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ABSTRACT

Astronomy at far-infrared (far-IR) wavelengths is essential to our understanding of the evolution of the cosmos,
from the star formation history of galaxies to how the ice distribution affects the formation of extrasolar planetary
systems. The Hubble Space Telescope, James Webb Space Telescope, and the Atacama Large Millimeter Array
have already produced ground-breaking astronomical observations with high angular resolution spanning the
visible to sub-millimetre wavelength regimes. However, this presents a gap in the far-IR, from roughly 30—400 nm,
where ground-based observations are largely intractable due to the opacity of Earth’s atmosphere. Indeed, no
telescope, observatory, or interferometry array has ever achieved sub-arcsecond angular resolution over this
wavelength range. A space-based solution is needed. However, a space-based far-IR telescope capable of sub-
arcsecond angular resolution and high sensitivity, at a cost comparable to the largest space missions to date,
presents unique physical, practical, and engineering challenges. In this paper, we envisage what a far-IR Great
Observatory class mission might look like in the context of the already-studied Origins Space Telescope (OST)
and the Space Infrared Interferometric Telescope (SPIRIT). We begin with a historical reflection of far-IR
missions, including OST and the recommendations by the Astro2020 Decadal Survey for a de-scoped mission.!
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We use this to motivate the recommendation of a space-based interferometer as a reasonable path towards
sub-arcsecond angular resolution at far-IR wavelengths. Using the SPIRIT mission concept as inspiration, we
consider multiple point designs for a two element, structurally connected spatial-spectral space-based far-IR
interferometer to understand the implications on achieved angular resolution and estimate total mission cost
in context of the Decadal Survey recommended far-IR Great Observatory cost cap. This paper illustrates the
unique capabilities only possible through a space-based far-IR double Fourier interferometry mission capable of
sub-arcsecond resolution.

Keywords: far-infrared, interferometer, great observatories, high angular resolution

1. INTRODUCTION

For decades, the great observatories of humanity have inspired the next generation of astronomers with stunning
images of the cosmos that have fundamentally changed our understanding of the universe. From the Chandra
X-ray Observatory and the Hubble Space Telescope (HST) to the James Webb Space Telescope (JWST) and
the Atacama Large Millimeter Array (ALMA), these instruments of technological ingenuity have unlocked high
resolution observations across the electromagnetic spectrum. Indeed, nearly every wavelength from X-rays to
radio waves has been observed at sub-arcsecond angular resolution except for one: the far-infrared (far-IR),
roughly from 30-400 pm.

The barriers to high angular resolution far-IR astronomy can broadly be summarized by three factors: Earth’s
atmosphere, noise due to thermal emission radiation, and the diffraction limit at these wavelengths. First, the
opacity of Earth’s atmosphere at far-IR wavelengths makes Earth-based observations largely intractable. Ground
based observatories, like ALMA, must be constructed at high altitudes, and even then, are limited to specific
atmospheric windows generally longward of 400 pm. Therefore, a space-based solution is required to access the
entire far-IR spectrum (for example, to measure spectral lines in galaxies regardless of their redshift). Second,
ambient temperature objects (mirrors, support structures, etc) become a source of emission at these wavelengths;
hence, cryogenic cooling systems are required to achieve the high sensitivity astronomical observations. Since
any telescope element in the light path to the detector can act as a source of noise, all optics visible to the
detector systems must ideally be cryogenically cooled to under 4.5 K, increasing the weight, cost, and design
complexity of the overall system. Third, the diffraction limit at far-IR wavelengths means that sub-arcsecond
angular resolution can only be achieved with a large primary mirror or an interferometer. For example, a far-IR,
angular resolution comparable to the HST at 100 pm requires a primary mirror almost 500 m in diameter. This
is both technologically and financially infeasible for a space-based mission, even with the largest payload fairing
rockets available and state-of-the-art segmented mirror technology.

