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PROJECT OVERVIEW
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Radi o tel escopes have, historically, been single pixel devices, which have made them
terribly slow and inefficient instrunments for exanining the large scale radi o em ssion
fromthe Gal axy and the Universe (i.e. they have been "caneras" with only one pixel). The
advent of focal plane arrays (FPA) on single dish radio tel escopes, however, has changed
this. Using a variety of different technol ogies, radio tel escopes are now bei ng equi pped
with these canera-like instrunents that allow us to map | arger areas of the sky than ever
before, in reasonable anpbunts of tine.

The US' s National Radi o Astronomnmy Cbservatory's (NRAO G een Bank Tel escope (GBT) is the
| argest, fully steerable, single-dish radio telescope in the world (~ 100 neters in
diameter) and is al so being equipped with an FPA to operate in the inmportant K-band range
of radio frequencies (18 - 26 GHz). This device (hereafter called the KFPA) is a state-
of -the-art 7-pixel feed horn array capable of operating simltaneously at two orthogonal

pol ari zation states (i.e. 14 "channels"). It will also be extrenely broadband, capable of
detecting radio enmission over a 1.8 GHz range at any given tuning within the K-band
regime. The KFPA will provide new capabilities and will have an i medi ate i npact on GBT

sci ence, such as:

1) It will speed up many observations by nore than an order of nmgnitude, thus all ow ng
experiments to be done, which could never, in practice, be scheduled with a single pixel
receiver.

2) It will make the nost efficient use of the restricted observing tine available at |ow
declinations (e.g., toward the Galactic Center and inner Galaxy) and of the linmted good
weat her conditions at Green Bank. For exanple, nearly 450 hours were requested for K-band
mappi ng projects in the last full trimester call for GBT proposals; nost could not be
schedul ed, but with the KFPA they all woul d have been.

3) It will allow for nore serendi pitous discoveries by increasing the areas of maps.

Initially, the KFPA will be used with the current GBT Spectronmeter. However, this wll
support only a 50 MHz instantaneous bandwi dth for each of the 14 channels - much narrower
than the 1.8 GHz of which the KFPA is capable. Thus, a new spectroneter, that would
deliver the full 1.8 GHz instantaneous bandw dth per channel, is critically needed in
order to exploit the full potential of the KFPA

In this proposal, Dr. Plune & Dr. Taylor propose to devel op a new spectroneter using a
next generation signal processing system based on Field Progranmable Gate Array (FPGA)
based conputing, technol ogy which is being pioneered in Canada through a partnership

bet ween Lyrtech Signal Processing of Quebec City, the University of Calgary and the

Dom ni on Radi o Astrophysical Observatory (NRC-DRAO). This spectronmeter would match the
1.8 GHz bandwi dth of the KFPA in each of the 14 channels, thus maxi m zing the useful ness
of the KFPA itself, and allowing Dr. Plume & Dr. Taylor to acconplish specific science
goal s:

\1) To obtain the tenperature and density structure of 10,000+ star formng regions in the
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(éalaxy that will be uncovered by upconing surveys by SCUBA-2 at the James O erk Maxwel | )
Tel escope and by the Herschel Space Cbservatory. This will, for the first time, place

astrononers' understanding of the process of form ng massive stars on firmstatistica
ground. Know edge of this process is crucial to wunderstanding gal axy evolution since
massive stars are vital for energizing the interstellar medium regulating the rate of
star and sol ar system fornation, and produci ng heavy el enents. Despite this inportance,
know edge of the process of nassive star fornation is poor due to their extrene rarity.
2) To obtain a chemical inventory of inportant nol ecul ar species in a |large sanple of star
form ng regions at different evolutionary stages and deternine if there is a chemica
"fingerprint" for the different phases of star formation and for stars of different mass.
3) To study nagnetic fields in the universe through polarization observations of
synchrotron radi ation at radi o wavel engths. These observations will help us study the
magnetic fields of disk galaxies very nuch like the MIky Way, in Active Galactic Nucl ei
(the nost energetic objects in the Universe), and to determi ne the contam nation of the
Cosmic M crowave Background (CMB) caused by extragal actic point sources (vital to the

Pl anck mi ssion's observations of the CMVB).

Fundi ng for the construction of the KFPA spectroneter has several benefits for Canada.
First, it will develop key expertise and | eadership in Alberta in technol ogy devel opnent
for future radio tel escopes. Second, the K-band array on the GBT will be the nost
powerful facility of its kind in the world, offering a conbination of angular resolution
and sensitivity for rapid-imging at 20 GHz that far exceeds any other capability.
Therefore, it will also help keep University of Calgary researchers at the forefront of
astronony since the research that will be nmade possible by the proposed infrastructure
will greatly enhance the scientific exploitation of other projects that are of high
priority to Canadi an Astronony (such as the soon-to-be | aunched Herschel Space (bservatory
and Planck Cosmic Mcrowave nissions). It also offers the first possibility to explore
the pol arization properties of extragal actic radio sources in this frequency regine in an
unprecedented and statistically significant fashion down to faint flux densities.

