
Science Prospects with the wSMA



SMA: the key mm interferometry facility

700 publications; 21000 citations  
(>1 paper/week; earn 5 cites/day!)

the SMA has genuinely transformed fields, 
from planet formation to the high-redshift universe



all with 140 kHz channels. The full wSMA capability will follow with the completion of new cryostats
for the core receivers, and further build out of the digital backend. Table 1 summarizes the timeline
and capabilities of the bandwidth expansion. For continuum, the characteristic rms sensitivity for a
full track will be 330 µJy at 345 GHz and 140 µJy at 230 GHz. For lines, the rms brightness in a
0.′′75 beam will be 1.0 K in 1 km s−1 in both receiver bands. The expanded bandwidth improves the
performance of the telescope by increasing its instantaneous sensitivity and observing speed. The
improvement is described differently depending on the observing mode, as described below.

Figure 3: Schematic spectral coverage of the ultra-wideband SMA, showing the full tuning ranges across
the 230 and 345 GHz atmospheric windows. Lines show atmospheric transmission for the best weather
conditions, top quarter, and top half of the time. Also shown are examples of the instantaneous spectral
coverage near 1.3 mm (230 GHz), 1.1 mm (270 GHz), and 0.87 mm (350 GHz).

3.1 Continuum: Sensitivity, Imaging and Angular Resolution

For observations of continuum emission, the signal power received by the telescope is proportional
to the bandwidth. To a given level of sensitivity, the observing speed increases linearly with the
bandwidth. The wSMA, with 16 times the bandwidth of the original SMA, can make 16 times
as many observations to the same sensitivity. Alternatively, within a given amount of time, the
sensitivity increases as the square root of the bandwidth.

The expanded bandwidth improves not only the speed and sensitivity of the telescope but it
also improves the ability to make images. The fidelity of wideband continuum images may be
dramatically improved using the technique of multi-frequency synthesis. Also, more sources become
amenable to imaging at higher angular resolution. The SMA can make observations at different
angular resolutions by relocating the individual antennas. Often, the choice of resolution for an

4

wSMA: 16x wider instantaneous bandwidth

continuum: 16x faster 
(4x deeper)

spectral lines: 16x grasp 
(4x fewer settings)



every measurement is an imaging spectral line survey

most efficient resolved spectral line mapping facility

(and everything we do now is better and faster)

nimble, flexible, more sensitive for time domain studies

wSMA: practical scientific benefits



wide bandwidth improves image fidelity 
(multifrequency synthesis; Δν/ν~0.1-0.2)

better sensitivity especially 
beneficial at longest baselines 

(leveraging SMA resolution)

more robust phase transfer 
(nearby calibrators) 

wSMA: practical observational benefits



ALMA pressure >7:1 
you can’t do it all 

(and the TAC knows it)

wSMA strengths:  
• high-risk seed studies 
• rapid response projects  
• long-term, large surveys 

• crucial mm VLBI station 
• development (explicit)

wSMA complements ALMA



spatially resolved spectral line surveys  
(star formation, evolved stars, high-z galaxies)

some examples of key wSMA science modes

time domain / transient / ToO science 
(Sgr A* activity, comets, gamma-ray bursts)

bonus or miscellaneous modes 
(mm VLBI / EHT, [CII] intensity mapping)



chemical evolution in star formationthe main mass constituent– is not excited in the cold, dense concentrations where stars form, essen-
tially all of our knowledge of the early stages comes from the radiation of trace constituents that
emerge from the dark, dusty cores to reveal the structures within.

Figure 5: SMA spectra covering 24 GHz towards two dust
continuum peaks in the G11.92-0.61 star forming region,
MM1 (red) and MM2 (blue), which are separated by only ∼

0.12 pc. The rich spectrum of MM1 indicates a protostellar
hot core, while paucity of spectral lines in MM2 suggests it
is starless. (Cyganowski et al., 2014)

The quality and quantity of data on star
forming regions is growing rapidly. Ex-
tensive continuum surveys performed by
dedicated programs with single-dish tele-
scopes provide complete samples of thou-
sands of dense cores involved in star for-
mation, both for the nearest clouds to the
Sun and throughout the inner Galaxy. A
major goal is to exploit the complexity of
interstellar chemistry to probe the evolu-
tionary state of these cores, which have
masses in the range 1 to 1000 M⊙. Rather
than continuing to observe only the bright-
est or most easily accessible spectral lines,
the next step will be comprehensive, multi-
transitional studies, using high enough an-
gular resolution to separate the important
centers of activity.

