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Fig. 9.— The ACTPol TT, TE, and EE power spectra, together with the best-fitting ΛCDM cosmological model and foreground
components. Six acoustic peaks are seen in the E-mode polarization, out of phase with the temperature peaks and with the TE correlation
pattern predicted by the standard model.
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Fig. 10.— The ACTPol TE spectrum together with results from
WMAP (Bennett et al. 2013), QUAD (Brown et al. 2009), BICEP1
(BICEP1 Collaboration et al. 2013), BICEP2 (BICEP2 Collabo-
ration et al. 2014a), and Polarbear (Polarbear Collaboration
et al. 2014). For ACTPol we correlate with the ACTPol tempera-
ture maps, although, we could reduce error bars by also correlating
with Planck and/or ACT temperature maps. Planck (Planck Col-
laboration et al. (2013c), Figure 11) has shown a plot of TE and
EE although the data are not yet available.

scales. We estimate parameters using standard methods

as in Sievers et al. (2013) and Calabrese et al. (2013),

and marginalize over Poisson source powers for the TE

and EE spectra. Other foregrounds are assumed to be

unpolarized.
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Fig. 11.— The ACTPol data together with results from other EE
measurements over the past five years, as in Figure 10, and also
including QUIET Q and W bands (QUIET Collaboration et al.
2011, 2012).

The results are reported in Table 3 and shown in Fig-

ure 12 for the physical baryon density, Ωbh2, the physical

cold dark matter density, Ωch2, the acoustic scale θA, and
the amplitude of primordial curvature perturbations, As,

defined at pivot scale k0 = 0.05 Mpc−1. The polarization

data are in excellent agreement with the standard model

constrained by the Planck temperature data (Planck Col-

laboration et al. 2013c).



Linear polarization: 2x2 tensor with
2 degrees of freedom (Q,U)

Expand polarization field in 2 tensor spherical harmonics:  
“E-mode” and “B-mode” 

Kamionkowski, Kosowsky, Stebbins PRD 1997; Seljak and Zaldarriaga PRD 1997

E-mode: parity even

B-mode: parity odd

Scalar (density) perturbations

Other stuff





Which is E-mode and which is B-mode?

courtesy W. Hu



What makes B-mode polarization?

Primary perturbations: 
vector or tensor perturbations

Secondary fluctuations: 
lensing (deflection), birefringence (rotation)

INFLATION!

Large-scale structure



B-mode Polarization: First Detection! 4

FIG. 2: Black, center bars: cross correlation of the lensing
B modes measured by SPTpol at 150GHz with lensing B
modes inferred from CIB fluctuations measured by Herschel

and E modes measured by SPTpol at 150GHz; as shown in
Fig. 1. Green, left-offset bars: same as black, but using E
modes measured at 95GHz, testing both foreground contam-
ination and instrumental systematics. Orange, right-offset
bars: same as black, but with B modes obtained using the
χB procedure described in the text rather than our fiducial
Wiener filter. Gray bars: curl-mode null test as described in
the text. Dashed black curve: lensing B-mode power spec-
trum in the fiducial cosmological model.

150GHz and the CIB fluctuations traced by Herschel.
In addition, we plot our estimate of the lensing B modes
obtained by applying Eq. (1) to these measurements. In
Fig. 2 we show the cross-spectrum between this lensing
B-mode estimate and the B modes measured directly
by SPTpol. The data points are a good fit to the ex-
pected cross-correlation, with a χ2/dof of 3.5/4 and a
corresponding probability-to-exceed (PTE) of 48%. We
determine the uncertainty and normalization of the cross-
spectrum estimate using an ensemble of simulated, lensed
CMB+noise maps and simulated Herschel maps. We
obtain comparable uncertainties if we replace any of the
three fields involved in this procedure with observed data
rather than a simulation, and the normalization we de-
termine for each bin is within 15% of an analytical pre-
diction based on approximating the Wiener filtering pro-
cedure as diagonal in Fourier space.

