJOTE intensity map at 11 GHz of the whole region covered by the observations (left), in comparison with the WMAP

9-year map at 23 GHz (right). The positions of the G159.6-18.5 molecular cloud, the California HII region (NGC1499) and the 3C84
quasar are marked with crosses. The QUIJOTE map encompasses 277 deg2, contains in total 149 h of observations, and its RMS is

≈ 80 µK/beam. By comparing the relative amplitudes of California and G159.6-18.5 it can easily be noted how the presence of AME

boosts the brightness of G159.6-18.5 at 23 GHz.

fluxes gives a reasonable estimation of the true noise of our
flux estimate. From this analysis we determined that for in-
tensity n′1,2 = nb

1,2, while for polarization n′1,2 = 2nb
1,2. This

is what we will use in our estimation of the flux errors.

In cases of low signal-to-noise fluxes, or when placing
upper limits on the polarized flux P , as it will be our case,
it is necessary to de-bias the fluxes derived from the aper-
ture photometry integration. This requirement comes from
the fact that the posterior distribution of the polarized in-
tensity P does not follow a normal (Gaussian) distribution.
Furthermore P is a quantity that must always be positive,
and this introduces a bias into any estimate. For any true
P0 we would expect to measure on average a polarization
P > P0. In order to get the de-biased fluxes, Pdb, from
the measured ones, P , we choose the Bayesian approach de-
scribed in Vaillancourt (2006) and in Rubiño-Mart́ın et al.
(2012b), consisting of integrating the analytical posterior
probability density function over the parameter space of the
true polarization. The same posterior can not be used for the
polarization fraction, Π = P/I×100, as it follows a different
distribution. As, to our knowledge, there is not in the litera-
ture any analytical solution for the posterior distribution of
Π, we numerically evaluate this function by applying Monte-
Carlo simulations. This approach has already been carried
out in López-Caraballo et al. (2011) and in Dickinson et al.
(2011).

3 RESULTS AND DISCUSSION

3.1 Maps and consistency tests

In Fig. 1 we show the intensity map at 11 GHz resulting
from combining 149 h of observations, where emissions from
G159.6-18.5, the California nebula (NGC1499) and the 3C84
quasar are clearly visible. More detailed I, Q and U maps
at our four frequencies around the position of G159.6-18.5
are shown in Fig. 2. The Q and U maps on this source are
consistent with zero polarization, and therefore upper limits
on the polarized intensity will be extracted in section 3.3.
Some stripping is clearly visible in the maps, which is pro-
duced by the presence of regions with a higher noise due to
a lower integration time per pixel and, to a lesser extent, to
1/f residuals. The inhomogenities in the coverage (integra-
tion time per pixel) maps are caused by the separation of the
horns in the focal plane, which leads the sky coverage to be
different when we observe the field before or after crossing
the local meridian. In the Q and U maps at 11 and 13 GHz of
Fig. 2, the two orthogonal stripes with clearly higher noise
correspond to regions with integration of ∼ 3 − 7 s/pixel
(pixel size 6.9 arcmin). By comparison, in the central region
inside the circle where we perform the aperture photometry,
the integration time is ∼ 30−35 s/pixel, resulting in a lower
pixel-to-pixel dispersion of the data.

An important consistency test, that may reveal the
presence of systematics and other spurious effects, is ob-
tained through jackknife maps. We have uniformly split our
full dataset in two halves in such a way that the maps of
number of hits associated to these two halves are as sim-
ilar as possible. The differences of the two halves divided
by two, for the intensity and polarization maps at our four

c© 2014 RAS, MNRAS 000, 1–17

11GHz Intensity map of Perseus field10 R. Génova-Santos et al.

Frequency Flux Flux density Telescope/
(GHz) density (Jy) residual (Jy) survey

0.408 10.5± 4.0 2.7± 4.2 Haslam

0.82 7.4± 2.1 0.1± 2.4 Dwingeloo
1.42 6.8± 1.6 −0.1± 2.0 Reich

10.9 16.1± 1.8 10.3± 1.9 COSMO.

11.2 15.0± 2.0 9.2± 2.1 QUIJOTE
12.7 20.0± 2.2 14.2± 2.2 COSMO.