Figure 5 shows a slice of the submil-
limeter spectrum from two dust continuum
peaks in a typical massive star-forming re-
gion separated by only ∼ 0.12 pc but appar-
ently at very different stages of evolution-
ary development (Cyganowski et al., 2014).
Around the youngest source, MM2, there
are very few spectral lines. At very cold
temperatures, many molecules are frozen
onto dust grains and their gas phase abun-
dance is low. As a protostar grows in mass
and luminosity and heats its surroundings,
molecules come off the dust grains and are excited by collisions to radiate in the submillimeter. Pow-
erful bipolar jets from the forming stars create localized shocks that also change the chemistry. The
spectra in Figure 5 cover 24 GHz bandwidth, obtained in 3 different tunings with 2 receivers. The
wSMA will provide data covering more than twice the bandwidth shown in a single observation in
two polarizations, thereby accessing a rich set of chemical species in a much shorter time. Progress
in finding the most useful combinations of molecular probes likely will be empirical, and we are only
just at the threshold of achieving any success in this endeavor. The wSMA will enable systematic,
comparative molecular line studies of large samples.

Similar considerations apply to star formation processes on galactic scales. Spectral line surveys
of nearby starburst galaxies probe the conditions that lead to the formation of super star clusters.
These massive clusters, found in all starburst environments, may be the basic building blocks of
star formation across cosmic time, as well as the precursors to the present day analogues of globular
clusters. (A prime target for the wSMA is M82, the prototype starburst galaxy, located in the
northern sky and not accessible to ALMA.)

Spectral surveys also contain the chemical fingerprints associated with the dominant heating mech-
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example: 24 GHz in 3 settings 

dramatic chemical changes 
precipitated by desorption

wSMA gets more than this in 
only one setting

can map entire SF regions 
(inventory; seed projects; etc)



chemical evolution in star formation

galactic scales too 
(starbursts/AGN)

anisms in the nuclear regions of galaxies, distinguishing starbursts from the higher energy input of
deeply embedded supermassive black holes. As an example, Figure 6 shows an SMA line survey of
the double nucleus of the ultraluminous galaxy Arp 220, covering 40 GHz (30% of the 230 GHz at-
mospheric window) (Mart́ın et al., 2011). This first aperture synthesis unbiased spectral line survey
toward an extragalactic object required 10 separate tunings over 5 nights, and would be dramatically
superceded by the wSMA in both spectral coverage and sensitivity with a comparable investment
of time. At least 80% of the observed band is filled with molecular emission, with 73 features iden-
tified from 15 molecular species and 6 isotopologues. Taken as a whole, the chemistry is indicative
of a purely starburst heated interstellar medium and shows no clear evidence of the impact of a
black hole. In particular, an overabundance of H2S and the low isotopic ratios observed suggest a
chemically enriched environment by consecutive bursts of star formation, with an ongoing burst at
an early evolutionary stage. The high abundance of water (∼ 10−5) derived from the isotopologue
H18

2 O, as well as vibrationally excited emission from HC3N and CH3CN provide evidence of high-mass
star forming regions. Moreover, these observations put strong constraints on the compactness of the
starburst event in Arp 220, requiring several million hot cores like the SgrB2 region in our Galactic
Center concentrated within 700 pc.
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Figure 6: (left) SMA subarcsecond images of CO 3-2 line and dust continuum emission of the nearby
ultraluminious galaxy Arp 220, from Sakamoto et al. (2008). (right) The composite SMA 1.3 mm spectral
scan of the nuclear region of Arp 220, from 202 to 242 GHz (Mart́ın et al., 2011). The thick solid curve
shows an LTE model of the identified molecular species, consisting of two kinematic components (one for
each of the nuclei visible in the images).
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ISM enrichment from evolved stars