In addition to the cross-correlation Eφ×B, it is also
interesting to take a “lensing perspective” and rear-
range the fields to measure the correlation EB×φ. In
this approach, we perform a quadratic “EB” lens re-
construction [13] to estimate the lensing potential φ̂EB ,
which we then cross-correlate with CIB fluctuations. The
observed cross-spectrum can be compared to previous
temperature-based lens reconstruction results [22, 26].
This cross-correlation is plotted in Fig. 3. Again, the
shape of the cross-correlation which we observe is in good

FIG. 3: “Lensing view” of the EBφ correlation plotted in
Fig. 2, in which we cross-correlate an EB lens reconstruc-
tion from SPTpol data with CIB intensity fluctuations mea-
sured by Herschel. Left green, center black, and right or-
ange bars are as described in Fig. 2. Previous analyses using
temperature-based lens reconstruction from Planck [26] and
SPT-SZ [22] are shown with boxes. The results of Ref. [26] are
at a nominal wavelength of 550µm, which we scale to 500µm
with a factor of 1.22 [37]. The dashed black curve gives our
fiducial model for CCIB-φ

l as described in the text.

agreement with the fiducial model, with a χ2/dof of 2.2/4
and a PTE of 70%.
Both the Eφ×B and EB×φ cross-spectra discussed

above are probing the three-point correlation function
(or bispectrum) between E, B, and φ that is induced by
lensing. We assess the overall significance of the mea-
surement by constructing a minimum-variance estimator
for the amplitude Â of this bispectrum, normalized to
have a value of unity for the fiducial cosmology+CIB
model (analogous to the analyses of Refs. [38, 39] for
the TTφ bispectrum). This estimator can be written as
a weighted sum over either of the two cross-spectra al-
ready discussed. Use of Â removes an arbitrary choice
between the lensing or B-mode perspectives, as both are
simply collapsed faces of the EBφ bispectrum. Relative
to our fiducial model, we measure a bispectrum ampli-
tude Â = 1.092± 0.141, non-zero at approximately 7.7σ.
We have tested that this result is insensitive to analy-

sis choices. Replacement of the B modes obtained using
the baseline Wiener filter with those determined using
the χB estimator causes a shift of 0.2σ. Our standard
B-mode estimate incorporates a mask to exclude bright
point sources, while the χB estimate does not. The good
agreement between them indicates the insensitivity of po-
larization lensing measurements to point-source contam-
ination. If we change the scan direction cut from lx<400
to 200 or 600, the measured amplitude shifts are less than
1.2σ, consistent with the root-mean-squared (rms) shifts
seen in simulations. If we repeat the analysis without

South Pole Telescope: Cross-correlation with infrared 
background (Herschel) reveals lensing signal

D. Hanson et al., PRL 2013



Primordial B-mode Polarization: First Detection !?
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-ΛCDM theory

expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-ΛCDM+noise simulations. The

probability to exceed (PTE) the observed value of a simple χ2
statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the

jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.

BICEP2: E signal

1.7µK

−65

−60

−55

−50

Simulation: E from lensed−!CDM+noise

1.7µK

Right ascension [deg.]

D
ec

lin
at

io
n 

[d
eg

.]

BICEP2: B signal

0.3µK

−50050

−65

−60

−55

−50

Simulation: B from lensed−!CDM+noise

0.3µK

−50050

−1.8

0

1.8

−0.3

0

0.3

µ
K

µ
K

FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < � < 120. Right: The equivalent maps for the first of the lensed-ΛCDM+noise

simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of

linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at �≈ 70). (Also

note that the E-mode and B-mode maps use different color/length scales.)

BICEP2: Ade et al. 2014
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FIG. 9.— Comparison of the BICEP2 BB auto spectrum and cross spectra
taken between BICEP2 and BICEP1 combined, and BICEP2 and Keck Array
preliminary. (For clarity the cross spectrum points are offset horizontally and
the BICEP2×BICEP1 points are omitted at � > 200.)

In Figure 2 we see a substantial excess of BB power in the
region where an inflationary gravitational wave (IGW) signal
would be expected to peak. We therefore proceed to find the
most likely value of the tensor-to-scalar ratio r using the “di-
rect likelihood” method introduced in B14. We first form ad-
ditional sets of simulations for many values of r by combining
the lensed-ΛCDM and scaled r = 0.2 simulations36. We then
combine the bandpowers of these and the real bandpowers
with s/n weighting where s is the IGW spectrum for a small
value of r and n is the variance of the lensed-ΛCDM+noise
simulations. Arranging the simulation pdf values as rows we
can then read off the likelihood curve for r as the columns at
the observed combined bandpower value.