While staying realistically within the budgetary constraints of the largest missions to date, as well as the
total cost cap for a far-IR Great Observatory class mission recommended by the Decadal Survey, these three
restrictions produce a far-IR trilemma, where only two of the three requirements can be achieved: a space-based
telescope, a large primary mirror, and a cryogenically cooled system. Indeed, no past, current, or planned mission
is capable of solving this far-IR trilemma. For example, the Herschel Space Observatory, the largest space far-IR
mission to launch, had a primary telescope diameter of 3.5 m and an angular resolution of about 7 arcseconds
at 100 pm, but with the primary mirror cooling to ~ 85K.2 Meanwhile, the Spitzer Space Telescope and the
Wide-field Infrared Survey Explorer (WISE) were cryogenically cooled space-based telescopes, but were only a
fraction of the size at 0.85m and 0.4 m, respectively. Finally, ground based observatories, like JCMT and ALMA,
can achieve high angular resolution with large primary mirrors or interferometric baselines, and can also utilize
cryo-cooled detectors (like the Submillimetre Common-User Bolometer Array 2 in the case of JCMT), but cannot
access the 30-400 pm far-IR gap due to Earth’s atmospheric opacity.

In this paper, we propose a solution to this far-IR trilemma, capable of sub-arcsecond angular resolution
at far-IR wavelengths, a far-infrared interferometer in space. We begin by reviewing the heritage of far-IR
telescopes and concepts to date, including the Origins Space Telescope (OST), as well as the Decadal Survey’s
recommendation for a descoped OST mission.! Next, we employ the Stahl-Allison parametric mission cost
model, along with the catalogue of specifications for previous far-IR missions, to understand the implications of
the Decadal Survey’s recommended total mission cost for a far-IR Great Observatory class mission.? We use this
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to motivate the recommendation of a space-base interferometer as the only reasonable path towards overcoming
the far-IR trilemma, all while maintaining sub-arcsecond angular resolution as a fundamental requirement of
the mission concept. Using the the Space Infrared Interferometric Telescope (SPIRIT)%%* and the Far Infrared
Space Interferometer Critical Assessment (FISICA)® mission concepts as inspiration, we consider three point
designs for a two-element, structurally connected spatial-spectral space-based far-IR interferometer capable of
high angular resolution observations, while still being within the cost cap presented by the Decadal Survey. A
future space-based far-IR interferometer will deliver ground-breaking observations to the astronomy community
to help humanity answer profound and enduring questions about the origins and evolution of our Universe and
planetary systems such as our own.

2. PARAMETRIC COST MODELS FOR MONOLITHIC FAR-IR SPACE MISSIONS

Following Low’s seminal work developing cooled infrared detectors in the mid 1960s,” the lineage of far-IR
space telescopes began in 1983 with the launch of the Infrared Astronomical Satellite (IRAS). With a 0.57m
diameter primary mirror (and a collection area 37 times smaller than Herschel and almost 100 times smaller than
JWST), IRAS mapped the sky in wavelengths never before observed. In the decades that followed, a number of
far-IR missions were launched, including the Infrared Space Observatory (ISO, 1995),8 Spitzer (2003),° AKARI
(2006),'° and eventually culminated in Planck and Herschel (2009). Planck and Herschel were launched together
on May 14, 2009, with Herschel currently the largest far-IR space telescope to date. The Balloon Experimental
Twin Telescope for Infrared Interferometry (BETTIL, 2017),'! the Balloon-borne Large Aperture Submillimeter
Telescope (BLAST, first scientific launch in 2005),2 and the Stratospheric Observatory for Infrared Astronomy
(SOFIA, 2014-2022)*3 also served to partially cover the far-IR window from the upper stratosphere. Each of
these missions was challenged by the far-IR trilemma, needing to make the difficult trade-off decision between
telescope size and cryogenic cooling within a target cost.

Today, there are no active far-IR space observatories, despite previous work on mission concepts like the Space
Infrared telescope for Cosmology and Astrophysics (SPICA).** Studied by ESA and JAXA as an M-class mission
concept, SPICA was to have a 2.5 m cryogenically cooled primary telescope, but was dropped from consideration
in 2020". The current lack of far-IR missions is unfortunate given the recognition of far-IR potential in successive
decadal and long range plans.' 1529 However, the current US Decadal Survey includes a recommendation for
the restoration of the Great Observatories program, including a new far-IR Great Observatory class mission.!

The OST mission concept is one such space telescope proposed to the Decadal Survey for consideration.?! 23

With a 5.9m cryogenically cooled primary mirror, OST* would be the largest far-IR mission to date, capable of
achieving approximately 4 arcsecond angular resolution at 100 pm.