Figure 8: (upper) The integrated 64 GHz spectrum of the evolved star IRC+10216 from the SMA line
survey of Patel et al. (2011), with 442 lines detected. (lower) Sample images showing the emission line
structure for a few lines at the low frequency end of the survey, including integrated intensity, radial profile,
and velocity resolved channel maps. Note the ring -like distribution of C4H compared to the compact and
strongly centrally peaked distribution of SiCC; this butadinyl molecule is created in the outer part of the
envelope where chemistry is influenced by the interstellar radiation field.

order to resolve the thermal line emission, and to measure winds from Doppler shifts. The latter
typically seeks sensitivity down to 10 m s−1 (10 kHz at 300 GHz), which is only possible through
line fitting over multiple channels. At the same time, broad bandwidths are often of interest: for
example on Titan and Io, there are many species detectable covering a wide range of frequencies in
the 230 and 345 GHz atmospheric windows. Figure 9 shows 36 GHz of the spectrum pieced together
from more than 100 short and narrow band observations from the SMA archive resulting in highly
non-uniform noise. This compilation resulted in the first reported detections at these wavelengths
of DCN, CH3C2H, and vibrationally excited HC3N and CH3CN (Gurwell et al., 2012). The wSMA
would survey more of the spectrum, to greater uniform depth, in a single track. Note that the
linewidths of some species on Titan like CO and HCN exceed 1 GHz, and thus a broad bandwidth
coupled with stable passband characteristics is vital for precise line analysis.

At the other extreme, some lines from the gas giants (Jupiter, Saturn), ice giants (Uranus, Nep-
tune), and Venus are extremely wide due to pressure broadening. The CO(2-1) and (3-2) transitions
on Neptune span up to 20 GHz, and PH3(1-0) at 267 GHz spans 30 GHz on Jupiter and Saturn.
These are deep transitions, but radiative and chemical modeling of the spectra of these planets sug-
gest there are other, similarly broad but shallow, spectral lines awaiting detection. Both Uranus
and Neptune are expected to show H2S and/or PH3 lines spanning 10–20 GHz in width, but with

13

example: 64 GHz (13 tracks) 
1 wSMA track 

mass-loss rates; wind physics
chemistry —> dust mineralogy



star formation in high redshift galaxies

4.1.2 High Redshift Galaxies

Intense star formation heats interstellar gas to typical temperatures of a few hundred K that emits
primarily in the infrared, but is red-shifted to the submillimeter when emitted by sources in the early
Universe. Thus submillimeter wavelengths are ideal, and essential, for studying star and galaxy
formation across cosmic time. Single dish submillimeter telescopes can search large areas of the
sky for distant submillimeter emission. The prodigiously star-forming, high-redshift population of
“Submillimeter Galaxies” is especially interesting, since these objects are typically optically very
faint or undetectable, but a few mJy at 345 GHz, corresponding to total far-infrared luminosities
of > 1013 L⊙. Surveys with Herschel and Planck have allowed rapid advances in the statistical
knowledge of this population, albeit at angular resolutions too low to study the individual galaxies
in much detail. The SMA has helped characterize this population by providing accurate positions
to identify the submillimeter emission with particular optical or infrared counterparts, if present, for
follow-up (Younger et al., 2007, 2009; Dowell et al., 2014), but also by determining the fraction of
multiple or lensed systems (Negrello et al., 2010; Wang et al., 2011; Bussmann et al., 2013; Cañameras
et al., 2015). In cases where gravitational lensing provides magnification, the effective sensitivity is
boosted; thousands of such lenses are known across the sky. The spatial structure of the continuum
enables modeling of the lensing and intrinsic brightness, and thus the morphology and star formation
rate of the high redshift galaxy.