The result of this process is shown in Figure 10. Defining
the confidence interval as the equal likelihood contour which
contains 68% of the total likelihood we find r = 0.20+0.07

−0.05. This
uncertainty is driven by the sample variance in our patch of
sky, and the likelihood falls off very steeply towards r = 0. The
likelihood ratio between r = 0 and the maximum is 2.9×10−11

equivalent to a PTE of 3.3 × 10−12 or 7.0σ. The numbers
quoted above are for bins 1–5 although due to the weight-
ing step they are highly insensitive to this choice. (Absolute
calibration and beam uncertainty are included in these calcu-
lations but have a negligible effect.)

Evaluating our simple χ2 statistic between bandpowers 1–
5 and the lensed-ΛCDM+noise+r = 0.2 simulations yields a
value of 1.1, which for 4 degrees of freedom has a PTE of
0.90. The model is therefore a perfectly acceptable fit to the
data.

In Figure 11 we recompute the r constraint subtracting each
of the foreground models shown in Figure 6. For the auto
spectra the range of maximum likelihood r values is 0.12–
0.19, while for the cross it is 0.16–0.21 (random fluctuations
in the cross can cause shifts up as well as down). The prob-
ability that each of these models reflects reality is hard to
assess. Presumably greatest weight should be given to the
DDM2 cross spectrum and we note that in this case the maxi-
mum likelihood value shifts down to r = 0.16+0.06

−0.05 with a like-

36 Hence we assume always nt = 0 making the value of r independent of
the pivot scale.

lihood ratio between r = 0 and maximum of 2.2×10−8, equiv-
alent to a PTE of 2.9×10−9 or 5.9σ. Performing this subtrac-
tion slightly increases χ2 (to 1.46) but the fit remains perfectly
acceptable (PTE 0.84).

The dust foreground is expected to have a power law spec-
trum which slopes modestly down ∝ �∼−0.6 in the usual
l(l + 1)Cl/2π units (Dunkley et al. 2009). In Figure 6 we
see that the DDM2 model appears to do this in both auto and
cross, before the auto spectrum starts to rise again due to noise
in the polarization fraction and angle input maps. We note
that the s/n bandpower weighting scheme described above
weights the first bin very highly. Therefore if we were to
exclude it the difference between the unsubtracted and fore-
ground subtracted model lines in Figure 11 would be much
smaller; i.e. while dust may contribute significantly to our
first bandpower it definitely cannot explain bandpowers two
through five.

Computing an r constraint using the BICEP2×BICEP1comb
cross spectrum shown in Figure 9 yields r = 0.19+0.11

−0.08. The
likelihood ratio between r = 0 and the maximum is 2.0×10−3

equivalent to a PTE of 4.2×10−4 or 3.5σ.

11.2. Scaled-lensing + Tensors
Lensing deflections of the CMB photons as they travel from

last scattering re-map the patterns slightly. In temperature this
leads to a slight smoothing of the acoustic peaks, while in po-
larization a small B-mode is introduced with a spectrum sim-
ilar to a smoothed version of the EE spectrum a factor ∼ 100
lower in power. Using their own and other data Planck Collab-
oration XVI (2013) quote a limit on the amplitude of the lens-
ing effect versus the ΛCDM expectation of AL = 0.99±0.05.

Figure 12 shows a joint constraint on the tensor-to-scalar
ratio r and the lensing scale factor AL using our BB bandpow-
ers 1–5. As expected there is an anti-correlation — one can
partially explain the low � excess by scaling up the lensing
signal. However, since the lensing and IGW signals have dif-
ferent spectral shapes the degeneracy is not complete. The
maximum likelihood scaling is ≈ 1.5. Marginalizing over r
the likelihood ratio between peak and unity is 0.75 indicat-
ing compatibility, while the likelihood ratio between peak and
zero is 0.03, equivalent to a PTE of 7.0× 10−3 or a 2.7σ de-
tection of lensing in the BICEP2 BB auto spectrum.