Technol ogi cal benefits to Canada i nclude extendi ng Canadi an expertise of correl ator
technol ogy and keepi ng Canada at the forefront of advanced digital systems. Lyrtech

Si gnal Processing of Quebec City is a world leader in digital systems. |In collaboration
with the University of Calgary and the National Research Council's Doni nion Radio
Astrophysi cal Observatory (near Penticton), Lyrtech is currently building one of the nost
advanced digital signal processing systems in the world. This technology will be
necessary for building next-generation phased-array beam form ng correl ati on spectroneters
for future radio tel escopes |like the Square Kiloneter Array (SKA), a project in which the
University of Calgary is also playing a |eading role. The proposed infrastructure

proj ect extends these successful collaborations and pushes the boundaries of digita
processi ng technol ogy by devel opi ng the next generation of such hardware integrated with
next generation of software devel opnent tools.

- J
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QUALITY OF THE RESEARCH OR TECHNOLOGY DEVELOPMENT

The proposed research or technology development is of high quality and originality, and meets international standards.
It will create knowledge or develop technology leading to innovation.

-
1. Background - The Revolution in Focal Plane Array Receivers

The advent of focal plane arrays on single dish radio tel escopes has opened up new areas
of research, as denonstrated nost recently with the Parkes 13-beam array at L-band, the
FCRAO Sequoi a 32-beam array at 85-116 GHz, and SCUBA at the JCMI. A K-band focal plane
array (hereafter called the KFPA) for NRAO s G een Bank Tel escope (GBT), which will

uni quely cover the inportant 18-26 GHz band, will |ikew se provide new capabilities with

i medi ate i npact on GBT science. For exanple, this new array will provide vastly inproved
mappi ng capabilities (in both speed and sensitivity) which will allow astrononers to nap

much | arger regions of the sky. This ability to ook at the "Big Picture" will provide an
i mproved under st andi ng of gl obal processes in the Galaxy, and a wealth of new data which
will inprove statistical studies of astronomical systens (star formation, magnetic fields,

interstellar masers, pulsars, etc.).
2. The Infrastructure Devel opment to be Undertaken

The current focal plane array devel opnent programat GBT is underway and consists of a 7-
pi xel dual -pol arization (i.e. 14 channels) K-band (18-26 Giz) feed-horn array with 1.8 GHz
of instantaneous bandw dth per channel. Initially, the KFPA will be used with the current
GBT Spectroneter. However, this instrunent will support only a 50 MHz bandwi dth for each
of the 14 channels, or w der bandw dths for a smaller subset of the channels. To exploit
the full potential of the KFPA, a new spectroneter that would deliver the full 1.8 GHz

i nst ant aneous bandwi dth per channel is critically needed. Dr. Plume and Dr. Tayl or
propose to develop this new spectroneter using a next generation signal processing system
based on Field Progranmmabl e Gate Array (FPGA) - based conputing, technology that is being
pi oneered in Canada through a partnership between Lyrtech Signal Processing of Quebec
City, the University of Calgary and the Domi ni on Radi o Astrophysical Observatory (NRC
DRAO) . This spectroneter nust neet the follow ng specifications: 1) 14 channels (7

pi xel s, dual polarizations), 2) Sanpling bandw dth of 3.6 G ga-sanpl es/second with 4-8 bit
sampling, 3) 1.8 GHz bandwi dth, 4) Sub-banding to look at multiple narrow lines in each
channel. In addition, this systemis needed in | ess than 3 years.

Since this new spectroneter will be a comobn-user device, it is a requirenent that it
conforns to established G een Bank nonitor and control interfaces, and is fully

supportabl e by Green Bank staff once delivered. Since, in the future, NRAO intends to
expand the KFPA to ~ 100 pixels, and al so devel op focal plane arrays to operate with w der
i nst ant aneous bandwidth, it is highly desirable that the new spectroneter architecture be
scal abl e, and provide a basis for future significant expansion. The proposed correl ator
design provides this scalability.

