


STO-2:  Support for 4th year Operations, Recovery and Science

[bookmark: page1]1	Executive Summary
The structure of the interstellar medium, the life cycle of interstellar clouds, and their relationship with star formation are processes crucial to deciphering the evolution of galaxies. High resolution spectral line imaging of key gas tracers not accessible from the ground is needed to supply major missing pieces of Galactic structure and witness the formation and dissipation of interstellar clouds. The reflight of the Stratospheric Terahertz Observatory (STO-2), a balloon-borne 0.8-meter telescope with an 5-beam far-infrared heterodyne spectrometer, will address these issues and significantly advance NASA’s Strategic Goal of “discovering how the universe works” by exploring how structures in galaxies evolve and how galactic-scale star formation proceeds, using our Milky Way as a template. 
In its long duration flight, STO-2 will survey part of the Galactic plane in [C II] line emission at 158 µm, the brightest spectral line in the Galaxy; [N II] line emission at 205 µm, a tracer of the formation rate of massive stars; and [O I] line emission at 63 µm, a probe of dense warm gas in PDRs, shocks, and hot cloud cores where massive stars are forming. With 1' angular resolution and <1 km/s velocity resolution, STO-2 will detect every interstellar cloud with AV ≥ 0.4 mag (hydrogen column density ≥ 4x1020 cm-2) in the surveyed region (Figure 1), and, through excitation and kinematic diagnostics provided by [C II] and [N II] line emission, will study how atomic and molecular clouds are formed and dispersed. STO-2 will make 3-dimensional maps of the structure, dynamics, turbulence, energy balance, and pressure of the Milky Way’s Interstellar Medium (ISM), as well as the star formation rate.
[image: STO-surveyTopView]STO-2 was selected for development in late 2013 and passed its hang test and mission readiness review on schedule in August 2015 at CSBF headquarters in Palestine, Texas.  It featured cryocooler, mixer and local oscillator developments well above and beyond that proposed in the original proposal.  In particular, the [OI] receiver development was a value-added contribution from the Space Research Organization of the Netherlands (SRON) that was integrated into the STO-2 flight system.  STO-2 was shipped to Antarctica, was received in good shape in late October 2015, and was fully tested and readied for flight by 20 December 2015 when the stratospheric polar vortex had finally stabilized.  However, surface weather conditions suitable for launching a mission of long duration never materialized despite numerous launch attempts.  Finally, on 21 January 2016, NASA HQ made the decision to end the LDB season, store STO-2 on the Ice, and support a renewed launch attempt for a full flight in the 2016-17 season. Existing grant resources will support the team's mission operations through 31 December 2016.  Here, we request resources for 2017 to support STO-2 mission and science operations that will enable the team to deliver fully on the science return, and maximize NASA's demonstrated interest and investment in STO-2's success.Figure 1: Overview of the region to be surveyed by STO-2. This 35◦ swath through the Galactic Plane includes spiral arm and interarm regions.  

 
1.1	Summary: Science Goals and Objectives
[bookmark: page2]STO-2 will help provide a comprehensive understanding of the inner workings of our Galaxy by exploring the connection between star formation and the life cycle of interstellar clouds. We will study the formation of molecular clouds, the feedback of high mass star formation heating and disrupting clouds, and the effect of these processes upon the global structure and evolution of the Galaxy. The detailed understanding of star formation and evolution of stars and gas in the Galaxy is directly relevant to star formation in other galaxies. The nature of the feedback mechanism of massive star formation is pivotal to the evolution of galaxies. STO-2 thus addresses NASA’s goals and research objectives on galaxy evolution and star formation. STO-2 addresses the high priority goals:
1. Determine the life cycle of Galactic interstellar gas. 
2. Study the creation and disruption of star-forming clouds in the Galaxy. 
3. Determine the parameters that affect the star formation rate in a galaxy. 
4. Provide templates for star formation & stellar/interstellar feedback in external galaxies. 

1.2 Summary: Mission Approach 
Figure 2:  Midcourse Space Experiment (MSX) 8.3 µm map of the Galactic Plane from the Molecular Ring through the Scutum-Crux spiral arm. Annotations highlight regions to be explored by STO-2 in its Galactic Plane Survey (GPS) and the deeper survey b strips (DS).


To achieve these timely scientific goals, STO-2 will map the pivotal [C II] 158 µm, [N II] 205 µm and [OI] 63 µm lines.  [C II] is extraordinarily versatile; it probes ionized gas (HII), atomic clouds (HI), and the photo-illuminated surfaces of molecular clouds. [C II] provides a unique measure of the interstellar medium that is not possible with HI or CO line emission alone: it directly distinguishes atomic clouds from diffuse intercloud HI gas (unlike HI which is not density sensitive), identifies “CO-dark” molecular gas not associated with CO emission, and probes mass flows from molecular cloud surfaces. Thus, in combination with CO, HI and [NII], [C II] identifies and measures the formation and destruction of clouds in ways not possible with HI and CO images. The [N II] line, in addition to providing an extinction-free probe of ionizing radiation and star formation rate in the Galaxy, can be used to isolate the fraction of [C II] line emission that comes from ionized gas.  In the highest excitation regions, such as hot cores, shock fronts, and PDRs with high UV flux, the [O I] line emerges as a dominant coolant and provides a powerful diagnostic capability in concert with [C II].
To map the these lines over a large portion of the southern Galactic Plane, STO-2 will utilize three heterodyne receiver bands to produce a total of five beams in the focal plane (two each of [CII] and [NII], and one [OI]).  Each beam will provide 1024 spectral channels.  In a long duration (14 to 30 day) flight STO-2 will map a 35ox1o area including the Galactic molecular ring (Figures 1 & 2) as well as 5 deeper strips in Galactic latitude b=±2◦ in selected arm and interarm regions. STO-2 achieves arcminute angular resolution and 3σ intensity limits of 7×10−6 and 1×10−6 erg s−1 cm−2 sr−1 in the [C II] and [N II] lines, respectively, sufficient to resolve both spectrally and spatially all Giant Molecular Clouds (GMCs), all significant H II regions, and all cold neutral medium (CNM) clouds with AV ≥ 0.4 mag (potential building blocks of GMCs) in the surveyed region. [CII] and [NII] emission will be observed simultaneously.  Because of its relative compactness, [OI] line emission will be mapped separately toward a sample of regions during the mission. STO-2’s heterodyne receivers provide sufficient velocity resolution and coverage to detect and resolve line emission from all significant Galactic clouds along the line of sight. The deliverable data products include:
1) A high fidelity database of spatially and velocity resolved [C II] 158 µm, [N II] 205 µm and [O I] 63 µm fine-structure line emission in the Galaxy. 
2) A combination of STO-2’s data with existing line and continuum surveys to characterize the structure and dynamics of interstellar clouds and their relation to star formation. 
The data are produced in large scale (Galactic Plane Survey) and selective (Deep Survey) modes:
· [bookmark: page3]GPS: Galactic Plane Survey: 305◦ < l < 340◦; −0.5◦ < b < 0.5◦. The GPS contains more than 105 spatial pixels and has 104 times higher sensitivity than FIRAS/COBE when convolved to the same resolution. STO-2 will catalogue all neutral clouds with AV ≥ 0.4 mag. and all ionized clouds with emission measure > 50 cm−6 pc, detecting all significant interstellar material in the Galaxy. 
· TDS: Targeted Deep Survey of Galactic and LMC sources defined by ancillary observations from AST/RO and Mopra telescopes. In the Galaxy, b = −2◦ to +2◦ strips at l = 315.97◦, 323.13◦, 330.00◦, 336.42◦ and 342.54◦, with l=0.05◦. Sensitivity will be >3 times higher than of GPS.  A 20x20’ region centered on 30 Dor in the LMC will be mapped.  The TDS will also include a sample of ~12 sources for which small [OI] maps will be obtained.

