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Mitigating systematics 
by mapmaking

Extensions of the destriping 
principle



Definitions
❖ Mapmaking: Projecting Time-Ordered Data (TOD) into maps.

❖ Destriping: Solving and subtracting long and intermediate time 
scale (seconds to hours) noise fluctuations from the TOD.

❖ Filtering or deprojection: Removing or suppressing modes in the 
TOD that are contaminated by systematics.

❖ Extended destriping: Combines noise offsets with systematics 
templates to optimally clean the TOD.

❖ Systematics: Any component of the TOD that is not sky signal 
nor noise. The boundary between noise and systematics is 
fluid.
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Linear regression

❖ Standard tool in data analysis toolbox that all 
mapmaking can be traced back to:  

❖ Ordinary least squares:  

❖ Generalized least squares:  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Mapmaking
❖ Mapmaking can be cast as a linear regression problem 

where the pixel values are the template coefficients  
 
 

❖ And the maximum likelihood map follows from 
generalized least squares:  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Destriping
❖ Destriping adds another set of templates and template 

coefficients we call baseline offsets: 
 

❖ If the residual noise is white, it is possible to solve 
exclusively for these additional templates:  
 
 
where
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Destriping (continued)
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Filtering

❖ Ground experiments typically filter or deproject 
compromised modes out of the TOD. This is pure linear 
regression.

❖ Filtering enables batch processing so only a fraction of 
the data are kept in memory at a time.

❖ Filtering suppresses signal and systematics alike and 
reduces S/N. Further analysis is complicated by 
introduced biases.

7



Extended destriping

❖ There is no formal restriction for the shape of destriping 
templates. 

❖ A deprojection template makes a great destriping 
template! 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Extended destriping (continued)
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Extended destriping (continued)

Planck Collaboration: Large-scale polarization and reionization

in the mapmaking, taking advantage of the redundancies in the
data to capture any residuals from the above-mentioned bolome-
ter/electronics time response deconvolution. The fit also captures
residuals from FSLs, which shift dipoles and low frequency sig-
nals (in-scan and cross-scan).

The empirical transfer function is composed of four complex
quantities associated with four bands of spin frequency harmon-
ics ([0.017 Hz], [0.033-0.050 Hz], [0.067-0.167 Hz], and [0.133-
0.250 Hz]), which are adjusted to minimize the residuals in the
global mapmaking (see Appendix B.4.3). Including higher spin
frequency harmonics provides only negligible improvements to
the maps. In the four spin-harmonic frequency bands, the phase
shifts of the transfer functions are easily fitted because they are
not degenerate with the sky signal. However, for 100–217 GHz,
the CMB+foreground signals are too weak to fix the amplitudes
of the transfer functions accurately and no amplitude correction
is applied.

Fig. 10. Best-fit solutions for the real and imaginary parts of the
empirical additional transfer function as a function of frequency,
for the 353-GHz bolometers.

Figure 10 shows this transfer function for the eight PSBs
at 353 GHz, where the strong Galactic dust signal allows an
accurate determination. The real part of the function measures
the asymmetry between the cross-scan and the in-scan residu-
als. The imaginary part measures the shift along the scan. At
353 GHz, the imaginary part is almost negligible.

To estimate the accuracy of the empirical transfer function,
we use odd-minus-even Survey map di↵erences, which are sen-
sitive to phase shifts at low harmonics of the spin frequency. We
compute a pattern map associated with a phase shift of signal.
The correlation of the data with this pattern gives the residual
error left in the signal after correction with the empirical trans-
fer function. These relative errors on the signal are shown in
Fig. 11. Comparing the residual errors at the four lowest sets
of multipoles to those at higher multipoles, we see only upper
limits below 10�3 at 100 and 143 GHz, and three times lower
at 217 and 353 GHz. This clearly demonstrates that the addi-
tional complex transfer function works well to correct phase shift
residuals at the low multipoles that have been fitted. The map-
making does not include corrections for temporal frequencies

higher than 0.250 Hz, corresponding roughly to ` > 15, and the
odd� even Survey di↵erence test still detects some shifts in the
data.

Fig. 11. Ratio of the fitted data to simulated patterns detecting
the residual imaginary part of the empirical transfer function,
measured in odd minus even Survey di↵erence maps averaged
for sets of harmonics. The transfer function correction has been
applied only over the four first sets of harmonic ranges (` <
15); higher harmonics have not been corrected by the empirical
transfer function.

Transfer function residuals also induce leakage of the Solar
dipole into the orbital dipole. This leakage a↵ects calibration
di↵erently in odd and even surveys. The solar dipole residual
amplitudes per detector with respect to the average per fre-
quency are displayed in Fig. 12. The residual amplitude pro-
vides a strong test of the improvement provided by the transfer
function correction in reducing the leakage between dipoles and
gain di↵erences between odd and even Surveys. At CMB fre-
quencies (100 and 143 GHz), this figure does not show any sys-
tematic odd/even Survey behaviour at the level of 0.2 µK. This
translates into an upper limit on dipole-leakage-induced miscal-
ibration better than 0.01 % for each bolometer. Nevertheless the
odd� even di↵erences of dipole amplitudes at 353 GHz are ap-
parent for all bolometers, with an amplitude up to ±1.5 µK or
approximately 0.1 % in odd� even miscalibration. The empiri-
cal real part of the transfer function cannot be determined for
the dipole. We note that Survey 5 is a↵ected by residuals from
solar flares and end-of-life tests; the last part of Survey 5 will be
removed from the 2016 data release.

We propagate the residual uncertainties of the empirical
transfer function (as determined from the fitting procedure;
Appendix B.4.3) to the maps and power spectra using the E2E
simulations. The auto-power spectra (Fig. B.16) show that over
the reionization peak the residuals are at a very low level:
D(`) < 10�4 µK2 for CMB channels8; and D(`) ⇡ 10�3 µK2

for 353 GHz, except at ` = 2, where it reaches 10�2 µK2. This
demonstrates that the residuals of these systematic e↵ects have
a negligible e↵ect on ⌧ measurements, except possibly at ` = 2.

8Throughout this paper, we call CMB channels the 100, 143, and
217 GHz channels.
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Systematics
❖ Orbital dipole

❖ Gain fluctuations

❖ Bandpass mismatch

❖ Far side lobe pickup

❖ Transfer function residuals

❖ Zodiacal light

❖ Crosstalk

❖ Errors in pointing, beams and polarization efficiency

❖ HWP synchronous signal
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To conclude

❖ It is possible to cast the mapmaking problem in the very 
familiar language of linear regression.

❖ It is possible to solve for general systematics templates 
using the mapmaking formalism and in map-orthogonal 
subspaces of the full TOD domain.

❖ It is more than likely that extended mapmaking 
methods will couple with filtering to reach the ultimate 
sensitivity.
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Pixel-pixel noise covariance
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