However, for any mission, observatory specifications are only one part of the story, and financial constraints
and budgetary cost caps must also be considered. Estimating total mission costs can be complex without a full
master equipment list or grass roots cost estimates, but parametric cost models for space missions can provide
a preliminary starting point in the right direction. Here, we will use the parametric cost model for ground
and space telescopes developed by Stahl and Allison$, but other models like NASA’s Instrument Cost Model
(NICM) are also widely used.?* Using a historical list of telescope parameters for both ground and space based
observatories, Stahl and Allison developed a parametric cost model for the optical telescope assembly (OTA)
expressed in terms of $M for FY17, given by,

OTAS$(FY17) = $20M x 3005/ 5 DVT 5 \70-5 5 77025 5 =0.028(Y ~1960) (1)

*Additional documents and comprehensive study results from the SPIRIT mission concept are available here.

fThe decision to cancel SPICA was not well received by many members of the scientific community.

Preliminary interferometric versions of Origins were under consideration within the community, prior to settling on
the current monolithic telescope design.

SAt the time of this submission, we have been made aware of a revised parametric cost model by Stahl et al. for
monolithic telescopes. Parametric models such as these are an imperfect art and are only as good as the data from which
they are drawn. As such, we would like to highlight the year of publication for the model we used in this work.
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“where S/G = 1 for space and 0 for ground telescopes, D = diameter, A = diffraction limited wavelength, T
= operating temperature and Y = year of development”.? Equation 1 provides an upper bound of the OTA
cost with 50% confidence, and higher confidence levels can be achieved by multiplying by an appropriate scaling
factor.> While this model presents no direct scaling from the OTA cost to total mission cost, Stahl and Allison
have shown that there is a trend between the diameter of the primary mirror and OTA as a percentage of total
mission cost.

Table 1: Specifications and parametric cost calculations for a selection far-IR space-based missions, past and
future. Some far-IR missions (e.g. ISO and AKARI) are not included due to differences in how total mission
costs are reported. Parameter specifications are associated with the variables in Eq. 1. Cost values have been
rounded to the nearest $M. OTA calculations are at a 50% confidence level, per the original publication.® Here,
D is the telescope diameter, A is the diffraction limited wavelength, T is the operating temperature, and YOD
is the year of development.

Angular OTA Total Mission OTA % of
Mission | D (m) | Mpm) | T (K) | YOD | Resolution M FY20 Cost Total Mission
at A\ (arcsec) ($M FY20) Cost ($M FY20)
IRAS 0.57 8 4 1977 3.0 $43 $ 586 7.3%
Spitzer 0.85 6.5 5.5 1995 1.6 $52 $1,360 3.8%
WIRE 0.3 24 12 1995 16.9 $4 $114 3.3%
Herschel 3.5 80 80 2001 4.8 $71 $1,910 3.7%
Planck 1.7 300 40 2001 37.3 $13 $955 1.4%
WISE 0.4 2.75 17 2002 1.5 $14 $436 3.2%
OST 5.9 30 45 | 2025 1.1 $297 OST: $6,700 OST: 4.4%
TRACE: $10,600 | TRACE: 2.8%

Table 1 gives a summary of key parameter specifications for past far-IR space missions, along with OST as
a comparison, as well as their OTA cost and total mission cost. The total mission cost cap by the Decadal
Survey was $3-$5B (FY20),! so all OTA calculations and total mission costs have been scaled for parity to their
equivalent F'Y20 value using average annual Consumer Price Index values published by the Federal Reserve Bank
of Minneapolis.?®

Two total mission costs are presented for OST. The first is the value (labeled “OST”) was reported by the
Origins team in their mission concept and is based on their master equipment list.?3> The second value (labeled
“TRACE”) was reported by the Decadal Survey based on an independent Technical Risk and Cost Evaluation.
In either case, total mission cost is above the upper bound of the recommended cost cap for a future Great
Observatory class mission presented by the Decadal Survey. Based on these cost estimates, Table 1 shows that
no monolithic space telescope is capable of resolving the far-IR trilemma within the budget of $3-$5B. Indeed,
a new design must be considered for the next far-IR Great Observatory: a space-based interferometer.