2	Science Goals & Objectives
2.1	Background
Via spatially & spectroscopically resolved [CII], [NII] and [O I] line emission, STO-2 probes the formative and disruptive stages in the life cycles of interstellar clouds. It reveals the relationship between interstellar clouds and the stars that form from them, a central component of galactic evolution.Figure 3: Schematic representation of ISM com-ponents. STO-2 detects and maps in the Galaxy the higher column density CNM component, the H2/C+ ”CO-dark” component, the photodissociation region (PDR) surfaces of molecular clouds, the H II component, and (with H I) the WNM/CNM ratio.

The current multi-phase model of the interstellar medium (ISM) is shown schematically in Figure 3. Neutral interstellar gas is the dominant mass component of the ISM and tends to exist as two phases in rough thermal pressure equilibrium: a diffuse warm neutral medium (WNM) with hydrogen densities at the solar circle of n~0.3 cm−3 and T~8000 K, and denser, colder “diffuse HI clouds” (cold neutral medium: CNM) with n~40 cm−3 and T~70 K (Heiles & Troland, 2003; Wolfire et al., 2003). Turbulence provides a broader spectrum of conditions (Mac Low et al., 2005; Gazol et al., 2005; Jenkins & Tripp, 2011; Kim et al. 2011), but thermal balance drives neutral gas toward these phases. With sufficient shielding column, N > 1020 − 1021 cm−2 of hydrogen nuclei, the CNM clouds begin to harbor molecular interiors. These H2/C+ clouds are sometimes called “CO-dark clouds” because they cannot be detected in HI, H2, or CO emission. This component has been indirectly inferred by γ ray (e.g., Grenier et al. 2005), submillimeter dust emission (Planck Collaboration et al. 2011), and IR dust extinction maps (Paradis et al. 2012), but direct observations of it and a determination of how it contributes to the ISM can only be achieved using the sensitive, large-scale [CII] and [NII] survey capabilities of STO-2. The CNM and CO-dark clouds are the building blocks of giant molecular clouds (GMCs).Figure 4:  Comparison of STO-2’s sensitivity with [C II] and [N II] integrated intensity for various ISM components. HI and H2/C+ clouds (CO-dark gas) constitute the building blocks for molecular clouds. HII regions and bright PDRs often include photoevaporating gas from molecular cloud destruction. The 3 sensitivities of STO-2’s two survey modes (see §1.2 for definitions) are indicated by horizontal lines.

[image: CII_figure]WNM is converted into CNM clouds via thermal instability either if the ultraviolet radiation field (heating) diminishes (Parravano et al., 2003) or if the pressure increases because of the passage of a (e.g., supernova) shock wave (McKee & Ostriker, 1977). GMCs presumably form from a large assemblage of CNM clouds; the leading theoretical models invoke gravitational instabilities in huge regions 0.5-1 kpc in size along spiral arms (Ostriker & Kim, 2004). Other mechanisms have been invoked such as the convergence of flows in a turbulent medium (Hennebelle & Perault, 2000; Heitsch et al., 2006).
Figure 4 shows the [C II] and [N II] intensities of these cloud components with the nominal STO-2 survey mode sensitivities, while Figure 5 shows a Herschel/GOTC+ [C II] observation with complementary CO and H I spectra along a line of sight through the Galaxy. This pointed observation shows that many kinds of clouds are detectable with modern heterodyne receivers at THz frequencies. This single pointing with Herschel foreshadows the large scale mapping of these lines that will be possible with STO-2.  Figure 5:  A Herschel HIFI [CII] spectrum 
from the GOT C+ program (Velusamy et al. 2012) in the Scutum-Crux spiral arm.  