12.9 18.1± 2.1 12.4± 2.1 QUIJOTE

14.7 28.4± 3.1 22.6± 3.1 COSMO.
16.3 35.8± 4.0 30.0± 4.0 COSMO.

16.7 33.9± 2.4 28.1± 2.5 QUIJOTE

18.7 35.2± 3.7 29.2± 3.8 QUIJOTE
22.8 40.2± 2.4 34.0± 2.5 WMAP

28.4 40.4± 2.4 33.5± 2.6 Planck
33.0 38.1± 2.4 30.4± 2.8 WMAP

40.7 32.8± 2.5 23.1± 3.3 WMAP

44.1 29.8± 2.6 19.1± 3.7 Planck
60.8 27.5± 3.8 8.3± 6.9 WMAP

70.4 32.3± 4.9 5.2± 10.0 Planck

93.5 59.5± 9.3 1.8± 22.3 WMAP
100 81± 17 11± 10 Planck

143 194± 24 −17± 82 Planck

217 1011± 122 196± 320 Planck
353 4286± 446 344± 1376 Planck

545 14858± 1470 208± 4588 Planck

857 45235± 4045 −1352± 13168 Planck
1249 86696± 6674 −4878± 25315 DIRBE

2141 114650± 6891 6845± 43590 DIRBE
2998 54361± 2624 −837± 28264 DIRBE

Table 2. Flux densities for G159.6-18.5 in the Perseus molecular

cloud. All fluxes have been calculated through aperture photom-
etry in a ring of radius 1.7◦ and subtracting the median of the

background in a ring between 1.7◦ and 1.7
√

2
◦
, except those com-

ing from the COSMOSOMAS experiment (10.9, 12.7, 14.7 and
16.3 GHz), which have been taken from Planck Collaboration et

al. (2011). Also shown are the residual AME fluxes, obtained after

subtraction of the free-free, CMB and thermal dust components.
The last column indicate the telescope or survey from which the

data have been extracted.

fitting the amplitude of an elliptical Gaussian with a fixed
size of 1.6◦× 1.0◦ (FWHM). In a first-order approximation,
the fluxes obtained through Gaussian fitting will be equiv-
alent to those obtained from aperture photometry using a
given aperture size. Therefore, in order to get a reliable in-
tensity SED we choose a size for the aperture that gives the
most similar fluxes to those presented in Planck Collabora-
tion et al. (2011) for the Haslam et al. (1982), Berkhuijsen
(1972), Reich & Reich (1986), WMAP , Planck and DIRBE
maps (it must be noted that the WMAP and Planck maps
used in this work correspond to a different release to that
used in Planck Collaboration et al. (2011), but this will have
a negligible effect). After trying different values, we found
that a radius of 1.7◦ gives the best agreement, with a very

Figure 5. Spectral energy distribution of G159.6-18.5. QUIJOTE

data points are depicted in red, together with other ancillary data
including COSMOSOMAS, WMAP 9-year data and Planck data.

At intermediate frequencies the excess emission associated with

the AME clearly shows up. A joint fit has been performed to all
the data points except 100 and 217 GHz (which are affected by

CO contamination), consisting in the following components: free-

free (dotted line), spinning dust from a mixed environment with
a high-density molecular (long-dashed line) and a low-density

atomic (dashed line) gas, CMB (dash-dotted line) and thermal

dust (dashed-triple-dotted line). The solid line represents the sum
of all the components.

low reduced chi-squared of χ2
red = 0.098. The median of the

background is computed in an external ring between 1.7◦

and 1.7
√

2
◦
, which has the same area as the aperture. The

derived fluxes in the QUIJOTE maps and in the other an-
cillary maps are listed in Table 2.