3. DESCRIPTION AND POINT DESIGNS

Mission concepts for a space-based interferometer have been studied for decades and can be divided into two
camps: a structurally connected interferometer (SCI) and a free-flying (or formation-flying) interferometer (FFI).
SCIs, studied for mission concepts like Optimast,26:27 SPIRIT, and FISICA, generally have an extendable or
foldable boom with collecting telescopes on either end and a central beam combiner. Their collapsible design
allows for loading into rocket fairings while still being capable of large baselines once fully deployed. Meanwhile,
FFIs rely more heavily on multiple individual elements operating together. While they are more ambitious
from a mission design standpoint, FFIs can achieve significantly longer baselines (e.g., 1km or more) and can
incorporate multiple telescope collector elements. Examples of FFIs include spatial-spectral (double Fourier)
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Telescope IQ

(b) Two-element SCI sketch. As the space craft ro-

(a) SPIRIT Design Concept.>” The two collectors are tates, the telescopes remaining pointing at the target
structurally connected by a folding boom (shown here of interest. The craft rotation and change in baseline
at a maximum baseline of 36 m for illustration) to a length populates the u-v Fourier plane so aperture syn-
central beam combining bus. thesis can be performed.

Figure 1: Two-element SCI design concepts

interferometers: the Submillimeter Probe of the Evolution of Cosmic Structure (SPECS)?® and the Far Infrared
Interferometer (FIRI),?® and nulling interferometers, like ESA’s Darwin,?® NASA’s Terrestrial Planet Finder
(TPF),?! and the Large Interferometer For Exoplanets (LIFE).3?

Regardless of the design choice or operating wavelength, no space-based interferometer has ever been launched.
Despite years of study and advances in the technical readiness level (TRL) of their sub-systems, including exper-
imental testbeds®3> 3% and balloon pathfinders,'! there is no existing space flight heritage for an interferometer
to build upon, unlike its monolithic counterpart. Thus, a logical starting point from the perspective of mission
risk reduction for the first ever space-based interferometer would be a simpler design concept. Of the two design
styles described above, a structurally connected interferometer is the simpler design with the most thorough
investigation from previous studies of SPIRIT and FISICA. Therefore, in this paper, we will use the SPIRIT and
FISICA as our starting point, and focus on the concept of a two-element far-IR SCI with aperture plane light
combination, all within the Decadal Survey’s cost cap of $3-$5B (FY20).

We will consider three point designs for our far-IR SCI: 36 m, 50 m, and 100 m. The underlying fundamentals
of each design will be largely the same, and follow the SPIRIT design of a spatial-spectral interferometer with
cryogenically cooled collector telescopes and central combining bus, along with detector systems with spectral
coverage from 25-400 pm. As our figures of merit here continue to be high angular resolution and the price cap
of $3-$5B FY20, we will primarily be focusing on changes to total baseline length and the sizes of the primary
telescope collectors¥. Figure 2 summarizes the angular resolution of these three point designs in comparison to
other past and present observatories.

3.1 Point design 1: 36m baseline

This point design follows directly from the SPIRIT design published in 2007. Indeed, the work done by the
SPIRIT team shows that with a 36 m baseline and 1 m diameter primary telescopes, this point design would single
handedly be capable of overcoming the far-IR trilemma with sub-arcsecond angular resolution at 100 pm. The
SPIRIT team also provided a full breakdown of mission cost estimates, given in FY09 terms.3” When adjusted
for inflation to FY20, the estimated total mission cost of this point design would cost approximately $1.6B. This
includes the launch vehicle, a cost adjusted to be $215M, but recent and future advances in commercial payload
fairings have very likely changed this aspect of the estimate. Reserves have also been appropriately scaled to be
$274M, which accounts for ~ 20% margin of the total cost before the launch vehicle.

YA wider solution space has already been considered by the SPIRIT team.?
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A far-IR interferometer like SPIRIT would offer 0.3 arcsecond angular resolution at 100 pm, as well as high
spectral resolution (R ~ 3000) across the entire wavelength band. The merits of such a point design, as well as
the benefits to far-IR astronomy, have been well documented in the literature. However, at just $1.6B, there is
plenty of room to expand the mission design closer to the cost recommendation of the Decadal Survey.

3.2 Point design 2: 50m baseline

The SPIRIT team also explored the idea of a “facility-class” mission by scaling up their 36 m mission concept.
With an upgraded 10 year operational life and a 40% longer baseline, out to 50 m, this point design would
cost approximately $2.1B FY20 |. With an improved angular resolution of 0.2 arcseconds at 100 pm, as well
as sub-arcsecond angular resolution across the entire wavelength range, the scientific benefits would be
enormous.” 2% 3% Furthermore, the increased mission lifetime would be more in-line with what is expected for a
Great Observatory, allowing a full decade of high angular resolution astronomy at far-IR wavelengths.