2.2	Goal 1: Map the Entire Life Cycle of Interstellar Gas
STO-2 will (1) map and catalog the size, mass distribution, and internal velocity dispersion of atomic, molecular and ionized clouds as a function of Galactic position. It will (2) identify the physical origin of [C II] emission, (3) allow construction of the first large-scale thermal pressure map of the ISM, (4) the first map of the gas heating rate, and (5) a more sensitive, detailed map (using [N II]) of the star formation rate.
(1) STO-2 will survey spiral arm/ interarm regions and a large portion of the molecular ring, where much of the star formation occurs in the Galaxy. Galactic rotation causes a distance-dependent velocity separation of the clouds along the line of sight, and STO-2’s high spectral resolution allows us to then determine the distance to the clouds using standard methods. Therefore, STO-2 will provide an unprecedented 3D global map of the distribution of clouds of ionized gas, atomic gas, and molecular clouds (via their [C II]-emitting surfaces) as a function of Galactocentric radius (R) and height (z) in the Galaxy. We can compute the density of clouds (i.e., the number of clouds per kpc3) and their size distribution as functions of R and z, and see how clouds are clumped together in spiral arms or supershells. In regions of cloud clustering, the superb velocity resolution of STO-2 will measure the random motions of clouds, and diagnose large-scale turbulence.
(2) Because [C II] line emission can come from ionized, atomic clouds, and from atomic and molecular surfaces of Giant molecular clouds (CO-dark H2 material), its origin can be difficult to disentangle toward complicated lines of sight, particularly in the Inner Galaxy. For example, COBE FIRAS observations show that the ionized component of the ISM radiates strongly in both [C II] 158 µm and [N II] 205 µm (Wright et al., 1991). To distinguish the origin(s) of [C II] emission, velocity-resolved measurements of the distribution of the ionized gas must be made in [N II] and compared to the [C II] distribution, along with comparisons with H I and CO. STO-2 will conclusively determine the origin of the [C II] emission, by measuring the portion of the [C II] emission coming from each component. 
[bookmark: page6](3) The ratio of CNM [C II] to H I intensity (which determines their column and mass) provides a measure of the [C II] emissivity per H atom which rises monotonically with gas density and thermal gas pressure. The STO-2 survey of a large portion of the Galactic Plane enables the construction of the first barometric maps of the Galactic disk, determining the ambient thermal pressure in different environments (e.g., spiral arms vs. interarm regions, turbulent vs. quiescent regions). The STO-2 team’s theoretical models are vital to determining the density, temperatures, and thermal pressures in the clouds. These can then be correlated with star formation rates to understand stellar/interstellar feedback mechanisms.
(4) The [C II] line dominates the cooling of CNM clouds. From its intensity we directly obtain the gas heating rate of clouds as a function of radius throughout the Galaxy. Besides the fundamental interest in tracing the energy flow in the Galaxy, the observations also can test our theoretical hypothesis that the heating is provided by the grain photoelectric heating mechanism in diffuse clouds.

2.3	Goal 2: Reveal the Formation & Destruction of Clouds
By observing the [C II] line, STO-2 will reveal clouds clustering and forming in spiral arms, super-shells, and filaments, and follow the growth of clouds to shield molecules and eventually to become gravitationally-bound GMCs. STO-2 will observe “CO-dark” clouds that cannot be seen in H I, H2, or CO emission, and estimate their contribution to GMC formation. STO-2 will also directly measure the subsequent dissolution of GMCs into diffuse gas via stellar feedback.

[bookmark: page7]Formation of diffuse H I clouds (CNM). Turbulence may play an important role in the formation and evolution of interstellar clouds. In a standard scenario where CNM clouds are formed from WNM gas by thermal instability, we can picture the role of turbulence in two ways: large scale instabilities, density waves and supernovae drive compressional motions that increase the thermal pressure and trigger the thermal instability (de Avillez & Breitschwerdt, 2005). Alternatively, regions undergoing thermal instability may generate turbulence, and convert the CNM into a complex network of pancakes and filaments (Kritsuk & Norman, 2002). STO-2 will perform the survey of both the spatial structure and kinematics of diffuse gas in transition between phases necessary to tell us the role of turbulence and dynamic pressure in the life-cycle of the ISM.
Formation of GMCs. The formation of GMCs is a prerequisite for massive star formation, yet the process has not yet been directly observed! STO-2 is designed with the unique combination of sensitivity and resolution needed to observe cold atomic and CO-dark clouds being assembled into GMCs (Figure 6). Four mechanisms have been proposed to consolidate gas into GMC complexes (Elmegreen 1996): (1) self-gravitating instabilities within the diffuse gas component, (2) random collisional agglomeration of clouds, (3) accumulation of material within high pressure environments, e.g. shells and rings generated by OB associations, and (4) compression in the randomly converging parts of a turbulent medium. STO-2 can distinguish these processes from each other and consider new cloud formation schemes by:Figure 6: GMCs locations (blue dots) in the nearby spiral galaxy M33 are overlaid upon an integrated intensity map of the HI 21 cm line (Engargiola et al., 2003). These observations show that GMCs in M33 are formed from large structures of atomic gas, and foreshadow the detailed study that STO-2 will provide of GMC formation in the Milky Way.

· Accounting for all the molecular hydrogen mass (the H2/C+ CO-dark clouds as well as the H2/CO clouds) when computing global measures of the interstellar medium. 
· Clearly identifying CNM clouds via the density sensitivity of [CII] compared to HI 21 cm. 
· Constructing spatial and kinematic comparisons with sufficient resolution, spatial coverage and dynamic range to discriminate the above 4 scenarios. 
     The high spectral resolution of STO-2 enables crucial kinematic studies of the Galaxy. STO-2 will determine the kinematics and thermal pressures of most supershells, fossil superrings, and molecular clouds just condensing via gravitational instability of old superrings. STO-2 will detect many of the CNM clouds formed out of WNM in the shells, and the larger column density clouds, which may harbor H2. With these detections STO-2 will determine the role of OB association-driven supershells and superrings in the production of molecular clouds and the cycling of gas between the various phases of the ISM.
STO-2 reveals the disruption of clouds. [CII] and [NII] measure the photoevaporating atomic or ionized gas driven from molecular clouds with UV-illuminated surfaces, thereby converting the clouds to WNM, CNM, or to diffuse H II regions. Thus, STO-2 can directly determine the rate of mass loss from catalogued clouds, and their destruction timescales.

