The Data processing pipeline for the GUSTO mission
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Abstract. The Galactic Ultra-long duration Stratospheric Terahertz Observatory
(GUSTO) is a stratospheric balloon mission to map 124 square degrees of the Galactic
Plan and LMC in the 3 brightest interstellar cooling lines: [CII], [OI], and [NII] at 158,
63, and 205 microns, respectively. The mission will use heterodyne mixers to velocity
resolve the emission lines and is planned to be launched in December of 2021. The
GUSTO data processing pipeline will produce baseline corrected data cubes available
to the general community. This poster will present the approaches and challenges to be
used to processes the data.

1. Introduction

Observing abundant atoms and ions traces the dynamics and life cycle of the interstellar
medium (ISM) in galaxies. Singly ionised carbon, [CII], is particularly useful to trace
the ISM. With an ionisation potential of 11.26eV, carbon is easily ionised by the UV
radiation from young hot stars. High spatial and spectral observations of [CII] show
not only where the ion is but how it is moving. Sparse spatial but velocity resolved
[CII] emission has recently been studied along 500 lines-of-sight throughout our Galaxy
(Langer et al.|[2014)) and provided significant insights into the internal workings of the
ISM in our Galaxy.

OI and NII

GUSTO will use 3 arrays of 8 HEB mixers. The CII and NII LO’s are provided
by JPL and the OI LO by a Quantum Cascade Laser (QCL) which will be Fourier
multiplied to produce 8 LO signals.

GUSTO will observer CII, OI and NII fine structure lines for 124 square degrees
of the Galactic Plane and the Large Magellanic Cloud.

Details of the STO experiment can be found in [Walker et al.| (2010).
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2. Observations

For the [CII] survey, GUSTO will make use of the On-The-Fly mapping (OTF) mode.
OTF is a means of mapping a region by continuously scanning and intermittently read-
ing out a detector (Mangum et al.|[2000). OTF is a highly efficient means of covering
a large region of the sky with single detectors or small arrays of detectors. The OTF
technique uses the standard vane calibration of radio telescopes (Kutner & Ulich|1981)
which combines data of a sky reference position free of emission as well as data on an
internal load of known temperature. STO-2 has an internal hot load. The main con-
straint in OTF mapping is the timing between readouts of the instrument during the
scan (ON), the time between load measurements (HOT) and the time between the sky
measurements (REF).

An OTF scan is shown in Figure ??. The scan begins with a sky (REF 1) observa-
tion along with a hot load (HOT). The telescope points to the beginning of the mapping
region and repeats the load measurement (HOTp). Then starts integrating on the sky
while moving along the scan leg. The integrations are readout frequently to minimise
source blurring. At appropriate intervals and at the end of the scan the internal hot
load is observed (HOTE). This pattern continues on a new scan parallel but offset by a
fraction of the spatial resolution of the instrument.

As can be seen in the Figure ??, the timing between successive ON readouts is the
fastest, followed by the intermittent HOT, then by the REF measurements. This pattern
comprises the observation cadence.

2.1. Standard calibration

The reference observations (REF) and repeated hot measurements (HOT) are combined
to calibrate the system onto a known radiometric scale (Kutner & Ulichl[1981). Refer-
ence positions should be emission free and the system should be stable. The calibration
of a DBS receiver is give by:

. (ON - REF)
Ta =T ppr M
Thor — Y x T HOT
with, Tyys = 2 x —28 REE with Y = ——
Y -1 REF

T,y 1s the system noise temperature. The Y factor is the ratio of the raw HOT
counts to the raw REF counts. Tyor is the hot load temperature (290K) while Tgrer is
the effective temperature of the blank sky at 1.9 THz (45K). The values of the Y factor
and the REF measurement per channel are linearly interpolated to the time of the ON
readout.

2.2. Radiometric noise and drift noise

Radio observations are afflicted with mainly two different noise types: radiometric
(white) noise and drift noise. White noise is independent of frequency of observing
and can be reduced by longer integrations. Drift noise increases over longer time peri-
ods and in general cannot be reduced by longer integrations or repeated measurements.

Drift noise originates from the instability of the detector system. Understanding
the timing of instabilities is needed and a proper observation sequence must be chosen
to minimise drift effects. Whereas white noise is flat across spectral channels (band-
pass), drifts result in spectra which fluctuate over the bandpass. The resulting spectra
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suffer from poor baselines and/or standing waves. Poor baselines limit the useful infor-
mation present in the signal by confusing spectral features of the sky with drift noise.

2.3. Addressing drift noise

The calibration requires stability of the entire system. The reference observations are
usually taken a significant time before and after the OTF scan. The drift time constant
is described by the Allan time (Allan||1966) and observations should be designed with
this drift time in mind.

The frequency of the load observations (HOT) helps make up the overall cadence.
Another component is the reference observation. Often, the stability time is short com-
pared to the cadence of the reference measurements. This implies that the references
observations, although necessary for calibration, may leave larger than desired drifts.
The hot load can be used to address the system drift since changes in the HOT reflect
the changes of the system much closer in time. In other words, an intermittent load
scan can be used to help stabilise the calibration.

To account for drifts and better use the system monitoring aspect of frequent load
measurements the calibration equation can be altered to create an "interpolated" REF
signal.

(ON — intREF)

=T REF @

In this case, intfREF = HOT(t) X flgl;((tt?))) and is linearly interpolated to the scan

readout time ¢. ty is the time of the reference scan and accompanying hot.
Interpolating between standards is not new and a full discussion for OTF obser-

vations is given in |Ossenkopf (2009). In the presence of significant system drifts, all

calibration factors need to be interpolated in time to match the scan integration time.

3. Machine learning as a pipeline step

Instrument drifts will likely be present for GUSTO as that is in the nature of the HEB
mixer. We will therefore have to make use of machine learning of the possible patterns
which will be introduced. The patterns change over time, but have a lot of continuity.
HIFI also had pattern matching corrections in its pipeline for the HEB mixers (?).

In order to properly introduce a ML step in the pipeline, we will need training and
validation data. One approach to obtain the data sets is to observe blank fields. This
is however a costly step. Another approach is to simulate standing waves. Such an
approach was successful for STO data

4. Conclusions

The GUSTO pipeline will automatically identify spikes in the data, apply calibration,
correct for detector drifts, remove standing waves and make data cubes ( position -
position, velocity).

These data will be made public for use by the astronomical community.
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