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Overview

(I) The COMAP power spectrum methodology
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The auto power spectrum (PS): Variance in fourier coefficients in single map

Viox

P(k) — N, <|fk|2> - Psignal(k> + Psyst(k) + Pnoise(k)

Pros:
e Use all available data -> sensitive to signal
Cons:

e Sensitive to systematics
e Noise will bias the estimator

e Need very precise estimate of noise!
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The cross power spectrum (XS): covariance between fourier coefficients of two different maps

Pros:

e Cancels independent signals and systematics

e Cancels independent noise

-> Robust against systematics and fairly sensitive V.
AY0).¢
C'(k)

Cons: N. VOX

<Re{fikkf2k}> - Psignal(k) + Pcommon syst(k)

e  Must avoid cross-correlating maps with common

systematics and/or noise.

— Often have to discard a some data — some

sensitivity loss compared to auto-spectra
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Goal: sensitive and robust statistic of maps
Weighting the maps:

e Our maps have non-uniform noise ~
m; = wWm;

— Noisy regions will dominate power spectra

e Need to weigh down noisy regions

Auto spectrum Cross spectrum
1 1
w X ) w X
0, 0102

Foss et al. 2022

235 240 245 250 255 260 265 27.0
Right Ascension [deg]



COMAP Early Science

Goal: sensitive and robust statistic of maps

The feed-feed pseudo cross spectrum (FPXS):
covariance between fourier coefficients of two different feed maps

low-noise amplifier (LNA)-

Feeds (detectors) have different detector chain (amplifiers,

polarizer

cables, beams etc.)

thermal isolator-

— Uncorrelated noise

feed horn-

— Different instrumental systematics
Additional data splits (e.g. elevation, left-right going scans)

— Different splits could have independent systematic (e.g.
different ground-pickup or drive issues)

feed
shield

e Cancels independent noise and systematics in
DC bias connector plate

statistical average

stainless-steel
coaxial cables

Nils-Ole Stutzer

cold head drive~

/_vacuum gauge

-cold head

second stage
DCM1 fan
downconverter module 1 (DCM1)

Lamb et al. 2022
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Data splits

1. Splitdatainto N parts.

E.g. N = 2 elevation parts;
— Part A above median
elevation

— Part B below median
elevation

Azimuth [degrees]

(Easy to generalize to N > 2)

Foss et al. 2022



COMAP Early Science Nils-Ole Stutzer

Making feed-split maps

2. Compute 19 feed maps for each part
AandB

Denote these ase.g. A ,for partA
feed 13

Foss et al. 2022
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Cross-correlate feed-split maps

3. Compute cross-spectra C’ij(k)

between all map combinations Al. and Bj A
where i#.

= ‘/VOX ok ~
Ck) = N <Re{fAikajk}>

~

— Pagna 1)+ Prmon (k) 2

A B
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Cross-correlate feed-split maps

3. Compute cross-spectra C’ij(k)

between all map combinations Al. and Bj A
where i#.

= ‘/VOX ok ~
Ck) = N <Re{fAikajk}>

~

— signal(k) + Pr‘culmon Syst \k) B

A B
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3.

ky [Mpc~1]

Cross-correlate feed-split maps
Compute (pseudo) cross-spectra CN’ij (k)
between all map combinations Al. and Bj
where i#.

0.1 L3
ky [Mpc™]

-1.0 -05 00 05 1.0
E(kL. ky)[pK2Mpc?]
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A B
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Cross-correlate feed-split maps
3. Compute (pseudo) cross-spectra CN’ij (k)

between all map combinations Al. and Bj
where i#.

12 3 4 5 6 7 8 910111213 141516 17 18 19 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

A B
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3.

ky [Mpc~1]
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Cross-correlate feed-split maps
Compute (pseudo) cross-spectra CN’ij (k)
between all map combinations Al. and Bj
where i#.

0.03 0.1 0.3
ky Mpc1]

| |
-5.0 =25 0.0 2.5 5.0 A B
x106 é

E(k1.ky)[HK2Mpc?] x106

12 3 4 5 6 7 8 910111213 141516 17 18 19 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
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Cross-correlate feed-split maps

Compute (pseudo) cross-spectra C;; (k)

[e(dn) i) (1y°Ty)o

o~ ¢ ©

© < o~ (=] | I |

N S
g
g

Eabsbdbabdl b dEdkdEababibdEdRSRIEIRAES -
kdbdbdbdbabbdEdiabdRdRdE dbdlabdbaRsEa -
EabdRdkiECll Al Rl JRAERIE LR SETRbA -
Bdkdkakdbdbak bR EARIRIAEIEJEARAEIRGRD -
EdidEdE ik babdldRabeE dbdbdbib shdbdl ks -
Eadbdbdl dbabdbik dbdbak dLibElabJEdbdRdRd -
Edbdhdl dbakdbabdbal dlabAESEabdldRdL R -
Edkabdi bbb dbEIbaEdRAL EABIE JRIEAES -
Ediadbdbabibbal dbdbdbabdidbadRdLiRabEd -
EdkdE sRdRaAEAEdRIETE JEJRARRARSESLIERD -
bJkdEdkdbdbdbakdb St dEdEdbaidiciRdbatdba -
bdbdbakdb dbdbal dldl b dbab JRdbdbdLdkabd -
EildbdbdbIkdRAEJRR ARk kdbdRabak LIRS -
kdkalbadldbdbk dbikdbdbdRdRILIE SR bRl -
bakakdbdbabAbiEdb db-IER ok EIEIE JRRGEL -
EdbdbdldBdRdEsEabALdRJRARRAR IR ARHRIES -
babdiildisldbdlibil dhabal dbabdidbababd -
bt abdbaEdESE AL RdbSRaRdl AR AL IEARIRRS -
EEFErr_EEETEFEEEEEFF .

between all map combinations Al. and Bj
where i#.