[bookmark: page8]2.4	Goal 3: Map the Star Formation Rate in the Galaxy
STO-2 will probe the relation between the gas surface density on kpc scales and the [N II]-derived star formation rate, so that we can better understand the empirical Schmidt-Kennicutt Law used to estimate the star forming properties of external galaxies.
Star formation within galaxies is commonly described by two empirical relationships:  the variation of the star formation rate per unit area with the gas surface density (atomic + molecular), ΣSFR (Schmidt, 1959) and a surface density threshold below which star formation is suppressed (Kennicutt, 1989; Martin & Kennicutt, 2001). This empirical relationship is used in most models of galaxy evolution with surprising success given its simplicity.  In practice, the relationship is derived by comparing a tracer of star formation to a tracer of interstellar gas; it has been evaluated from the radial profiles of Hα, H I, and molecular emission for tens of galaxies. The mean value of the Schmidt index, n, varies from 2 (Schmidt, 1959) for star formation vs. H I, to 1 for star formation compared to tracers of high-density H2 gas (Onodera et al. 2010).  
STO-2 will help us understand the origin of the Schmidt Law. The [N II] line is a potentially excellent tracer of the star formation rate, measuring ionizing luminosity with high sensitivity, angular and spectral resolution, unaffected by extinction (Bennett et al. 1994). The [C II] line, in conjunction with H I (21cm) and CO line emission, provides the first coherent map of the neutral interstellar gas surface density and its variation with radius. STO-2 data will correlate the thermal pressures on the surfaces of GMCs (which may relate to the formation of cores inside) with surface densities of H I and CO. Extensive, velocity-resolved studies of our Galactic ISM with STO-2 will provide the detailed, complete picture of star formation that will enable us to understand the Schmidt law.
2.5	Goal 4: Construct a Milky Way Template
[bookmark: page9] [C II] 158 µm and [OI] 63 µm, the strongest Galactic cooling lines, are the premier diagnostic tools for studying relatively nearby galaxies in the far-infrared (FIR) and more distant galaxies in the submillimeter (e.g. with the Atacama Large Millimeter Array). To interpret the measurement of extragalactic [C II] one must turn to the Milky Way for the spatial resolution needed to disentangle the various contributors to the total [C II] emission. At present, there is debate on the dominant origin of the [C II] emission in the Galaxy: diffuse H II regions, CNM clouds, or the surfaces of GMCs. STO-2 will solve this mystery. [C II] and [N II] maps, combined with ancillary CO and HI observations, identify each component of [C II] emission. In more extreme environments, [OI] takes over from [CII] as the dominant coolant; STO-2’s survey in [OI] line emission will assess this transition and improve the interpretation of redshifted [OI] line emission with ALMA. The STO-2 surveys cover a broad range of density and UV intensity, thus establishing the relationship between physical properties, [C II], [N II], [OI], [CI], CO, H I, FIR emission, and star formation. This study provides a “Rosetta Stone” for translating the global properties of distant galaxies into reliable estimators of star formation rate and state of the ISM.

3	Science Requirements
[bookmark: page11]The science goals outlined in Section 2 define a clear set of measurement requirements which the instrument and mission must be able to perform (Table 1). These requirements define the STO-2 surveys, which will span a maximum of 35 square degrees at moderate sensitivity. STO-2 will fully sample both [CII] and [NII] emission over large regions of sky with ~1’ angular resolution and ~1 km/s velocity resolution. STO-2’s Deep Survey (DS) will be sensitive to truly diffuse cloud column densities corresponding to AV = 0.1 mag and spanning the full emission scale height of the Galaxy. The Deep Survey is comprised of one map of 30 Dor in the LMC and five 4-degree linear strips in Galactic latitude, spaced equally in Galactocentric radius, including the Molecular Ring, Scutum-Crux spiral arm, and inter-arm regions.  Deep surveys allow us to detect faint [C II] and [N II] from diffuse ionized clouds, probe the formation of small molecular clouds, and help determine the origin of most of the [C II] emission in the Galaxy and low-metallicity regions like the LMC.

 4	Complementarity to Existing Data Sets and with Other Missions
STO-2 will provide the community with a totally unique [C II], [N II] and [OI] survey, enabling quantitative extraction of many physical parameters of the interstellar medium in a 3D data cube. 

4.1	Relationship to Existing Data Sets
CO: The Mopra telescope in Australia was upgraded for the STO project to make rapid carbon monoxide J = 1-0 surveys of the southern sky in three carbon monoxide isotopologues (12CO, 13CO, and C18O). We have already obtained maps in each isotopologue from b = ±0.5◦ and l = 300◦ to 340◦, at subarcminute angular resolution and 0.1 km/s spectral resolution. These data are now available online. The CO J=1-0 surveys will complement the STO-2 survey by helping to identify molecular clouds whose surfaces STO-2 detects and whose ionized gas seen in [N II] and warm neutral gas seen in [C II] may be expanding into the diffuse ISM (Onishi et al., 2005). 
H I: The STO-2 surveys enhance substantially the interpretation of existing H I surveys McClure-Griffiths, 2005). The H I emission maps are sensitive only to column, whereas [C II] is sensitive to density times column. [C II] therefore picks out the cloud regions with density > 30 cm−3, whereas the H I is often dominated by the WNM emission (see Figure 5). 

	Table 1:  Flow of Requirements, from Science goals to Instrument Implementation

	Pertinent Science Goal(s)
	Measurement Requirement
	Instrument requirement

	Life cycles (1), Formation of clouds (2)
	Angular resolution to resolve ~3 pc clouds in the 5kpc Molecular Ring.
	1 arcminute resolution requires 0.8m aperture at 1-2 THz.

	Life Cycles (1), Formation of clouds (2), Galactic SFR (3), Milky Way template (4)
	Spectral resolution to resolve spectral lines and measure cloud, shell and superbubble dynamics (km/s scale).
	High-resolution heterodyne spectroscopy with 1 km/s spectral channels.

	Life Cycles (1), Galactic SFR (3), Milky Way template (4)
	Spectral bandwidth to span the Galactic rotation curve from l=305o to 340o .
	VLSR = -140 to +20 km/s
requires max 1 GHz bandwidth at [CII].

	Life Cycles (1), Galactic SFR (3), Milky Way template (4)
	Mapping coverage to sample the inner Molecular Ring, interarm regions, and at least one major spiral arm.
	Mapping longitudes from l=305o to 340o and coverage of the molecular scale height (-0.5o to 0.5o) in latitude.