3. Wiy the Proposed Activities are Considered |Innovative
- J
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3. 1. Technical Innovation

Digital systens evolve quickly and it is now possible to enhance existing tel escopes, such
as the GBT, by at least an order of magnitude with a nodest investnment in hardware. The
dom nant cost to inplenenting such systens is the engineering and devel oprment tinme. New
tools are available that mnimze this effort and make it easier to devel op high-
performance systens. Lyrtech Signal Processing is a leader in integrating such tools with
digital systens. To date, such tools have not yet been fully inplenmented on | arge systens
such as those required in Radio Astronomy. NRC-DRAO and the University of Calgary are
worl d | eaders in Radio Astronomy digital systens and are coll aborating on projects such as
| ow-noise anplifiers, calibration/processing techniques, and digital filter design in
conjunction with the Square Kiloneter Array (SKA) project, the world s prem er, next-
generation radio tel escope (expected to begin operations in 2016). Thi s proposed

proj ect | everages these strengths and brings together the technical expertise of Lyrtech,
NRC and University of Calgary to devel op next-generation hardware integrated with next-
generati on devel opnent tools as well. Just as conpliers nmade program ng general purpose
computers easier, this project will be a first step in that direction for Field
Programmabl e Gate Array (FPGA) based conputing. The system devel oped will have broad
utility in FPGA conputing generally and find application in adaptive optics, digita
filtering and beanform ng, and pul sar processing as well as other applications where other
approaches are either not powerful enough or cost effective. Moreover, this next-
generation design is a pathfinder to the type of systemthat will be required by the
Square Kiloneter Array.

3.2. Research Innovation

Wiile the KFPA will be useful to astronomers worldwi de for a variety of scientific
projects, the current spectroneter at GBT has strict limtations, especially for the

sci ence goal s of astrononers at the University of Calgary. |In particular, Dr. R Plune &
Dr. A R Taylor have very specific projects that require nuch broader bandw dth than the
current spectroneter allows. These are summari zed bel ow.

3.2.1. Research Goal #1 - Understandi ng Massive Star Formation

Massive star formation plays an integral role in the evolution of gal axi es because nmassive
stars are responsible for energizing the interstellar nedium (MKee 1986), producing the
heavy el enents (Dopita 1991), and nmay regulate the rate of star formation (MKee & Tan
2003). Despite its inmportance, massive star formation is a difficult topic to address.
This is primarily due to the fact that massive stars are rare. For exanple, using sinple
assunptions Lunsden et al. (2002) calculated that there are about 2000 young stars in the
Gal axy with nasses greater than 12 sol ar nasses. The sanme calculation for the very highest
mass objects (Mass > 50 sol ar nmasses) predicts that there are only 20 or so in the entire
Gal axy. Hence, to find these rare but crucial stars, requires a search of a substantia
fraction of the whole Galactic Plane. In addition, since astrononers are interested in the
initial conditions for the formation of massive stars, these surveys need to be perforned
at far-infrared and subm | |imeter wavel engths, where em ssion fromcold, dense
interstellar gas that forns these stars is brightest. This is precisely the goal of two

| arge survey prograns: the JCMI Gal actic Plane Survey (JPS) and the Herschel Infrared
\Falactic Pl ane Survey (H -GAL) - for both of which Dr. R Plune is a |eading investigator./
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The JPS is one of seven approved “Legacy” surveys to be done with SCUBA-2, the new sub-
mllimeter wavel ength canera installed at the James Cl erk Maxwel |l Tel escope (JCMI) on
Mauna Kea, Hawaii. H -GAL is a recently approved Open Tine Key Project that will be done
usi ng the Herschel Space (bservatory. Both surveys are conplenentary and will map a
substantial fraction of the Galactic Plane fromthe near-infrared to the submllimeter in
an attenpt to find a statistically significant nunber of cold, dense regions in the
earliest phase of massive star formation. The addition of observations fromthe GBT' s new
KFPA and the proposed Canadi an digital spectronmeter, however, will substantially enhance
the scientific value of these inportant surveys by revealing the rel evant physical and
chem cal conditions of massive star formation

3.2.1.1. Physical Conditions

Wi le both H -GAL and the JPS will observe the dust continuumenission fromthe Gl axy and
hel p determ ne the | ocation and density profile of nunerous star-form ng cores, additiona
i nformati on about the core tenperature structure is needed to fully characterize the
initial and early stages of massive star formation. Amonia (NH3) is an ideal nolecule
for tracing dense regions and for deriving tenperature in interstellar gas. N trogen-
bearing nolecules are quite resilient tracers of dense, cold gas, and fromthe nultiple
NH3 inversion lines its rotational tenperature can be derived and used to determ ne the
kinetic tenperature, density distribution, nmass, kinematics and turbul ence of a nol ecul ar
cloud. NH3 is often a nuch better tracer of physical conditions than CO and its isotopes,
which suffer fromopacity effects and potential freeze-out in cold, dense cores which can
be difficult to estimate (Tafalla et al. 2002).