11.3. Compatibility with Temperature Data
If present at last-scattering, tensor modes will add power to

all spectra including T T . For an r value of 0.2 the contribution
to T T at the largest angular scales (� < 10) would be ≈ 10%
of the level measured by WMAP and Planck. The theoretical
ΛCDM power level expected at these scales is dependent on
several cosmological parameters including the spectral index
of the initial scalar perturbations, ns, and the optical depth to
the last scattering surface, τ . However by combining temper-
ature data taken over a wide range of angular scales indirect
limits on r have been set. Using WMAP+SPT data Story et al.
(2013) quote r < 0.18 (95% confidence) tightening to r < 0.11
when also including measurements of the Hubble constant
and baryon acoustic oscillations (BAO). More recently Planck
Collaboration XVI (2013) quote r < 0.11 using a combination
of Planck, SPT and ACT temperature data, plus WMAP po-
larization (to constrain τ ).

These limits appear to be in moderately strong tension with
interpretation of our B-mode measurements as tensors. Since
we have dispensed with the possibility of significant system-

BICEP2: Ade et al. 2014

Model: Inflation tensor perturbations plus lensing



IS THIS SIGNAL COSMOLOGICAL?

Caveat: BICEP2 measures in 1 frequency band 
(150 GHz)

Models for galaxy polarization signal (dust, synchrotron), 
but little published data at this frequency

Planck: polarization data release scheduled for 
October 2014
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FIG. 1: The left panel compares the Bicep2 × Bicep2 signal to two models: the best-fit lensed CMB plus gravitational wave
model and the best-fit lensed CMB plus Galactic foregrounds model. The right panel compares the Bicep1 × Bicep2 signal
to the same set of models with the same parameters. The shaded band (light blue) includes uncertainties on the amplitude
of the dust obtained from the Bicep2 × Bicep2 fit, as well as uncertainties on the synchrotron amplitude and scaling with �.
The black error bars in both panels include sample variance for a ΛCDM cosmology with r = 0.2.

likelihood computation. In addition, we repeat the likelihood calculation using a Gaussian approximation and find
good agreement. The null hypothesis predicts an effective spectral index β ≈ 1 between 100 and 150 GHz.
Fig. 1 suggests that in the absence of a prior the foreground-only model is as good a fit to the data as the gravitational

wave-only model. To quantify this, we compare simple Gaussian χ2 values for the models for a covariance matrix
that includes sample variance for a gravitational wave signal with r = 0.2. Using only the five lowest multipole bins
of the 150×150 GHz data, we find χ2 = 1.1 for the best-fit gravitational wave-only model and χ2 = 1.7 for the
best-fit foreground-only model. Using all nine multipole bins in the Bicep2 150×150 GHz power spectrum, we find
χ2 = 8.5 for the best-fit gravitational wave-only model and χ2 = 7.2 for the best-fit foreground-only model. Thus, in
the absence of a prior on the dust contribution, the gravitational wave-only model and the foreground-only model fit
the 150 GHz data equally well.
Next, we compute the joint likelihood2 of the 100 × 150 GHz Bicep1×Bicep2 data and 150×150 GHz Bicep2

data as a function of the spectral index of the signal. Following the same procedure as used in [1], we parameterize
the theory input in terms of five bandpowers at 150× 150 GHz and the spectral index in antenna temperature β, and
marginalize over the five bandpowers. Note that the analysis in [1] also includes the 100 × 100 GHz Bicep1 data,
which is not publicly available. Our reproduction of the analysis done in [1] is shown in red in Fig. 2. The good
agreement with the constraint on the spectral index derived in [1] shows that the 100×100 GHz Bicep1 data does
not significantly impact the constraints on the spectral index. We also show the results of two modified analyses:
(1) we account for the contribution of the lensed E-mode signal (blue); and (2) we use cosmic variance error bars
of the ΛCDM model as well as a dust contribution that fits the 150 × 150 GHz data (green), rather than an r = 0
ΛCDM model with no foregrounds. The green curve also accounts for the lensed E-mode contribution. Finally, we
indicate the spectral index predicted for a model with 70%-correlated polarized synchrotron and dust emissions in
orange. The final likelihood function (green posterior) is broad enough that the contribution to the signal not due
to lensing is consistent with either Galactic foregrounds or gravitational waves. This is confirmed by a combined fit
to the first five bandpowers of both the 100×150 GHz Bicep1×Bicep2 and 150×150 GHz Bicep2 data. We find
χ2 = 8.2 for the best-fit gravitational wave-only model and χ2 = 9.9 for the best-fit foreground-only model. The
slightly better fit for the gravitational wave-only scenario is entirely driven by the � = 73 bandpower in the 100× 150
GHz Bicep1×Bicep2 data.
We conclude that the current Bicep1 and Bicep2 data cannot distinguish between the r = 0.2 model and the null