Figure 7: (left) A Zpec grating spectrum of the z=3.91 lensed galaxy APM 08279+5255, showing multiple
lines of CO, H2O, and N+ (Bradford et al., 2011). The wSMA will be capablle of surveying systems like
this at 100× higher spectral resolution, allowing precise spectroscopic redshift determinations (even when
only crude SED-based model fits are available), and at the same time obtaining high resolution studies
of morphology. (right) Integrated line profile of C+ in the z=5.24 lensed galaxy HLSJ091828.6+514223,
spectrally resolving at least four distinct kinematic components in this system (Rawle et al., 2014).

The increased sensitivity of the wSMA will speed continuum imaging and allow for both studies of
fainter populations of distant galaxies, and for dramatic increases in the sample sizes of the brighter
(and especially lensed) targets. But, the impact of ultra-wideband capabilities on spectroscopy will
be revolutionary. The left panel of Figure 7 shows a spectrum of a lensed galaxy at z=3.91 made with
a grating spectrometer (Zspec) on the single-dish Caltech Submillimeter Observatory that covers the
full 230 GHz atmospheric window, showing multiple redshifted CO and H2O rotational lines and N+

(Bradford et al., 2011). The expanded bandwidth of the wSMA will enable rapid spectral coverage
of distant galaxies like this, while imaging with more than 100× higher spectral resolution. The right
panel of Figure 7 shows the line profile of C+ in the z=5.24 lensed galaxy HLSJ091828.6+514223
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lensed starbursts; multi-line studies 
(CO, H2O, fine structure lines, etc; reservoirs 

and UV heating from star formation)



time domain / transients

4.2.2 Comets

The comets that cross our Solar System are messengers from the past, bringing with them original,
pristine, material from the epoch of planet formation. Minimally processed material is released in jets
outgassing from the interior through cracks in the comet surface. Interferometry provides a means of
imaging and isolating the jet emission within the larger coma that is dominated by outgassing from
the comet crust. The left panel of Figure 11 shows a simulation of the submillimeter line intensities
expected in the gaseous jet emission and from the extended coma from the comet’s surface, assuming
different chemical abundance models for each. For previous observations of the Jupiter family comet
17P/Holmes, observations over multiple days detected many molecular species, including CO, CS,
HCN, H2S, H2CO, and CH3OH (Qi et al., 2015). Howevever, the asymmetric jet emission changes on
timescales of the comet rotation period (typically several hours), and the bandwidth was sufficient
to observe only two lines of interest simultaneously, e.g. HCN 4–3 and CO 3–2, making comparisons
difficult. The much wider instantaneous spectral coverage of the wSMA is advantageous in allowing
comparative observations of many lines in the bandwidth, all at sub-km s−1 spectral resolution to
clearly separate jet from coma.

Figure 11: (left) Simulation of molecular emission from a comet, showing a suite of spectral lines in the 345
GHz band that the wSMA could observe simultaneously at high spectral resolution, to probe the abundances
of jet and coma material. (right) SMA images of HCN and CS emission from comet P17/Holmes obtained
simultaneously, showing blue- and red-shifted emission from a jet, and the extended coma.

Comet observations seek to derive a chemical inventory of the pristine material from the emission
in the submillimeter. One key question to be addressed concerns the origin of the comets. A working
model posits two comet families: (1) the long period comets, formed in the giant planet zone and
scattered into the Oort cloud by gravitational interactions, and (2) the short period or ecliptic comets,
formed further out in the Kuiper Belt region. So far, spectroscopy does not yield a clear chemical
distinction between the two. It is not known whether this results from a confusion of processed
with pristine material, whether there was little chemical differentiation in the early Solar System, or
whether this supports an alternative model. For example, it is possible that all the comets formed
in the same region and were scattered during a period of instability, e.g. in the Nice model, when
the orbits of Jupiter and Saturn evolved through a 2:1 resonance.
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accretion flow and the relationship between the magnetic field strength and the density, the difference
in the polarization angle measured at two different frequencies yields the accretion rate into the black
hole. At long millimeter and radio wavelengths, the presence of an ionized screen depolarizes the
signal, leaving the submillimeter as an important window into the accretion physics of this black hole.
The SMA made the first reliable measurement of the SgrA* Faraday rotation (−5.6±0.7)×105 rad m2,
which provided critical constraints on the accretion rate, 2 − 200 × 10−9 M⊙ yr−1 (Marrone et al.,
2007), depending in detail on the geometry and (dis)order of the magnetic field. Previously, Faraday
rotation had been measured by comparing observations at different frequencies at different times.
However, because the emission from SgrA* is time variable in both intensity and polarization, the
results of these earlier observations were uncertain. Moreover, high angular resolution has proven
critical to isolate SgrA* from its extended (and also polarized) surroundings.

