Setting Instrumental
Requirements for the gain
calibration of LiteBIRD

Alessandro Novell




What is gain calibration?

Sky brightness Consists in finding the conversion factor between
— sky-brightness and detector output
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How is it performed?

e To find g one usually compares the output signal with an expected reference
signal (usually the CMB dipole)
e This, however, is usually mixed in with many other sources

Noise Foregrounds CMB - Dipole CMB - Anisotropies
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What level of noise can we
accept and still calibrate with
sufficient precision?

— 5 Step 1: What precision is needed?

——> Step 2: What is our requirement on the instrument?
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Step 1:  What precision is needed in the gain calibration?
There are papers discussing this, however...
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° Ghigna et al. arXiv:2004.11601
] Carralot et al. in prep.



Step 1:

What precision is needed in the gain calibration?

There are papers discussing this, however... they assume a constant gain

Quick Overview:
(Carralot talk on friday for more)

Apply a random gain miscalibration Ag to a full sky map

MAP, = (1+Ag) X

INPUT

Separate the CMB from the rest of the sky (comp-sep) and

see how the miscalibration biases the results
(Credits: Carralot et al, Ghigna et al.)
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Figure 4. Black dots: A = /u? + ¢ as a function of the gain calibration uncertainty Ag, for the LFT 100
GHz channel. Red dashed line: the single channel gain systematic budget §,"9 = 6.5 - 10 ®/22. The blue solid
line corresponds to the requirement on the gain calibration accuracy obtained for the LFT 100 GHz = 0.63%.
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There are papers discussing this, however... they assume a constant gain
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gain is not actually stable for the whole 3 years




Step 1:  What precision is needed in the gain calibration?
There are papers discussing this, however... they assume a constant gain
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The situation improves if we chunk the tod
(However the uncertainty increases)



.. they assume a constant gain

What precision is needed in the gain calibration?
There are papers discussing this, however

Step 1:
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Step 1:  What precision is needed in the gain calibration?

e | want to be able to simulate the effect of multiple calibrations on the sky to
introduce them in the analysis

o | need to know how the gain uncertainty
scales with the calibration time
(} as a function of <---->)

Each color represents a different
calibration chunk



Step 1:  What precision is needed in the gain calibration?

e | want to be able to simulate the effect of multiple calibrations on the sky to
introduce them in the analysis

o I need to know how the gain uncertainty
scales with the calibration time

(I as a function of <-----)
| can use a tod-based minimum variance

approach
e matches the TOD to a dipole + fg template
e NO strong assumptions on calib strategy
e easy to simulate
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What precision is needed in the gain calibration?

| want to be able to simulate the effect of multiple calibrations on the sky to

| can use a tod-based minimum variance

approach
matches the TOD to a dipole + fg template

Step 1:
°
introduce them in the analysis
o I need to know how the gain uncertainty
scales with the calibration time
(} as a function of <---->)
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Step 1:  What precision is needed in the gain calibration?

e | want to be able to simulate the effect of multiple calibrations on the sky to
introduce them in the analysis

o | need to know how the gain uncertainty V
scales with the calibration time
(} as a function of <---->)




Step 1:  What precision is needed in the gain calibration?

Here are the results! Gain mismatch maps §(n) for different calibration times 7,
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Figure 4: Gain miscalibration maps obtained computing Eq. 4.1 with different re-calibration
times and a reference value for o;,, = 1.




Step 1:  What precision is needed in the gain calibration?

Now that | have these maps | can expand the results found in the
papers

From:

MAP, _ = (1+Ag) X

INPUT —
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Figure 4. Black dots: A = \ju? + o as a function of the gain calibration uncertainty Ag, for the LET 100
GHz channel. Red dashed line: the single channel gain systematic budget 6, = 6.5 - 10 °/22. The blue solid
line to the i on the gain calibration accuracy obtained for the LFT 100 GHz ~ 0.63%.




Step 1:  What precision is needed in the gain calibration?

Now that | have these maps | can expand the results found in the

papers

From:

MAP, _ = (1+Ag) X

INPUT —

Results:
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Figure 4. Black dots: A = Vi + 0 as a function of the gain calibration uncertainty Ag, for the LFT 100
GH channel. Red dashed line: the single channel gain systematic budget 3,4 = 6.5 - 10"°/22. The blue solid

line to the on the gain accuracy obtained for the LFT 100 GHz ~ 0.63%.
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Step 1:  What precision is needed in the gain calibration?

Now that | have these maps | can expand the results found in the
papers
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Step 1:  What precision is needed in the gain calibration?

Now that | have these maps | can expand the results found in the
papers
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Step 1:  What precision is needed in the gain calibration?

Now that | have these maps | can expand the results found in the
papers

Since there is no significant effect depending on T_ we prefer 00041 L
to calibrate on shorter timescales and track gain fluctuations ~ § **] V\/V !
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Step 1:  What precision is needed in the gain calibration? V

This gives us:

e The optimal calibration time: 20~30 min = <----- >
e The maximum calibration error that is acceptable in
each calibration chunk I



What level of noise can we
accept and still calibrate with
sufficient precision?