hypothesis based on a spectral analysis. However, the upcoming 100 GHz data from the Keck Array could potentially
strongly prefer one of these options. The null hypothesis (r = 0 plus foregrounds) predicts that at 100 × 100 GHz

2 Our covariance matrix includes cosmic variance both in the diagonal and off-diagonal blocks to account for correlations between the
100×150 GHz and 150×150 GHz data.

Flauger, Hill, and Spergel 2014



4

�4 �2 0 2 4

0.2

0.4

0.6

0.8

1.0

Spectral Index in Antenna Temperature Β

Li
ke
lih
oo
d

FIG. 2: Likelihood of the spectral index of the signal in antenna temperature given the 100×150 GHz Bicep1×Bicep2 and

150×150 GHz Bicep2 data. Because our analysis accounts for CMB lensing and includes cosmic variance errors, the likelihood

function is broader than that computed in [1]. The red curve uses the same assumptions as the Bicep2 analysis and lies very

close to their published result. The blue curve uses a form of the likelihood function corrected to account for CMB lensing. The

green curve accounts for lensing and includes cosmic variance associated with a foreground characterized by an angular power

spectrum with �(�+1)CBB
� /2π = 0.01µK2

at � = 46, �-dependence consistent with dust, and spectral index β. The covariance

matrix accounts for the correlations between the 100×150 GHz and 150×150 GHz data. The vertical lines in the plot denote

the best-fit CMB prediction (black) and the best-fit foreground prediction (orange). The dashed line shows the 68% confidence

interval. The null-hypothesis is not convincingly excluded, but a CMB spectrum provides a better fit. However, the constraint

on the spectral index is entirely driven by the second bandpower at 100×150 GHz.

�(� + 1)CBB
� /2π at � = 100 should be < 0.01µK2

even under conservative assumptions about synchrotron and

dust, while if r = 0.2, the amplitude of the signal should be significantly larger, ∼ 0.015µK2
(in the absence of

any foreground emission). Moreover, the uncertainties in the synchrotron amplitude on these scales can be reduced

through cross-correlations between the WMAP K-band data and the Keck 100 GHz data. Thus, the Keck 100 GHz

measurements may help clarify the nature of the fluctuations seen by Bicep2 at 150 GHz.

III. ESTIMATING THE DUST POLARIZATION SIGNAL

The Bicep2 team used the auto-correlations of several dust model templates as well as the cross-correlations of

these templates with their data to model the polarized dust emission in the Bicep2 region and to conclude that the

polarized dust contribution is negligible compared to the measured CBB
� , except perhaps in the lowest �-bin. The

analysis is based on six dust models: four of the templates referred to as FDS, BSS, LSA, and PSM are based on

pre-Planck data, while the remaining two, DDM1 and DDM2, are driven by polarization information presented at

the April 2013 ESLAB meeting. We start with a brief description of these models.

DDM1 uses the Planck map of Galactic thermal dust emission, which is obtained from fitting Planck 353, 545, and

857 GHz data, as well as IRAS 100 µm data [28]. This map is constructed at 353 GHz and then scaled to 150 GHz

using a modified blackbody SED with constant emissivity 1.6 and constant temperature 19.6 K. The amplitude of

polarized dust emission is then set by assuming a uniform 5% dust polarization fraction over the Bicep2 field, and

Q and U maps are finally derived using polarization angles from the Planck Sky Model (PSM) [29]. PSM predictions

are currently not based on Planck data, but rather rely on modeling informed by earlier experiments.