The ratio of the K-band (J,K) = (2,2) at 23.723 Gz to (1,1) at 23.694 GHz inversion
transitions is a well-known diagnostic of the | ow tenperatures characteristic of cold,
dense cores. Since these lines are only separated by 29 MHz, they can be observed

simul taneously with the current spectronmeter. However, states with greater energy
differences are better indicators of higher tenperature and density regines. To
effectively measure the range of tenperatures and densities in cores at different
evol uti onary stages (which may or may not al ready contain enbedded protostars), requires
si mul t aneous observations of several higher energy amonia lines. G ven that these
different NH3 lines will trace gas with different tenperatures and densities, observing
all these lines at once will also give a sinultaneous probe of the kinematics in different
"l ayers" of individual star-formng regions. Finally, the kinematic (i.e. velocity)
information provided by the NH3 observations (coupled with a kinenmatic nodel of the

Gal axy) will be crucial to determining the distances to these clouds and can even hel p
separate clouds viewed along the Iine of sight. The 1.8 GHz bandw dth of the proposed
spectrometer will allow sinmultaneous observations of the following lines: (J,K) = (1,1) at
23.694 GHz, (2,2) at 23.723 GHz, (3,3) at 23.870 GHz, (4,4) at 24.139 GHz, (5,5) at 24.533
GHz, and (6,6) at 25.054 GHz. This range of transitions will provide sensitivity to gas
tenperatures ranging from~ 10 K to 400 K

3.2.1.2. Chenical Conditions

The physical evolution during star formation is al so acconpani ed by chenical evol ution
that points towards the interplay of a nultitude of chem cal processes, including ion-
-
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mol ecul e reactions at |ow tenperatures in dark cloud cores, accretion and reaction on cold
dust grains, and evaporation once the newwy formed star turns on (e.g. van Di shoeck &

Bl ake 1998). Thus, the observed chem cal structure of a cloud gives unique information on

the history of its physical conditions. Several inportant spectral lines that trace

chemi cal processes fall within the 18-26 GHz band beyond NH3 |ines. CCS lines trace high

density gas, but because CCS is chemcally “young” (i.e. it is nost abundant before atomc
carbon becones | ocked-up in CO, it can be used as a chenical clock when observed with NH3

since, the higher the ratio of CCS to NH3, the younger the region. In addition, H20
Water naser emi ssion is associated with the early stages of star formation. It originates
in shocks and traces nol ecul ar outflows (Menten 1997). CH3OH Met hanol nmsers al so trace

outfl ows, perhaps at an even earlier stage in the formation of massive stars than H20
does, and may be easier to interpret, as these masers are found exclusively towards
massi ve star formation regions (Ellingsen 2005). Oher nolecules in this band include OCS
which is related to shock chem stry, HC3N, C3S, HC5N, and deuterated speci es such as DC3N
whi ch can becone effective tracers of the cheno-dynam cal history of clouds

Surveying a | arge nunber of star fornming cores in the Galaxy, at different stages of their
evolution and in different mass bins, wll allow astrononers to deternmine if there are
uni que ratios of nolecular species that characterize different phases of star formation
This is also one of the goals of the JCMI's Spectral Legacy Survey which is designed to
obtain spectral scans of star-fornming objects at 345 GHz (Plune et al. 2008), but which

al so has conplenmentary data in K-band. The broad bandw dth of the proposed Canadi an
digital spectrometer will allow simultaneous observations of nmany of these spectral lines
in K-band, thus maximnizing the scientific return during the limted anount of suitable
weat her at K-band frequenci es.

3.2.2. Research CGoal #2 - Cosmic Magnetism

Magnetic fields in the universe are nade uniquely visible through polarization
observations of synchrotron radi ation at radi o wavel engths. The polarinetric inmaging
capability of the KFPA conbined with the broad bandwi dth of the Canadian digita
spectrometer produces a powerful instrument for studying the polarization of radi o sources
at high radio frequencies. Three seninal studies would be carried out.

3.2.2.1. Deep Field

To probe the intrinsic polarization properties of active galactic nuclei (AG), a deep
pol ari zation i mage of a snmall area of sky (about 1 square degree) to a sensitivity of 20
m croJy would be nade. AGN are the npbst powerful objects in the universe, powered by
super nmassi ve bl ack holes at the centres of |um nous gal axi es. These objects are visible
back to a significant fraction of the age of the universe. Magnetic fields play a strong
role in the harnessing the energetic material emtted by such black hol es. A deep radio
survey of this kind with the GBT KFPA equi pped with the 1.8 GHz spectroneter could be done
in a few hundred hours and woul d detect as many as 2000 sources according to nodel counts
by De Zotti et al. 2005. Such a survey would help us map out the evolution of cosmc
magnetic fields through the variation of strength and degree of order of the radio source
magnetic fields as a function of redshift (Gaensler 2007). In particular, a 20 GHz deep
\?urvey woul d help clarify the peculiar correlation found at | ower frequencies that the

y
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degree of linear polarization of a AGN i ncreases with decreasing flux densities.