— 5 Step 1: What precision is needed?

——> Step 2: What is our requirement on the instrument? @




Step 2:  What is our requirement on the instrument?

GAIN STABILITY

We can set requirements on:
e The amplitude of noise-like gain fluctuations P
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Step 2. What is our requirement on the instrument?

GAIN STABILITY
We can set requirements on:
e The amplitude of noise-like gain fluctuations P

e Systematic gain fluctuations on a 20-min timescale &,,,,
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Step 2. What is our requirement on the instrument?

GAIN STABILITY
We can set requirements on:
e The amplitude of noise-like gain fluctuations P
e Systematic gain fluctuations on a 20-min timescale &

INSTRUMENT NOISE

We can set requirements on:
e The amplitude of 1/f noise P,

° 1/f Noise with different
values of fK

Step 1: Select 1/f Noise Spectra
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Step 2. What is our requirement on the instrument?

GAIN STABILITY
We can set requirements on:
e The amplitude of noise-like gain fluctuations P
e Systematic gain fluctuations on a 20-min timescale &,

INSTRUMENT NOISE
We can set requirements on:
e The amplitude of 1/f noise P,
o Itis best summarized by the amplitude of 1/f noise at the dipole frequency P (f;,.)
o Can be converted into maximum thermal fluctuations of the focal plane P(f, o)



Step 2. What is our requirement on the instrument?

GAIN STABILITY

We can set requirements on:
e The amplitude of noise-like gain fluctuations P
e Systematic gain fluctuations on a 20-min timesc3

INSTRUMENT NOISE
We can set requirements on:
e The amplitude of 1/f noise P,
o Itis best summarized by the amplitude of
o Can be converted into maximum thermal f

Requirements using FgBuster

Gain stability Detectors’ noise
Band P daAx Pn(faip) Ar(Luip)
[GTIzZ] [l/m] [adim] [[lK(mu;/\/m] [mK/\/W]
L.1-40 8.8 x 107" 7.5x 107! 4.8 x 1072 4.4 x 107!
L.2-50 2.6 x 10! 2.2 x 10 1.4 x 107! 1.7 x 101
L1-60 2.6 x 10+! 2.2 x 1010 1.4 x 107! 2.5 x 1010
L3-68 2.2 x 10! 2.3 x 100 1.4 x 107! 1.4 x 10+
L2-68 2.6 x 10t! 2.2 x 1019 1.4 x 107! 2.4 x 1010
L4-78 3.0 x 10+! 3.1 x 1019 1.8 x 107! 2.7 x 1010
L1-78 3.5 x 101! 3.0 x 10190 1.9 x 107! 3.6 x 1010
L3-89 1.5 x 101! 1.6 x 100 9.1 x 102 1.6 x 1010
L2-89 1.7 x 10! 1.5 x 1010 9.6 x 102 1.8 x 1010
L4-100 2.9 x 1010 3.1x 107! 1.8 x 1072 3.8x 107!
L3-119 2.9 x 1010 3.1x 10! 1.8 x 1072 R1lx1071
1.4-140 7.1 x 1010 7.8 x 107! 4.6 x 1072 1.9 x 1010
M1-100 1.6 x 1010 3.1x 107! 1.6 x 102 32x107!
M2-119 1.4 x 101 3.1x107! 1.4 x 1072 3.7x107!
M1-140 3.9 x 1010 7.6x 107! 3.9x 1072 1.2 x 101
M2-166 9.7 x 107! 2.3x 107! 1.1 x 1072 2.9 x 107!
M1-195 3.6 x 107! 7.6 x 1072 3.9x 107 9.3 x 1072
H1-195 3:3x101 95 (| i 3.6 x 1073 9.5 x 102
H2-235 7.1 %102 1.6 x 107! 8.1x 103 2.0 x 107!
H1-280 1.2 x 1019 3.1x 107! 1.5 x 10~2 2.6 x 107!
H2-337 1.1 21072 2.9 x 1072 1.5 x 1073 1.5 x 10~2
H3-402 1:.2:x307) 2.9 x 1072 1.4 x 1073 58 x 1073

Table 2: Gain calibration requirements for the LiteBIRD satellite using parametric methods

for component separation. The requirements have been derived for:

® [;;: maximum Amplitude Spectral density of noise {luctuations.

® O ax: maximum {luctuation of the gain in 20 min.