The final SED is depicted in Fig. 5, where the presence
of AME clearly shows up at intermediate frequencies as an
excess of emission over the other components. The inten-
sities derived from these QUIJOTE observations trace, for
the first time after the original measurements of the COS-
MOSOMAS experiment (Watson et al. 2005), the down-
turn of the spectrum at frequencies below ∼ 20 GHz, as
it is predicted by spinning dust models. In total, 13 data
points are dominated by AME: the four QUIJOTE points,
the four COSMOSOMAS points, the WMAP 22.8, 33.0 and
40.7 GHz frequencies and the Planck 28.4 and 44.1 GHz fre-
quencies. We perform a joint multi-component fit to all the
data, consisting of free-free emission, which dominates in
the low-frequency tail, spinning dust, which dominates the
intermediate frequencies, a CMB component, and thermal
dust, which dominates the high-frequency end. As it was
done in Planck Collaboration et al. (2011), to avoid possible
CO residuals we exclude from the fit the 100 GHz and the
217 GHz values. We fix the spectrum of the free-free using
the standard formulae shown in Planck Collaboration et al.
(2011), with a value for the electron temperature typical of
the solar neighbourhood, Te = 8000 K, and fit for its ampli-
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LiteBIRD
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Figure 1: Left panel: A schematic overview of LiteBIRD. Right panel: The LiteBIRD band locations and

the sensitivities in each band; the lowest and highest three bands are each measured by a single

lens-coupled pixel simultaneously. The synchrotron and dust emissions are from Dunkley et al.

evaluated at l = 4 with the assumption of a 2 % residual in the map domain after foreground

cleaning [7].

with only two colors per lens) is being employed by POLARBEAR-2 [9, 10]. For the MKID option,
Karatsu et al. addresses the use of MKID for LiteBIRD [11].

For a satellite platform it is essential to make optimal use of the limited instrument size and mass.
While it might therefore seem beneficial to increase the number of bands in a single pixel even further,
we limit ourselves to three bands per pixel for two reasons. One is that the lens size determines the feed
beam and it is ideal to match this to F/# of the telescope. When a single pixel is used for single-mode
multi-color beam coupling, the optimal pixel size depends on the observing wavelength. Thus, the benefit
of using a multichroic pixel is reduced if its total frequency coverage becomes too broad. Note though
that if we chose to increase the number of bands by increasing their density we still have the option
of using more than 3 bands per pixel without increasing the overall bandwidth for a single pixel. The
other consideration is that the typical lens material is silicon or alumina, and the lens surface requires
an anti-reflection (AR) coating. A three-band AR coating only requires a bandwidth of ∆ν/ν ∼ 1, as
has been demonstrated in a lab with moderate effort [9]. Therefore we opt to split the six bands into
two categories, and populate the focal plane with low frequency pixels (LFP) at 60, 78 and 100 GHz
and high frequency pixels (HFP) at 140, 195 and 280 GHz.

The nominal focal plane temperature (i.e. the bath temperature of a bolometer) is assumed to be
100 mK. In Section 4 we discuss the sensitivity penalties when the bath temperature is instead 300 or
560 mK.

2.4 Optical system

In order to estimate the detector sensitivity it is important to consider the total loading of a bolometer
from all the optical components properly. In this paper, we assume that LiteBIRD uses a crossed
Dragone telescope with an aperture stop, primary and secondary mirrors, and focal plane. The aperture
diameter is set to be 300 mm and an achromatic half-wave plate is placed at this aperture to modulate
the incident polarization angle. The effective focal length is 1100 mm, and the corresponding F/# is 3.6.
The aperture, achromatic half-wave plate, and mirrors are assumed to be isothermal. Table 1 shows all

3

LiteBIRD passed the JAXA downselection in June: 27 possible
missions reduced to just 3 for further studies!
Number of frequency bands could be increased further
European B-mode mission (Core+/PRISM) unfortunately didn’t
make M4 selection recently — perhaps M5?
In US, PIXIE (Al Kogut) of great interest (joint spectral/B-mode
experiment)



SPIDER

Six 1◦ resolution telescopes at 100 GHz, 150 GHz, and 280 GHz
SPIDER launched on first full flight January 1st 2015
About 10% of sky mapped
Flight duration 16 days - data currently being analysed



Summary

Plain vanilla ΛCDM survives very well as
regards the CMB — (of course unfortunately
this means we still don’t know what about
95% of the universe is made of, but the
accuracy with which the relative proportions
have been determined continues to be
impressive)

BICEP2 results (which are certainly our most sensitive yet on
B-modes) have demonstrated abundantly the enormous interest
in this field
However, we are still not much further forward as regards the
amplitude of r
Several experiments (including BICEP/KECK) poised to make
big strides

Many other wonderful cosmological data coming in as well — golden
age is far from over!