Figure 10: Light-curves of SgrA* in the submillimeter
(SMA), infrared (Keck) and X-ray (Chandra), show-
ing a flare with a timescale of order an hour (Marrone
et al., 2015). The wSMA will provide sufficient contin-
uum sensitivity to detect such flares easily and to mea-
sure changes in polarization during the flare events.

One of the mysteries of SgrA* black hole is why
it is so quiet, particularly in high energy radia-
tion. It may have a very low accretion rate, or al-
ternatively, the accretion flow may be cooled by
advection rather than radiation. In these advec-
tive accretion flows (ADAFs) most of the energy
released by the deceleration of the accretion flow
actually disappears into the black hole leaving
relatively little observable radiation. We hope
to measure the accretion rate accurately enough
to test the ADAF hypothesis. Another mystery
is the flares observed at wavelengths from the X–
ray to the radio. What causes them? Are they
periodic? Are events at different wavelengths
correlated? SgrA* is a bright object in the sub-
millimeter, typically a few Jy, and 5–10% polar-
ized. Figure 10 shows one flare with a timescale
of about an hour was seen with both the SMA
in the submillimeter and Keck telescope in the
near-infrared (Marrone et al., 2015). The wSMA
would be able to monitor the variations in Faraday rotation in SgrA*, and hence variations in the
accretion rate, on time scales as short as the flares. For example, if the flaring is caused by a jet or
outburst unrelated to the accretion, then the Faraday rotation should remain constant during the
flare. If the flare is related to the accretion flow itself through magnetic reconnection or an increase
in the accretion rate, then the Faraday rotation should change with the flare. The wSMA could con-
ceivably devote weeks or months to monitoring the activity of SgrA*, to characterize the variability
of its submillimeter emission.

An analysis of archival SMA data on SgrA* as well as nearby low luminosity active galactic nuclei
M81 and M87, has revealed a linear relationship between the characteristic variability time scale
and the black hole mass (Bower et al., 2015). This relationship demonstrates that the emission in
these systems originates from within ∼ 10 Schwarzschild radii of the black hole. Blazars and radio
galaxies do not follow the same relationship. Ongoing monitoring of other low luminosity AGN will
expand the sample over which the relationship holds. Monitoring of all these systems is critical for
interpreting Very Long Baseline observations, which require detailed spectral modeling, as well as
providing triggers for rapid response in the case of flares (see §5.1).
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simultaneous multi-freq Faraday measurements
time variability of accretion rate
(crucial for mm VLBI interpretations)

separate coma and jet contributions (spatially 
and through spectral line ratios)
short time variability of outgassing (in jets)

Sgr A*

comets

gamma-ray burst afterglows

4.2.3 Gamma Ray Bursts

Gamma-ray Bursts (GRBs) are some of the most powerful explosions in the universe and are observa-
tionally characterized by intense flashes at high-energies (prompt emission) and long-lived afterglows
from the X-ray to radio. Broad frequency coverage is essential to fully characterize the energetics.
The radiation is occasionally extremely bright and can be observed with telescopes of modest aper-
ture. GRBs have a bimodal distribution of durations, and the spectral hardness of prompt emission
indicates distinct progenitor physics for “long-soft” and “short-hard” GRBs. The long GRBs occur
in star-forming galaxies and are associated with the deaths of massive stars; these present a unique
and powerful means to see the explosions of first generation stars. The short GRBs result from merg-
ers of compact objects; these are plausible sources of gravitational waves. High cadence multi-band
monitoring observations are needed to probe the explosion physics. The submillimeter is especially
important for tracking the reverse shock emission associated with both types of GRBs. These events
peak earlier and with higher flux densities in the submillimeter than in the radio.