Pol arization at low radio frequencies is still affected by Faraday depol ari zation, while
this effect becones negligible at frequencies as high as 20 GHz. Thus the KFPA data woul d
probe pol arization properties in a way that will distinguish between intrinsic magnetic
field evolution and evol ution of the conditions that create internal depolarization from
Faraday rotation processes, e.g. ionized gas associated with the central black hole

engi nes.

3.2.2.2. Wde Area Survey

Determning the statistical polarization properties of extragalactic sources in K-band is
al so crucial in view of the scientific exploitation of high sensitivity and high

resol ution maps of the Cosmic M crowave Background (CMVB) radiation (Hu & Dodel son 2002).
Two nmj or experinments (the current WWMAP satellite and the Planck satellite due to be

| aunched in 2009) are tackling the conplicated i ssue of CVMB pol ari zation anisotropies. The
power spectrum of these fluctuations, when conbined with the total intensity fluctuations,
provides a tool to determine inportant cosnol ogi cal paraneters (Seljak 1997) that revea
how the very early universe evolved. The CMB radiation is npst intense at frequencies of
several 10s of GHz. Such pol arization fluctuations, however, are extrenely weak (only a
few percent of the total intensity of the Cosm c Background is polarized). Also,

extragal actic point-like radio sources can nmimc the CMB pol ari zation signal, thus acting
as a foreground contam nant. The statistical polarization properties of extragal actic
radi o sources and al so which source popul ati ons woul d domi nate the overall em ssion are
not well known. A shallow (3 mly) wi de-area (half-steradian) survey with the K-band array
can be carried out in 300 hours, once equipped with the Canadian digital spectrometer. In
addition to conplenenting the informati on on AGN pol ari zation fromthe Deep Survey by
providing | arge nunbers of stronger sources, these data would allow the CMB pol ari zati on
foreground contam nation from extragal actic point sources to be characterized.

3.2.2.3. Disk Gal axies

Recent work on integrated radio polarization of disk galaxies (Stil et al. 2008) has shown
that radio polarization is a powerful probe of the properties of the global nagnetic field
in galaxy disks, and is related to indicators of star formation activity. Such studies

of fer the promise of insights into the relationship of global fields in galaxies and their
star formation histories. Wth the KFPA and the Canadi an digital spectroneter,
astronomers can expect to observe the pol arized synchrotron em ssion of spiral gal axies
virtually unaffected by the effects of Faraday rotation. The nonthermal flux of spira

gal axi es exceeds the thermal flux for frequencies |ess than approximately 30 G4z (Condon &
Yin 1990), so K-band data are therefore well suited to study polarized em ssion in

gal axi es at high inclination. The advantage of high-frequency observati ons of edge-on

gal axi es was best illustrated by the 23-GHz WWMAP pol ari zation i mage of the Gal axy that
showed the | arge-scale nmagnetic field in the disk, as well as sone |ocal magnetic
structures unaffected by Faraday rotation.

4. How the proposed Activities Conplenent or Differ from Conparabl e research and
Technol ogy Devel opnent El sewhere

- y
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The Canadi an digital spectrometer, and the research that it would allow, conplenents the
techni cal and research goals of several different facilities and yet does not duplicate
any of them For exanple, the spectroneter clearly conplenments the research and

devel opnment that NRAO has placed into building the K-band focal plane array. It also

buil ds on the considerable investnent that the University of Cal gary and NRC- DRAO have put
into SKA-related technology. Furthernore, it hel ps keep a Canadi an conpany (Lyrtech) at
the forefront of these advanced digital systens.

Scientifically, the research that will be capable with the new spectroneter conpl enents
the scientific goals of nany other ground- and space-based projects, as well as the the
hi gh resol ution K-band observations that will be obtainable fromthe EVLA. (Cbservations
such as those proposed here have been successfully carried out by a nunber of authors

observations have been restricted to relatively small nunbers of objects (i.e. a few
hundred) and so a systematic survey of physical conditions in the few thousand objects
uncovered by the recent far-infrared and submillinmeter wavel ength surveys has never been
performed. Mreover, the 10,000+ objects expected to be uncovered by SCUBA-2 and Hersche
Space Cbservatory will absolutely require the KFPA and the proposed spectroneter. These
data will, for the first tine, place the understanding of star formation on firm

tel escope in Australia, although it will do so for the northern sky (which is not
observable fromAustralia) and with a spatial resolution which is 4 tines better than that
achi evabl e by MOPRA. The work done with the KFPA will also identify interesting sources
that can be followed up at considerably higher resolution by the EVLA and, later, by the
At acama Large MIlineter Array (currently under construction).