3.
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Compute average cross-spectrum

4. Compute average cross-spectrum C’FPXS(k)
forall C;;(k) where i#

Field 3

Foss , QN
et all 0.03 0-1 0.3 12 3 4 5 6 7 8 910111213 14151617 1819 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19
2022 ky [Mpc™] A B
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FPXS vs Auto-spectrum sensitivity

Nsplit =/ Nsplit —

A
B
Cc
B
D
A B A B c D
Ngplit =2 1 Ngplit=4 4
Cplt E_O-P Cpt Z\/;OP
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Season I. mean FPXS for Constant elevation scans (CES) scans
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0.3
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Season |I. mean FPXS for Lissajous scans
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Season |. Upper limit on 3D CO (1-0) clustering power spectrum using CES results

Models:

Padmanabhan2018, fyyy =1 _ this work, fiducial
Pullen+2013, Model B (total S/N 9 by Y5)
Keating+2020 clustering UL Li+2016

Keating+2020 P timat (total S/N 8 by Y5)
edlngx shot €stimate )
(total S/N > 20 by Y5) Padmanabhan2018, fy, = 0.1

Li+2016-Keating+2020 (total S/N S by ¥3)
(total S/N 17 by Y5)

LIM observations:
COPSS,z~ 238

COMAP Y1 95% UL
COMAP Y5 forecast 1o limit

Chung et
al. 2022
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Why and how?

e Mock observations are useful for e.g.
o Estimating signal loss of pipeline filters
o Testing/develope filters
o End-to-end tests

e How do we simulate an observation?

Declination (J2000)

Dtl/d _ Dtl/d +Dtvd

mock data signal
e tvdtvd tvd tvd
=G Tsys + G (B ) signal)
B - tvd
_ tvdrotud signal
_ G Tsys 1 + Tl/d

Sys

[=]
o
o

o
Right Ascension (J2000)

t = time, v = frequency, d = detector, B = optional signal boost|

22



COMAP Early Science Nils-Ole Stutzer

What is the transfer function?

e Quantify signal loss due toe.g. Pbiased (k) = T(k) Punbiased (k)

o Pipelinefilters

o Instrumental beam smoothing Pbiased (k)
o  Down-sampling frequency resolution —> Punbiased (k) —
e Signal loss causes biased estimate of signal T(k)

e Need to de-bias the power spectrum by

Op,. k
applying a transfer function Phiased ( )

O-Punbiased (k> T(k)

where T(k) — Tﬁlter (k)Tbeam(k)Tdown—samp (k>

23
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Transfer function estimator FPXS of actual feed-split map,
(i.e. the noise approximation

to remove some scatter in the

FPXS of feed-split mock map transfer function)

! 1

A r N\
(- Al ~
T -~ C(f(SAZ -+ nAz')? f(SBj + nBj)) _ C(f<nAz)7 f(nt»
C(‘SAm SBj)
\ FPXS of feed-split pure signal
cube with same footprint and

weights as mock map

where f is the pipeline, sx, and nx, are signal and noise of split X}
24
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Transfer function estimator(s)
e Using FPXS

é(f(SAz -+ nAi>7 f(sBj + nBj)) _ é(f<nz4@>n f(nt))
C(SAw SBj)

e Using cross-spectrum between mock observation map and pure
signal map

TN
>

where f is the pipeline, sx, and nx, are signal and noise of split Xy,

25
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Transfer function estimate
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Plan for the future

(1) Slmulatlng full bottom-up data model;
Gain
o Correlated noise
o Continuum, atmosphere and
interloper lines
o Systematics

(I1-) Use fully-simulated data to
Perform detailed end-to-end tests
o Develop targeted filters for given
systematics
o More detailed analysis of transfer
function estimates

27
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Summary
Power spectrum methodology:

e Compute feed-feed pseudo cross-spectra °
across feed and data-split maps

e [ndependent detector chains; no noise °
bias

e Independent data-splits; robust against
systematics °

e Sensitivity; asymptotically approaches
auto-spectrum sensitivity

e Lissajous spectra show residual

systematics, while CES scans look much °
cleaner — No Lissajous scans in season |l.
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Signal injection pipeline:

Generate mock observations by injecting signal into
raw telescope data

Using this we can e.g. estimate signal loss due to
filtering pipeline, beam smoothing and frequency
down-sampling.

Filtering transfer function is estimated by the ratio of
a power spectra of a mock observation map and an
unprocessed signal map, or by a cross-spectrum
between the two.

Future versions of simulation pipeline will model data
from bottom-up to fully control all components
building up the data
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