Figure 12: The spectral energy dis-
tribution of GRB120326A, 6.42× 104

seconds after the burst (Urata et al.,
2014). The red dashed line shows
the forward shock synchrotron model
spectrum using parameters that match
the light curve. The blue dotted lines
show the reverse shock synchrotron
radiation and its self-inverse Comp-
ton component calculated based on
Kobayashi et al. (2007) using the ob-
served values and model function for
the forward shock component.

In the standard relativistic fireball model for GRBs, a reverse
shock propagates into the ejecta and radiates at long wave-
lengths by a synchrotron process in an early afterglow phase.
Detecting this brief reverse shock emission and measuring its
magnitude can provide constraints on important parameters of
the GRB ejecta, such as its initial Lorentz factor and magne-
tization. While early time optical observations for GRBs have
yielded no evidence of reverse shock emission in most cases, a
possible reason for these nondetections is that the typical syn-
chrotron frequency falls well below the optical band. The wSMA
has the potential to search for reverse shock emission in the
submillimeter. Very rapid response is required– 1 to 10 minutes
from the GRB trigger. The SMA observations of GRB120326A
(Urata et al., 2014) provide a benchmark for the importance
of these wavelengths for understanding the afterglow emission.
Figure 12 shows the spectral energy distribution at 6.42 × 104

seconds after the burst, with the SMA measurement anchoring
the model fit to the reverse shock. For sufficiently bright GRBs
(e.g. GRB151027A and GRB160623A detected by the SMA),
polarization measurements can provide additional information
on the emission mechanism and associated magnetic fields.

Because GRBs have such high luminosities, events at the re-
ionization epoch (z ∼ 8) have been seen in the optical, and
detection at higher redshifts is possible. Inoue et al. (2007)
showed the reverse shock component of GRBs at z = 15 in the 300 GHz band is substantially
brighter than 1 mJy, readily detectable with the upgraded SMA. Simulations of light curves at
z = 10, 15, and 30 based on (Kobayashi, 2000; Kobayashi et al., 2007) show that the wSMA can
detect GRBS at these redshifts, assuming rapid response and dense monitoring. Initial detections
at early times will provide opportunities to conduct follow-up using ALMA and the largest optical
telescopes. Since follow-up on these large telescope is possible for only a limited number of events,
target selection based on wSMA observations will be critical.

For short GRBs, the compact object merger model has been tested with host galaxy properties,
redshift distributions, and burst locations within the hosts. But these studies provide galactic-scale
properties only, and the explosion physical parameters such as energetic and cirumburst density
remain unconstrained. Like long GRBs, multi-frequency analysis of afterglow light curves and spectra
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reverse shock synchrotron emission; B-field, 𝚪
requires very rapid ToO (~minutes)
in principle, can see them at z~10 or more



[CII] intensity mapping

millimeter VLBI (and EHT)

other exciting wSMA modes

line emission from “normal” galaxies at high redshift (3.5-10)

inferred statistically: fluctuations around mean line strength

blind surveys over large volumes; robust cross-calibration

imaging supermassive black holes at event horizon scales

SWARM, etc. designed from ground up to do this well

only long E-W baseline; reliable weather (non-imaging)



Science with the wideband Submillimeter Array:
A Strategy for the Decade 2017–2027

ed. D. Wilner contributing authors: E. Keto, G. Bower, M. Gurwell,
G. Keating, N. Patel, G. Petitpas, C. Qi, TK Sridharan, Y. Urata,

K. Young, Q. Zhang, J.-H. Zhao

Version 1.7, December 1, 2016

Figure 1: The eight 6-meter antennas of the Submillimeter Array on Maunakea, Hawaii (credit N. Patel).

much more info in the 
wSMA white paper!