For pol arization studies, the K-band array on the GBT will be the nmpst powerful facility
of its kind in the world, offering a conbination of angular resolution and sensitivity for
rapi d-imaging at 20 Gz that far exceeds any other capability. It offers the first
possibility to explore the polarization properties of extragalactic radio sources in this
frequency reginme in a statistically signficant and conpl ete fashion down to faint flux
densities. No other facility can do this. The EVLA, which has sinilar total collecting

the di ffuse sky.

5. Way it is Critically Inportant to Pursue the Cpportunity at this Tinme

G ven that the GBT K-Band array is expected to be conpleted by 2010, it is crucial that
construction of the broadband Canadi an digital spectroneter begin as soon as possible to
take full advantage of the data in a tinely fashion. |In addition, both SCUBA-2 and

pol ari zation properties of the sky at 20GHz will be critical to the assessnent of

and produce first CMB i mages on the tine scale of 2010/11.

-

(e.g. Rosolowsky et al. 2008). dGven the linmtations of current tel escopes, however, such

statistical ground. The KFPA al so conplenents the research being carried out by the MOPRA

area, has too high angular resolution to detect the total radiation fromthese objects and

Herschel are expected to begin operations by Fall 2009. Finally, KFPA inmaging data on the

foreground contam nation em ssion for the Planck CMB mission which will launch in md 2009

/
<
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RESEARCHERS (continued)

Compared to researchers at the same stage of their career in Canada and internationally, the past contributions
and current plans of the candidate(s):

- demonstrate excellence, creativity, and leadership in the proposed research field(s), OR

- demonstrate potential for excellence, creativity and leadership in the proposed research field(s).

(Dr. Plume is an expert in the fields of submillinmeter radio astronomy and nol ecul ar

astrophysics, and has been an active researcher for over 20 years. Currently, he is
playing a leading role in a nunber of large, international collaborations involving

surveys using both ground- and space-based tel escopes. These are:

1) The JCMI Gal actic Plane Survey (JPS) - which will use SCUBA-2 to survey the Gal axy at
850 mi crons.

2) The Herschel Infrared Galactic Plane survey (H GAL) - which will use the Herschel Space
bservatory to survey the same region covered by the JLS, but in many nore md to far

i nfrared wavebands.

3) The JCMI Spectral Legacy Survey (SLS) - which will use the JCMI's heterodyne array
receiver (HARP) to map all the nolecular line em ssion within the 345 GHz at nospheric

wi ndow within a sanple of massive and | ow mass star form ng regions.

Gven Dr. Plume's roles in these projects, he is well positioned to nake good use of the
respective data products in a tinely manner, and synchronize observations with the GBT s
K-band array to nmaxim ze the science return of all the projects. For exanple, he will use
the results fromboth the JLS and H GAL to target followp ammoni a observations of cores
at the GBT, and correlate their physical conditions with their position within the Gl axy
to look for the effect of Galactic environnent upon star formation. |In addition, the
spectral line maps that can be produced for the SLS sources will also help trace the
compl ex chemistry within the envel opes of |ow nass and nessive star forming regions and
can extend these surveys to many other sources. Plune will lead the star

formation/ nol ecul ar spectroscopy conponent of the proposed activities including the

sof tware devel opnent for the needed observing nodes and data processing & visualization.

Dr. Plune's creativity and excellence in the the field of Interstellar Mediun Star
formation studies is evidenced by his | arge nunber of publications over his 20 year career
(over 50 in refereed journals) and significant citation rate (greater than 1000). He has
al so served on nunerous policy and science advisory conmmittees such as the Board of
Directors for the James Clerk Maxwel |l Tel escope and for the Canadi an Astronom cal Society,
the Canadi an Science Steering Conmittee for the H FI instrument aboard the Herschel Space
bservatory, and is a nenber of the Canadi an Space Agency's Far-Infrared Discipline
Wrking Goup. Dr. Plune was also the Director of the University of Calgary's Rothney
Astrophysi cal GCbservatory (2004-2006) and hel ped gui de the observatory towards its current
role as a highly successful Education and Public Qutreach facility. He has also received
a nunber of awards, the nost recent of which (2005) was NASA's G oup Achi evenent Award for
his work with the Subm | linmeter Wave Astronony Satellite. On the instrunentation side, in
1995 Dr. Plunme was awarded the International Union of Radio Science (URSI) student award
\for his design and construction of an innovative set of folding optics which converted the)
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10 meter dianmeter Caltech Submillineter Qoservatory into a 1 neter tel escope allowi ng him
to map neutral atom c carbon eni ssion over |arge regions of the sky.