DDM2 uses the same dust intensity map as DDM1, but relies on a digitization of the polarization fraction and

polarization angle maps presented in [30] to construct Q and U maps.

Since DDM1 does not include fluctuations in the polarization fraction, it is expected to under-predict the dust

contribution to the power spectrum. For DDM2, noise bias and noise in the polarization fraction map will bias its

prediction high.

The Bicep2 analysis of DDM1 and DDM2 shows polarized dust emission to be subdominant. However, this

conclusion rests on a crucial input, the dust polarization fraction p in the Bicep2 field, which enters quadratically in

the dust polarization auto-spectra.

The polarization fraction is also an important parameter for the remaining four models presented in [1], and was

not well constrained when these models were made. A study dedicated to an understanding of the role of foregrounds

Flauger, Hill, and Spergel 2014



Early-Universe Inflation

Predicts initial scalar and tensor perturbations with 
near scale-invariant power spectra  

over at least 20 orders of magnitude in wavelength

Scalar spectrum well measured: grows via gravity
into large-scale structure

Tensor amplitude depends on inflation energy scale
E ∝ r 1/4



If BICEP2 signal is inflation tensor perturbations:

Inflation energy scale is 2x10
16

GeV



IF BICEP2 SIGNAL IS TENSORS:

1. Physics beyond Standard Model!

2. Energy scale around GUT scale!

3. Inflation is how visible universe began!

4. Gravity obeys quantum mechanics!



Test of Inflation 1:   r = - 8 nT
3

FIG. 1: Likelihood countours in the r-nT plane for the model polarization experiments in Table 1. The fiducial
model is r = 0.2 and nT = −0.025, indicated by ∗. The dotted line indicates the inflation consistency relation. The
vertical line indicates nT = 0 for reference. (Left) Full lensing contribution to the cosmic variance error. (Center)
Residual lensing contribution after delensing (see Table 1 for residual lensing noise levels), and (Right) No lensing

contribution to the cosmic variance, for comparison.

than BBO have been contemplated: Kudoh et al. [28] have calculated that with an 0.2 Hz lower frequency cutoff,
their “Fabry-Perot DECIGO” [? ? ] would detect the r = 0.2 gravitational wave background at 10σ, while their
“Ultimate DECIGO” [32] would detect it at 5× 104σ.

The B-mode polarization of the microwave background arises from tensor modes with a characteristic wavelength
of k−1

0 � 100 Mpc, while direct detection experiments probe characteristic wavelengths of c/ν = 2 × 10−2 A.U., a
range covering a factor of 1015 in wavelength. A determination of r and nT in the B-mode power spectrum means
that the tensor spectrum can be extrapolated to smaller wavelengths, assuming a perfect power law spectrum. The
amplitude at a smaller scale will have an uncertainty governed by the uncertainties in r and nT at the larger scale, like
those displayed in Fig. 1. If r = 0.2, a full-sky B-polarization map with sensitivity below 1 µK arcmin will determine
nT = −0.025 with an error of around 0.004. Then extrapolating to a scale 1015 times smaller in wavelength using two
different values of nT differing by 0.004 gives an amplitude difference of 20%. This is much larger than the difference
due to uncertainty in r which we can ignore.

A direct detection experiment which could measure the tensor amplitude to significantly better than 20% could thus
detect a difference from the predicted amplitude with an uncertainty of around 20% of the measured amplitude. Such
a difference would arise if the spectrum is not a perfect power law, but rather has some variation in its power law with
scale. In analogy with the running of the density perturbation spectrum [33], define the running of the tensor spectral
index αT ≡ dnT /d ln k. A value of αT = 2 × 10−4 will result in a difference in amplitude of 20% when extrapolated
over a factor of 1016 in wavelength; so by comparing with the values of r and nT measured from B-mode polarization,

Ex C: 0.25 
muK arcmin, 

half sky

Caligiuri and Kosowsky, 
PRL 2014



Test of Inflation 2: Tensor direct detection!

At frequency 0.1 Hz, proposed NASA Big Bang 
Observer detects at 100 sigma

Complication: confusion from white dwarf binary confusion limit
Class. Quantum Grav. 28 (2011) 094011 S Kawamura et al

!