	Life cycles (1), Formation of clouds (2)
	Sensitivity to sense CNM clouds aggregating into molecular clouds
	3σ detectability of 1 K km/s = 7x10-6 erg/s/cm2/sr in [CII].

	Life cycles (1), Galactic SFR (3), Milky Way template (4)
	Sensitivity to sense HII regions with emission measure of 50 cm-6 pc.
	3σ detectability of 0.3 K km/s = 1x10-6 erg/s/cm2/sr in [NII] w/ smoothing.

	Life Cycles (1), Formation of clouds (2), Galactic SFR (3)
	Sensitivity and mapping coverage to cover the full [CII] and [NII] scale heights to AV = 0.1 mag.
	Deep survey spanning -2o to +2o in latitude, with 3σ sensitivity 0.3 K km/s =2x10-6 erg/s/cm2/sr in [CII].

	Life Cycles (1), Formation of clouds (2), Galactic SFR (3), Milky Way template (4)
	Sufficient mapping speed to span 35 square degrees of mapping within one LDB flight from Antarctica.
	>1 sq.deg/day requires THz arrays of 2 pixels per frequency band at current sensitivities (Trec = 1100K DSB).


[C I]: Moving from the CNM through the surfaces of molecular clouds to their cores, the predominant form of carbon changes from C+ to CO, with atomic C abundant in the transition region. A southern Galactic Plane survey of the 609 and 370 micron [C I] lines (at ~2' angular and 1 km/s spectral resolution) is currently being performed by the High Elevation Antarctic Terahertz (HEAT) telescope now in operation at Ridge A, the summit of the high Antarctic plateau (Kulesa et al. 2011). These data are in the public domain with no proprietary period. Maps from STO-2 coupled with CO and [C I] data, will follow carbon in all its forms in position, velocity, cooling rate, temperature and pressure as the interstellar gas evolves.
Infrared Continuum Surveys: MSX, IRAS, and Spitzer GLIMPSE and MIPSGAL Galactic plane surveys permit locating CO-dark clouds, supershells, and star forming regions in the plane of the sky. With [CII] observations from STO-2, they can be located along the line of sight.

4.2	Complementarity with Other Missions
[bookmark: page12]STO-2 builds upon the heritage of three pioneering surveys that provided coarse pictures of [C II] and [N II] emission in the Galaxy: COBE (spatial resolution 7◦, velocity resolution >1000 km/s), BICE (spatial resolution 15′, velocity resolution 175 km/s), and the Infrared Telescope in Space (IRTS, spatial resolution 10′, velocity resolution 750 km/s). STO-2 has sensitivity to accurately measure the [CII] along individual lines of sight, with orders of magnitude improvement in spatial and spectral resolution. None of these missions had sufficient spectral or spatial resolution to locate clouds, or separate one cloud from another along a given line of sight, and thus could not draw specific conclusions about cloud properties or distributions, or even the origin of the [CII] or [NII] emission (Hollenbach & Tielens, 1999). The Spitzer Space Telescope had no spectroscopic capability at these wavelengths.
The high spectral resolution HIFI instrument on the Herschel Space Observatory has made a number of small maps of [C II] and [N II] emission from active star-forming cores and their adjacent cloud interfaces. Herschel’s Galactic Observations of Terahertz C+ (GOT C+) project surveyed the Galactic disk in the [C II] line with HIFI’s sub km/s resolution. GOT C+ measured 500 lines-of-sight (with a narrow 15 arcsec beam) separated typically by 0.5 to 1 degree. GOT C+ demonstrated the utility of velocity-resolved [C II] observations (together with complementary HI and CO surveys) to trace the different phases of the ISM. In particular, the GOT C+ survey found a significant number of CO-dark gas components (Langer et al. 2010, Velusamy et al. 2010) and detected CO-dark gas throughout the inner Galaxy (Pineda et al. 2013). STO-2 will map and measure the motions of these dark clouds. Due to its coarse sampling, the GOT C+ survey lacks a picture of the surroundings of individual lines-of-sight, and STO-2 will provide the full picture of clouds that are forming and dissipating.
SOFIA with its present heterodyne instrument GREAT, and in particular with future array heterodyne receiver upgrades (e.g. upGREAT), will be efficient at mapping the detailed distribution and structure of ISM clouds at high spatial resolution over small areas, but will not have sufficient observing time to conduct large scale mapping. The STO-2 survey in the [C II] and [N II] lines will guide SOFIA’s follow-up studies of small-scale structure in confined areas of interest. STO-2 will be unique in providing maps of large areas at moderate spatial but full spectral resolution, thus obtaining an unbiased sample of ISM clouds and their motions across the Milky Way.  Because of significant atmospheric absorption (~50%) in the 63 um [OI] line at SOFIA altitudes, STO-2 has a significant mapping advantage, even with a single mixer!
The Gal/Xgal Ultra-Long Duration Balloon-borne Stratospheric THz Observatory (GUSTO) is a proposed Explorer Mission of Opportunity led by the University of Arizona in partnership with the Johns Hopkins University Applied Physics Laboratory (APL). GUSTO is a cryogenic balloon-borne, 0.9m telescope designed to stay aloft for >100 days using a super pressure balloon (SPB) developed by NASA. Scheduled for launch in 2020, GUSTO will survey ~150 square degrees of the inner Milky Way and all of the Large Magellanic Cloud (LMC) in three important interstellar lines: [CII], [OI], and [NII] at 158, 63, and 205 m, respectively. The GUSTO project is completing a Phase A concept design study and will await a selection decision from NASA before February 2017. The GUSTO instrument is an expanded version of what is being flown in STO-2, and its timeline and science products only complement STO-2. 

5   Science Implementation

5.1 Science Instrument OverviewThe STO-2 gondola and instrument payload are “wintering over” in Antarctica currently and are essentially ready to fly.  Advances in gondola systems and local oscillator technologies during the development period have allowed a more capable payload to be constructed, than originally proposed. STO-2 will be prepared for flight in November 2016 for a December launch.