Taylor is the director of the newly forned Institute for Space Inmaging Science (ISIS) - a
joint institute between the University of Calgary and the University of Lethbridge. He has
ext ensi ve experience in the interface between science and technology in radi o astronony,
with a history of |eading major projects in radio astronony. He has served on nunerous
national and international commttees and advi sory boards. Anmong these are several that

i mpact pl anni ng and devel opnent of astronomy in Canada, including service as founding
Executive Secretary of the International Square Kilonetre Array Steering Committee,
founding chair of the International SKA Science Advisory Conmittee, President of the
Canadi an Astrononi cal Society, chair of the Canadian Joint Subcomittee on Space
Astronony, and chair of the Canadi an Radi o Astronony Conmittee. He is currently Canadi an
nati onal Project Scientist for the Square Kilonetre Array and chair of the Board of
Directors of the Canadian SKA Consortium He is also the incom ng President of the

Di vi sion of Radio Astronony of the International Astrononical Union

Tayl or has published over 200 professional scientific articles, and has edited four books.

During his tine as a professor at the University of Calgary he has nmentored over 50 young
scientists in radio astrophysics and the techniques of radio i magi ng of the sky. One was
awarded the Henri Chrétien International Research Award from the Anerican Astrononica
Society in 1993 for work carried out under his supervision, and one graduate student was
award the Canadi an Astrononical Society' s Plaskett Medal for the best Canadi an Ph. D
thesis in Astronony.

Taylor is the project |eader of the CFl award for a North American Programin Radio
Astronony, which provides $7.9 Mfor Canadian participation in ALMA and a franmework for
continued partnership with the United States on collaboration in the future of radio
astronony, including the Expanded Very Large Array (a nmmjor upgrade to the Very Large
Array in New Mexico) and the Square Kil onetre Array. As part of this CFl project he

| eads the Canadi an software devel opment project for the Atacama Large MIIlineter Array.
For the | ast several years he has |ead the Canadian Gal actic Plane Survey and the
International Galactic Plane survey projects, an international collaboration involving
over 60 researchers which has secured | arge bl ocks of observing tine on the worlds nost
powerful radio telescope arrays to creating a detailed three-dinmensional inmage of the

M1 ky Way Gal axy. The Canadi an Long Range Pl anning panel noted in its report that “the
CGPS is an exenplary project for its scientific inpact upon our know edge of the Galactic
interstellar medium the extensive collaborative |inks between NRC and universities that
it has fostered, and the training of a new generation of radio astrononers in this
country.”

Tayl or’ s experience in managing and |l eading |large projects will be extremely beneficial to
the smoot h progression and nanagenent of this project.
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NEED FOR THE INFRASTRUCTURE

The infrastructure is essential and appropriate for the proposed activities.

(}he digital spectroneter will be installed on the 100-neter G een Bank tel escope (GBT) A

operated by the National Radi o Astronony Cbservatory (NRAO in West Virginia. The GBT is
the largest fully steerable telescope in the world and, therefore, has the highest

resol ution and sensitivity at the frequencies at which it operates. It uniquely offers
the capabilities required for the science goals described in this proposal. Wile the
Areci bo tel escope has the capability to obtain polarization neasurenments, it does not have
t he required broadband spectroneter or high frequency capability for the Anmonia and

nol ecul ar |ine observations. |In addition, Arecibo is not fully steerable and so is
limted to what it can observe in the sky. The MOPRA tel escope in Australia does have the
br oadband spectral line capability. Due to its location in the southern hem sphere,

however, it can only observe the southern part of the sky. Mre significant, MOPRA is
only a 22-nmetre tel escope and thus has nmuch | ower sensitivity and spatial resolution
conpared to the GBT. By building the proposed spectronmeter for the GBT' s K-band Foca
Pl ane Array, University of Calgary astronomers will be able to acconplish their stated
research goals, using the largest and nost sensitive radio telescope in the world.