However, it should be noted that longer baselines necessitate larger primary collecting mirrors due to diffrac-
tion of the collected light. Indeed, optical modelling analysis of the far-IR SCI design concept studied by the
FISICA project shows the delicate interplay between maximum baseline size, diameter of primary mirrors, and
the required aperture size of the central combining bus.?>4? For some fixed maximum baseline, the choice of
collector mirror style and size must be balanced against the window size of the beam combiner, which in turn
increases the surface area exposure of the internal cryo-cooled beam combiner optics. These increased size re-
quirements (e.g. 2m collectors for a 50m), would drive up development cost, as higher performing or larger
cryo-coolers would be needed, as well as design complexity. This increased scaling of the maximum baseline,
along with the collectors and beam combiner aperture, must also be considered for the larger point design 3,
described later.

This point design also presents a nice symmetry with JWST; with a baseline about 10 times longer than
JWST’s segmented primary mirror, and operating at wavelengths about 10 times longer, the synergy presented
by this point design allowed it to nicely fill the far-IR gap between JWST and ALMA. Yet at $2.1B, we still have
room for an even more ambitious mission concept, something that will push to the upper limit of the Decadal
Survey’s recommendation.

3.3 Point design 3: 100m baseline

A point design with a 100m baseline is probably the upper limit of what is conceivable for a SCI before one
considers moving towards a FFI. Beyond this, the structural limitations of the boom might be a limiting factor
and increase mission risk. Furthermore, a boom of this length could employ a collapsible, articulating architecture
to fit into the payload fairing of modern launch vehicles, rather than a segmented, foldable boom. But at an
ambitious 100 m, staying in the realm of SCIs allows us to scale the SPIRIT design even further.

At 100 m, this point design would have 0.1 arcsecond angular resolution at 100 pm, a 100 fold improvement in
angular resolution compared to SOFIA.'? Indeed, such an ambitious size is only fitting for a Great Observatory
class mission. Considerations for further improving mission performance could include increasing the size of
the primary collecting mirrors from 1m to 2m, enabling more light collection and increased sensitivity to faint
sources, or decreasing the minimum baseline length, which would help populate the center of the u-v Fourier
plane, allowing for better image reconstruction and detail in the final observations.

Costing a mission this large is beyond the considerations of previous work done by the SPIRIT team, but
we can make the quick calculation that a 100 m baseline mission should cost no more than two 50 m baseline
missions. Given that we costed the 50 m design in the previous section at $2.1B FY20, then our preliminary
upper limit here is approximately $4.2B. Finally, we have entered the cost range given by the Decadal Survey,
falling in the center.

Using the costs and maximum baselines of the previous two designs as data points, and assuming a linear
relation between cost and baseline length, we can make another cost estimate by extrapolating out to 100 m. In
this case, our calculated total mission cost is $3.9B FY20. Again, within the range recommended by the Decadal
Survey, but slightly below our previous calculation.

I More details on the “facility-class” SPIRIT mission can be found in the SPIRIT team’s discussion on mission design.’
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Table 2: Summary of far-IR space-based SCI point design specifications and estimated costs.

Point design

Maximum

baseline (m)

Angular resolution at

100 pm (arcsec)

Estimated total mission
cost ($B FY20)

1 36 0.3 1.6
50 0.2 2.1
3 100 0.1 3.9-4.2

4. CONCLUSION

A space-based interferometer is not a question of if, but of when. The scientific hunger for higher and higher
angular resolution observations at increased detection sensitivity has driven technological innovation for decades,
and will continue to do so far into the future. While every wavelength band can benefit from the high angular
resolution achievable by a space-based interferometer, the far-IR trilemma uniquely cripples high angular reso-
lution at far-IR wavelengths. Indeed, no monolithic telescope is capable of overcoming the far-IR trilemma, and
the only solution is a space-based interferometer. The high angular resolution achievable by a space-based far-IR
SCI, at a total mission cost all within or below the Decadal Survey’s recommendation, would revolutionize far-IR,
astronomy in ways not seen since the first infrared observations by IRAS in 1983. The Great Observatories of
humanity should rewrite textbooks and fundamentally change our understanding of our place in the universe,
and only a space-based far-IR interferometer is capable of delivering such groundbreaking results within the
far-IR region, to complement advancements progressing through observations throughout the full EM spectrum
bands.
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