 A cross sectional view of the STO-2 science payload is shown in Figure 7. The observational goal of STO-2 is to make high spectral (<1 km/s) and angular resolution (60") maps of the Galactic plane in [C II] (1.9 THz), [N II] (1.46 THz) and [OI] (4.74 THz). A summary of key instrument parameters is provided in Table 2. To achieve the angular resolution requirement STO utilizes a telescope with an 80cm aperture. To achieve the target spectral resolution and sensitivity, STO utilizes a leading-edge, THz heterodyne receiver system. Our observing strategy for the main survey is to make adjacent On-the-Fly (OTF) strip maps of the Galactic plane.  An ambient load/cold-sky calibration (CAL) is used at the beginning and end of each strip map. During each strip map (lasting typically ~3 minutes) the calibration load will be regularly observed. With this mode of operation, secondary chopping is not required.Dewar
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Figure 7: STO Science Payload
Telescope

The STO instrument properties are summarized in Table 2. The STO-2 optical system consists of an 80 cm f/17.5 Cassegrain telescope, Calibration (Optics) Box, Local Oscillator (LO) Box, and simple reimaging optics. The converging light from the telescope’s secondary passes through its focus just above the Optics Box. Just inside the box is a flip mirror. When in the beam path, the mirror redirects the light to the 63 um [OI] receiver. While the pick-off mirror is in the beam path the mirror’s back-side directs the light from a blackbody calibration load down into the cryostat. The calibration load can be heated or kept at ambient temperature. With the flip mirror retracted, the telescope beam is reimaged onto two, 2-beam mixer arrays by an antireflection-coated silicon lens.  A 10% reflective dielectric beam splitter mounted above the mixer arrays is used to inject the THz LO beams into the telescope beam.  Making this simple LO diplexer scheme possible are recently-developed LO sources with ~10 times the power of those available for STO-1 in 2011.  The new LO sources were designed by our Co-I’s at JPL specifically for STO-2.
	Table 2:  STO-2 Instrument Properties

	Property
	Description

	Telescope
	0.8m Cassegrain

	Target Frequencies
	[CII]: 1.9 THz (2 beams)
[NII]: 1.5 THz (2 beams)
[OI]: 4.74 THz (1 beam)

	Angular Resolution
	60", all frequencies

	Receiver Type
	Hot Electron Bolometer mixers, Trec = 700K DSB

	System Noise Temp
	< 2200K (SSB)

	Spectrometers
	FFTS, 6 x 1 GHz 
Autocorrelator, 1x4.5 GHz 

	Bandwidths
	1 GHz=205 km/s at [NII]
1 GHz=160 km/s at [CII]
4 GHz=250 km/s at [OI]

	Spectral Resolution
(2 channel)
	0.3 km/s at [CII]
1 km/s at [OI]

	Cryogenic System
	85 liter 4He cryostat w/
Cryotel CT cryocooler

	LHe Hold-time
	25 days demonstrated


The 1.9 and 1.46 THz mixers are installed into a 2x2 mounting block, providing a pixel spacing that projects four 60" beams onto the sky.  The Hot Electron Bolometer (HEB) mixers used on STO-2 are provided by SRON and are bolted to the dewar’s 4K plate. The HEB mixers downconvert the high frequency sky signals to much lower, microwave frequencies. The downconverted sky signal is then conveyed by coax to a series of low-noise cryogenic and room temperature microwave amplifiers. The amplifiers boost signal levels to -10 dBm where they can be readily digitized.  The first stage IF low-noise amplifiers (LNAs) will utilize the same high-performance, low-power technology developed for STO-1. Most IF signals will have a nominal center frequency of 1.65 GHz and a 1 GHz bandwidth; a special 0.5-4.5 GHz IF for the [OI] channel will also be available. Each STO-2 pixel has its own 1024 channel FFT spectrometer to produce a power spectrum of the input signal; the [OI] channel will also have a 512-channel, 4.5 GHz digital autocorrelator spectrometer to provide comparable bandwidth and resolution to the [CII] and [NII]. The power spectra from all pixels are read by the instrument’s data computer and passed on to the gondola via Ethernet. 
	STO-2 uses the same high-efficiency liquid helium cryostat from STO-1 but with a small, robust, Stirling-cycle cryocooler that cools the outer vapor cooled radiation shield to <100K and extends the helium lifetime to ~25 days, roughly two “orbital passes” around Antarctica.  
	A major value-added contribution to the STO-2 mission is the 63 um [OI] receiver system built by the Space Research Organization of the Netherlands (SRON), and integrated by the STO-2 team in Palestine TX in August 2015. The HEB mixer for [OI] uses a wide-bandwidth spiral antenna that allows it to respond to light from 800 GHz to >5 THz, a fact that the STO-2 team has exploited for end-to-end system testing on the ground in Antarctica (Section 5.3). The LO source for the [OI] channel is a quantum cascade laser (QCL) from Sandia Labs and MIT which is cooled in a separate cryogenic vessel to 50K.  STO-2 will be the first mission to operate an amplitude-stabilized, frequency-locked QCL in flight, though good science measurements will still be obtained if either stabilization loop is unavailable during the mission. 
5.2 Gondola & Telescope
STO-2 reuses the telescope that was previously flown for STO-1 (Walker et al. 2010), but re-aluminized and with minor modifications.  While the STO-2 gondola was also originally slated to draw from STO-1, intervening development of the BRRISON and BOPPS missions at APL led to the exciting prospect of using a new gondola system with updated avionics.  STO-2 now uses the BOPPS gondola.  Figure 8 shows STO-2 in full flight configuration during the compatibility “hang” test at CSBF in Palestine, Texas. [bookmark: _GoBack][image: ]
[bookmark: _Ref163371006]Figure 8: STO-2 flight system during the Compatibility Test at CSBF in Palestine (TX) on Aug. 15, 2015.
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The most significant observational capability of the new gondola system is a higher elevation limit; increased from 53 degrees elevation to 65 degrees, effectively limited by the projection of the balloon on the sky.  This capability allows STO-2 better visibility of Galactic sources and allows observation of the Large Magellanic Cloud (LMC) for about 3 hours per day.  
The STO-2 gondola system also provides an upgraded avionics system.  The Avionics hardware used for STO-1 was obsolete, heavy, power hungry and cumbersome; it had to be flown inside two pressurized vessels. For BOPPS, APL developed a modern Avionics system specifically designed for balloon flights, which successfully flew in September 2014.  The STO-2 avionics are based on the BOPPS design, with some improvements following lessons learned from the BOPPS 2014 flight.  
In order to accommodate the increased thermal load of instrument cryoocolers and ambient-pressure avionics, STO-2 utilizes a cooling radiator and a liquid cooling loop.  .  The system is a replica of the liquid cooling system that APL also developed and successfully flew in the BRRISON and BOPPS missions.  The liquid cooling fluid used is Fluorinert, a dense and inert liquid that has similar heat capacity as water, but a freezing temperature point of -75C. This distributed heat reject system serially extracts heat from cryocoolers, local oscillators, instrument and gondola electronics and dumps it onto a flat radiator surface (Figure 9) protected from direct sunlight for most mission operations, and capable of rejecting about 450W to the sky. 
The STO-2 pointing system is well proven on STO-1 and BOPPS, with the new addition of jerk motion control that allows for smooth slews that do not introduce additional pendulation in the system. The science pointing requirements are: pointing range of 360° and 0 to 65° in elevation less a half cone of 20° in the direction of the Sun; stability < 15"; knowledge < 15"; source acquisition accuracy < 20". To aim the telescope at the desired target in the sky we use an elevation/azimuth mount.  The telescope is attached to the gondola on its elevation axis and a torque motor attached to it rotates the telescope in elevation by pushing against the gondola frame.  It is also equipped with a goniometer that measures the angle with respect to the gondola with a resolution of ~ 10 arc minutes.  To point in azimuth the entire gondola rotates on the vertical axis via Momentum Transfer Unit (MTU). The fine gondola attitude is determined by an Inertial Measuring Unit (IMU) and two APL-built star cameras.  The IMU is composed of three high-precision, low-drift fiber optic gyroscopes, the Optolink SRS-2000, already flown on STO-1. Initialization of azimuth and elevation for the IMU is done on the ground before launch.  An addition to the STO-2 pointing control that APL developed for the BRRISON/BOPPS mission is a roll stabilization system. It is composed of a 15 kg wheel mounted vertically on the back of the gondola (Figure 9) and activated by a brushless motor. The wheel is controlled by the pointing control computer. The roll compensation system effectively eliminates most high frequency (up to about periods of 4 seconds) side-to-side gondola pendulation.[image: C:\Users\bernapn1\Desktop\Science\Ballooning\STO 2\Field Operations\2015 Palestine\Images\Image2.png]
Figure 9: STO-2 Radiator and Roll Stabilization wheel during the Compatibility Test at CSBF in Palestine (TX) on Aug. 15, 2015.