® Pn([4ip): maximum noise of the detectors at the dipole [requency.
® Ay ([4ip): maximum thermal (luctuations of the focal plane at the dipole [requency.
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Full mission requirements

Band [GHz| w. fgbust:er w NIL(E Gain calibration requirement for cach LiteBIRD frequency band
LIVT-40 2.5 x 1074 14x 102 i
LIVT-50 75%x 1073 22x 1072 E
LIT-60 75%x 107 15x 1072 B
LIT-68a 7.5 x 1072 2.1 x 102 5
LIT-68b 78 %1 32x 1072 32
LIFT-78a 1.0 x 102 1.3x 1072 2
LI"T-78b 1.0 x 102 1.7x 1072 €107
LIT-89a 50x107? 1.0x 1072 &
LI"T-89b 50x 1073 2.1 %1072 3
LIT-100 1.0 x 1073 63% 1073 g 107
LIT-119 1LOx 107 33x107? S
LIFT-140 25x%x 1073 25x 1073 il
MIFT-100 1Lox 107 43x107° I
MIFT-119 1.0 x 103 1.7x 1073 Erentiency band
MIFT-140 25x 1073 23x 1073
MET-166 7.5 % 1074 16x10°% Figure 1: Gain calibration requirements for each LiteBIRD frequency band. The blue line
MIT-195 25 % 101 26 x 1073 shows the r(?sults obtained in [1] pcrf()fmin‘g the ool'nponcnt scparation with fgbuster while
HIFT-195 55 % 103 5o %103 the orange line shows the results obtained in [2] using NILC.
HIT-235 50x 104 70x 1073
HI'T-280 Lox107? 12x 1072
HIMT-337 1.0 x 1074 13x10°2
HIT-402 1.0x 1071 1.7x 1072

Table 1: Summary of the gain calibration requirements obtained in [1] (obtained using
fgbuster) and in [2] (obtained using NILC). In both cases the requirements have been ob-
tained assuming a uniform miscalibration of the gain across the sky.

~ ey e - . - 1T T TIETETRETN o * *



Requirements using NILC

Gain stability Detectors’ noise
Band Pa dMAx PN(faip) Pr( faip)
(GH] (/v [pdim| | [Koms/vEE | [mK/viz]
L1-40 4.8 x 1077 4.1 x 1070 26 x 1077 2.4 x 1010
L2-50 7.7 % 10+ 6.5 x 1010 4.2 x 10! 5.2 x 10+0
L1-60 5.3 x 101! 4.5 x 1010 2.9 x 107! 4.3 x 1010
L3-68 6.3 x 10% 6.6 x 101° 3.9 x 107! 4.3 x 1010
L2-68 1.1 x 10%2 9.6 x 101° 6.1 x 107! 1.0 x 101!
L4-78 3.8 x 10+ 4.0 x 10+0 2.3 x 101 3.5 x 10+0
L1-78 6.0 x 10% 5.1 x 1010 3.3x 107! 6.3 x 1010
L3-89 3.1 x 10%? 3.2 x 1010 1.9x 107! 3.7 x 1010
L.2-89 7.2 x 101! 6.1 x 1010 3.9x 107! 7.5 x 1010
L4-100 1.9 x 10#! 2.0 x 10+0 1.1 x 101 2.8 x 10H0
L3-119 9.5 x 101 1.0 x 10+° 6.0 x 1072 1.6 x 1010
L4-140 7.1 x 101 7.8 x 107! 4.6 x 1072 1.9 x 101
M1-100 7.0 x 101¢ 1.3 x 1010 6.7 x 1072 1.3 x 101
M2-119 2.4 x 10+0 5.3 x 101 2.4 x 102 6.4 x 107!
M1-140 3.6 x 1010 7.0 x 107} 3.6 x 1072 1.2 x 1010
M2-166 2.1 x 1010 4.9 x 107! 2.3 x 1072 6.7 x 107!
M1-195 3.7 x 100 7.9 x 101 4.1 x 1072 1.2 x 10+0
H1-195 6.8 x 1010 1.6 x 1010 7.6 x 1072 2.1 x 101
H2-235 1.0 x 10! 2.2 x 1010 1.1 x 107! 2.6 x 101
H1-280 1.4 x 10! 3.6 x 101 1.7 x 107! 3.2 x 1010
H2-337 1.4 x 101 3.8 x 1010 2.1 x 10! 2.3 x 10+0
H3-402 2.0 x 10*? 4.9 x 1010 3.0x 107! 1.2 x 1010

Table 3: Gain calibration requirements for the LiteBIRD satellite using minimum-variance

methods for component separation. The requirements have been derived for:
® ’z: maximum amplitude spectral density of noise fluctuations.

® darax: maximum fluctuation of the gain in 20 min.

® Pn( fuip): maximum noise of the detectors at the dipole frequency.
® Pp( faip): maximum thermal fiuctuations of the focal plane at the dipole frequency.




| want to be able to simulate the effect of multiple calibrations on the sky

e To make realistic simulations | need
o to know how the gain uncertainty scales with the calibration time

To estimate our ability to determine g we can take a simplified data model
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Results:
e The requirements on the noise level can be summarized into a requirement on the noise at the
dipole frequency: P (f

o

(removes any dependency from the noise power spectrum shape)

—

[uKems/VHZ)

PNoise( fd:’p )

oip)

Requirements on acceptable noise at fy,

10—1 i

10725
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Results:
e The requirements on the noise level can be summarized into a requirement on the noise at the

dipole frequency: P (f,p)

o (removes any dependency from the shape of the noise)

e Under the assumption that the 1/f noise is mainly produced by thermal fluctuation of the focal
plane we can convert this into a requirement on the fluctuations of the focal plane at the dipole

frequency: A(f;p) . _
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