Figure 2. Sensitivity goal of DECIGO and Pre-DECIGO together with expected gravitational
wave signals.

that the distance between the mirrors is maintained as a result of the function of the FP cavity.
Therefore, the distance between the spacecraft is also maintained.

Since the mirrors are shared by two interferometers to form a FP cavity, the optical field
from one interferometer in the cavity will leak out the end mirror, which is an input mirror
for the second interferometer, and will reach the photo detector of the second interferometer.
One method to avoid this undesirable interference is to keep the lasers at well-separated
frequencies. Another method is to control the lasers at exactly the same frequency. We are
currently optimizing the optical method for the best sensitivity of the detector.

4. Sensitivity goal

As shown in figure 2, the sensitivity goal of DECIGO is better than 10!23 in terms of strain
between 0.1 and 10 Hz. The sensitivity is limited by the radiation pressure noise below
0.15 Hz, and by the shot noise above 0.15 Hz. The sensitivity obtained by taking the
correlation between the two clusters of DECIGO nearly at the same position is also shown in
figure 2. To achieve these sensitivities, we should suppress all the practical noise below the
stringent requirement, especially on the acceleration noise of the mirror and frequency noise
of the light.

The acceleration noise includes the noise caused by the actuator for the control of the
resonance condition, thermal noise due to gas damping, especially with a small gap between
the mirror and the mirror housing [23], and other practical noises. Achieving this extremely
low acceleration noise in the presence of large actuating force to maintain the resonance
condition requires very challenging dynamic range performance of the actuator. Fortunately,
however, this stringent requirement can be significantly relieved by implementing a large loop
gain of the control system at the observation band. Suppressing the thermal noise due to gas
damping with a small gap also requires an extremely high vacuum level in the vicinity of the
mirror and a sophisticated structure of the housing system to make the gap wider.
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Figure 1. Pre-conceptual design of DECIGO.

dark energy, (4) describing the formation mechanism of supermassive black holes in the center
of galaxies, (5) testing alternative theories of gravity, (6) seeking black hole dark matter,
(7) understanding the physics of neutron stars and (8) searching for planets around double
neutron stars.

It should be emphasized that the frequency band of DECIGO, 0.1–10 Hz, is appropriate
to reach a very high sensitivity, since the confusion limiting noise caused by irresolvable
gravitational wave signals from many compact binaries in our galaxy is expected to be very
low above 0.1 Hz [22]. Note also that this frequency band is between that of LISA and ground-
based detectors. Thus DECIGO will be able to play a follow-up role for LISA by observing
inspiral sources that have moved above the LISA band, as well as a predictor for ground-based
detectors by observing inspiral sources that have not yet moved into the ground-based detector
band.

3. Pre-conceptual design

The pre-conceptual design of DECIGO is the following. DECIGO consists of four clusters of
spacecraft; each cluster employs three drag-free spacecraft containing freely-falling mirrors
as shown in figure 1. A change in the distance between the mirrors caused by gravitational
waves is measured by three pairs of differential Fabry–Perot (FP) Michelson interferometers.
The distance between the spacecraft is 1000 km, the diameter of each mirror is 1 m and the
wavelength of the laser is 0.5 µm. This ensures a finesse of 10 in the FP cavities, which is
determined by the diffraction loss of the laser power in the cavity. The mass of each mirror is
100 kg and the laser power is 10 W. DECIGO will be delivered into heliocentric orbits with
two clusters nearly at the same position and the other two at separate positions.

We chose the FP configuration rather than the light transponder configuration because
the FP configuration could provide a better shot-noise-limited sensitivity than the transponder
configuration, since gravitational wave signals can be enhanced by the FP cavity. Note that the
FP configuration requires a relatively short arm length to avoid the optical loss of the diverging
laser light; this makes the requirement of the acceleration noise considerably stringent.

The implementation of the FP cavity using the drag-free spacecraft is feasible. Each
spacecraft follows the motion of the mirror inside each spacecraft as a result of the function of
the drag-free system. Each mirror is, on the other hand, controlled in position in such a way
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Will the next high energy physics breakthrough 
be from a space-based laser interferometer?