The telecommunications system for STO-2 relies on the NASA-CSBF provided Support Instrument Package (SIP) for remote link between the gondola and the ground.  The SIP has four available channels to/from the ground.  For the first ~24 hours the gondola will be in Line-of-Sight (LOS) to the launch station in Antarctica and will use a UHF radio link at a data rate of 1 Mb/s. After loss of the LOS radio link, nominal gondola communications will be maintained via a 92-Kb/s TDRSS satellite relay. Lower rate 6-Kb/s TDRSS and 2.4 kbps Iridium links are also available as backup.  A high-bandwidth Iridium Pilot system provides 130 kbps data transfers and is the nominal conduit for science data return.  STO-2’s mean science data rate is 70 kbps, so all of the raw science data acquired during the flight will be downlinked and will meet all scientific goals even in the (unlikely) event of payload loss. TDRSS and low-rate IRIDIUM signals will be received at CSBF's Operations Control Center (OCC) in Palestine (TX) and sent to a local STO ground support computer that redistributes the data packets to other STO ground stations at APL, the University of Arizona and to the team in Antarctica.  Science data from the Iridium Pilot system returns directly to the science operations center at the University of Arizona.  
Figure 10: (left) STO-2 horizon-pointing, peering out of the LDB hangar toward a corner cube 500m distant.  The co-located 868 GHz transmitter telescope can be seen as a small gray circle just below the STO-2 gold-coated primary.  (right) On-The-Fly map of the transmitter as imaged spectroscopically through the full flight system, complete with focus curve and analog spectrum of the IF seen on a spectrum analyzer.  

5.3  System Integration and Testing
The STO-2 flight system was prepared for launch in November/December 2015.  After instrument and gondola integration and subsystem testing was complete, a full end-to-end ground testing program was developed and performed to provide maximum assurance of mission readiness.  To accomplish this, the ultra-wide frequency response of the [OI] mixer (0.8-5 THz) was exploited.  Two 870 GHz local oscillator units built at JPL were utilized for this test; one was used to pump the [OI] mixer and the second was used as a transmitter, directed to a 1.5m diameter corner-cube some 500 meters distant using a 20 cm Cassegrain telescope.  At this distance, the alignment of APL’s optical star cameras and the cryogenic THz receivers could then be measured and an approximate far-field THz focus could be obtained.  Furthermore, data acquisition could be performed through the full telemetry system in precisely the same manner as in flight, and the data products could be downlinked and analyzed in the very same way as flight data.  At the completion of these tests, the team was fully confident that the system was fully flight-ready. Images of the test setup in the LDB hangar are shown in Figure 10.   The final configuration, “all dressed up and ready to go” is shown in Figure 11.

[image: ]In preparation for a 2016-17 launch, the system currently disassembled and wintering-over in Antarctica will be re-integrated including minor fixes to address remaining known issues.   The re-integration tasks in November 2016 will include opening and inspecting the cryostat, vacuum pump-out and cool-down, integration of electronics and local oscillators, followed by re-integration onto the gondola and system checkout. It is expected that the fully operational system will be ready to fly in the first week of December 2016.  




Figure 11:  STO-2 in Antarctica in December 2015, ready to fly.




[image: STO-2_Org_2013_crop]
6  Management  

6.1 Roles and Responsibilities
The existing STO-2 organizational structure will be maintained throughout this effort (Figure 12). Dr. Walker (PI) is responsible for all aspects of the success and scientific integrity of STO-2. He is assisted at the University of Arizona by Dr. Craig Kulesa, who will serve as Deputy PI and Brian Duffy, Project Manager (PM). The STO science team is led by Dr. Paul Goldsmith, who will be STO Project Scientist (PS). The Instrument Team is led by the PI (Walker).  Dr. Bernasconi (APL Institutional PI) oversees the STO gondola efforts at APL and STO-2 flight operations. Dr. Jonathan Kawamura oversees the LO integration and testing at JPL. The master schedule described below lists the project's major milestones and development activities.  The instrument and science teams will make extensive use of electronic communication and management tools including e-mail, secure websites, on-line meetings and video communications to expedite accurate information dissemination. All management and control information will be posted on a secure STO website maintained by the UofA. Figure 12. STO-2 Organization 


6.2 Work Efforts, Milestones & Schedule
The work effort begins on 1 January 2017, nominally 2 weeks after the launch of STO-2.  The work breakdown structure follows 4 phases described below.  

· Mission operations in Antarctica (January 2017) 
During flight, the 4-person Science Operations team will be taking turns monitoring the instrument and adjusting the mission observing profile as needed.  Gondola and mission operations will largely be centered at APL where 3 operators will take turns in monitoring the gondola nearly continuously, and in assisting the science team in conducting the science operations. The science team will be examining the data immediately returned by the mission so that critical decisions regarding the mission profile may be made in a timely fashion.  CSBF and the PI will coordinate the mission termination.  Milestones: STO-2 launch and termination (15 Dec 2016, 25 Jan 2017)
· Recovery Operations (January - February 2017)
After flight termination, the recovery team comprised of Arizona and APL participants will return the flight system (if possible) to the LDB field camp and pack and ship the system north.  Milestone: flight system recovered from field  (1 Feb 2017)
· Data processing, release, archival (January – April 2017) (Arizona and SAO)
While preliminary maps will be constructed during the mission to assess the data quality and inform mission planning, the first integrated datasets will be constructed and released publicly during this time period, with no proprietary period. The data archive and web frontend will be developed and initially deployed during this time.  Major milestones will be the first public data release (DR1) by 30 April 2017 followed by DR2 by 31 December 2017.  DR2 will be considered the “final” data release with the best known calibration, full documentation and ancillary data.  Both DR1 and DR2 will be permanently archived (see Section 6.3).
· Publication (April – December 2017) (Full science team)
As the data products are released, different subsets of the science team will focus on answering different facets of the science questions posed in this proposal.  Each working group will construct one or more papers on their topic; at a minimum, the Survey papers will be published by the end of this program’s 1 year performance period.  These working groups already exist and are:

1. STO-2 Galactic Plane Survey (Walker lead)
2. STO-2 Deep Surveys (Kulesa lead)
3. Distribution of ionized, atomic & molecular gas in the Galaxy (Wolfire lead)
4. The “CO dark” gas, e.g. hidden H2 (Yorke lead)
5. Origin of [CII] in the Galaxy (Wolfire lead)
6. Heating of the ISM of the Galaxy (Wolfire lead)
7. The formation of GMCs (Kulesa lead)
8. The destruction of clouds (Hollenbach lead)
9. Correlation of STO-2 data with Mopra, HEAT, Spitzer, Herschel, AST/RO
10. The Milky Way Schmidt Law 
11. The Milky Way as a template for other galaxies 
12. The dynamics of gas in the Galaxy (Walker lead)
13. Source-specific papers (eta Carina, LMC, etc.)





6.3 Data Management 
STO-2’s extensive 3D FITS spectral line data cubes of the Galactic Plane, and targeted deep surveys will be acquired, reduced, analyzed, and distributed to the broader astronomical community via publications and permanent data archives.  

Data Pipeline
The rate at which raw (Level 0) data is collected from the spectrometer is substantial in On-The-Fly mapping mode and not in the form desired for scientific distribution; therefore minimal data processing is performed on the STO-2 data computer; most processing happens on the ground. The data processing flow is described below and can be operated autonomously after basic verification. The steps undertaken in each data processing level are described as follows:

[image: ]Level 0.5 (data conversion, header tagging): Each of the spectrometer data files is time-tagged upon being written to a RAM disk on the data computer. A data header is synthesized from streamed data from the pointing control system and instrument housekeeping data.  The data payload is rescaled and written as a single-dish FITS file.  After validation, the ‘stateless’ level 0 files are removed from memory.  

Level 1 (baseline subtraction and calibration): After the conclusion of a single OTF scan, the map data can be preliminarily processed.  The reference scan is subtracted from the source scans acquired during drift mode. If poor results are obtained, the best adjacent reference scan is used instead.  Residual artifacts are masked from the resulting spectrum, and the data are flux calibrated using the ambient temperature chopper wheel method.  Based on the antenna pointing and the time, the spectra are frequency calibrated onto a VLSR velocity scale. 

Level 2 (OTF regridding & map production):  Once a submap has been repeated a sufficient  number of times that the desired sensitivity has been achieved, the highly oversampled data are regridded and convolved to 60” resolution with 20” pixels. Optionally, spectral smoothing and additional spatial smoothing can be applied at this stage. These level 2 FITS cubes represent the baseline data products that STO-2 will provide.  
Figure 13: STO-2 data flow and archiving



Data Archive
The STO-2 data products will be in the form of FITS data cubes provided to the community from the University of Arizona and registered to the National Virtual Observatory (NVO). Major data releases will be released annually in April, with a preliminary releases of very recent data in April 2017 as Data Release 1 (DR1) as soon as calibration and formatting is complete, with no proprietary period.  A final data release (DR2) will be made in December 2017.  The archival data flow is diagramed in Figure 13.  The maximum data volume is expected to be 25 GB in total, including all calibration datasets.  The regridded level 2 maps should encompass no more than 1 GB. The FITS cubes will be developed within the STO-2 team and hosted on existing RAID arrays both at the University of Arizona and at the Harvard University Library’s Astronomical Dataverse (see secondary proposal from SAO/CfA) for long term storage. The FITS headers will be stored in a SQL database to make web-based relational queries and extraction of data subsets easy from the end user’s perspective.  
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