Access to the GBT and its new K-band Array receiver itself is not enough. The proposed
Canadi an digital spectrometer is absolutely essential to fulfill the research goals laid
out in this proposal. Mapping the physical & chemical conditions in 10,000+ cores that
are expected to be uncovered by the JPS and H -GAL will require both the KFPA (to obtain
the spatial distribution of the radio em ssion) as well a spectroneter which can cover its
full bandwidth. 1In addition, the polarization measurenments needed to study cosnic
magnetic fields also require an instrument with a much broader bandwidth than is currently
avai l able at the GBT. The University of Calgary is preparing a nenorandum of

understanding with NRAO that outlines its contribution to the KFPA project. In addition
under this agreenent, there will be nmechanismin place by which University of Calgary
astrononers will have access to |arge anounts of observing tinme at the GBT through Key
Proj ect s.

Al'l of the individual conponents that go into the construction of the Canadian Digita
Spectroneter are also vital to the successful inplenentation of this project. Cbviously,
the HEX FPGA and G ga-sanpler boards (Line itens 3 - 6) are core conponents of the
spectrometer, as is the chassis in which the boards are housed (Line item8), and the
engi neering effort required to design them and assenble the finished product (Line item1
& 2). The HEX FPGA software provided by Lyrtech (Line item7) provides the basic
"operating system for the FPGA boards which will allow users to inplenent their own
custom zed scientific algorithns. Lyrtech will also programthe FPGA boards with the
basi ¢ al gorithnms needed for this infrastructure project (i.e. high-resolution, broadband
spectroscopy). The fibre-optic network (Line item10) is required in order to nove the
| arge datasets produced by the KFPA and the Canadi an digital spectronmeter back and forth
between the University of Calgary's Institute for Space |Inmaging Sciences (I1SIS) server
room (which currently contains a cluster of fast, data processing conputers) and the
\deskt op conputers (Line item12) used by Dr. Plunme, Dr. Taylor, and the graduate students J
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and post-docs who will be hired to work on this project. Prior to science operations, in

order to successfully comrission the infrastructure, test data sets will need to be
produced to allow the successful inplenmentation of scientific data reduction and

vi sual i zation algorithnms specific to the research projects outlined in this proposal. In
addition to the data reduction and visualization algorithnms, new observing nodes wll need
to be inmplemented for the GBT using the KFPA and the Canadian digital spectroneter. This
will require simulations of the tel escope/receiver/spectroneter system which will also be
performed using the ISIS conputer cluster. There is, after all, no point in building
hardware for a scientific instrument if one does not have the software to actually nake it
wor k! The personnel (Line item9) are, therefore, also vital to the successfu

conpletion of this project. The graduate student and postdocs will be needed to produce

t he necessary data acquisition, reduction and visualization algorithms. It is inportant

that this devel opnent take place concurrently with the devel opnment of the spectroneter in
order to deliver a fully functioning instrunent to the GBT and, thus, nmaxim ze its
scientific return. The other graduate student would be a student in engineering who woul d
work on the inplementation of new and i nnovative software/firmvare for the FPGA boards

t hensel ves. This devel opment woul d provi de enhanced functionality to the instrunment above
and beyond the basic capabilities delivered by Lyrtech such as the nmitigation of radio
frequency interference, which can be problematic at 18 - 26 GHz. Historically, such RF
has been removed by hand in the post-processing stage. However, given the conputationa
power inherent in these new FPGA boards, such interference renoval can be autonated and
performed extrenely rapidly and efficiently in firmare.

Al t hough Dr. Plune has not previously led a CFl-funded project, Dr. Taylor is the project
| eader on a CFl International Fund award entitled “The North American Programin Radio
Astronony” (NAPRA). NAPRA is the mechani sm whereby Canadi an astrononers secure access to
the Atacana Large MIlinetre Array (ALMA), currently under construction in the Atacana
Desert in Northern Chile. The CFl award funds capital devel opnent at the ALMA site, plus
scientific planning and software devel opnent in Canada. As part of this project Tayl or

| eads and nanages Canadi an software devel opment in partnership with teans in the US (NRAO
and Europe (ESO. This software devel opment focuses on a) control and data acquisition
(the so-called ALMA commons software systenm) and off-line scientific processing. This
work, which will be conpleted in late 2009, provides a | egacy of expertise in space

i magi ng software that underpins a significant element of this infrastructure proposal

- /
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TRAINING OF HIGHLY QUALIFIED PERSONNEL (HQP) THROUGH RESEARCH

The infrastructure requested will create or enrich an environment that attracts high-quality trainees and imparts
new high-level skills to HQP for research and other careers.

(Construction of the KFPA, and the research that it will allow, will significantly
contribute to the training of HQP at the University of Calgary within the Institute for
Space | magi ng Sci ence. This training aspect of this infrastructure project is perfectly
aligned with one of the key nmandates of ISIS to "provide a rich training environment that
is unique in Canada, for University of Calgary and University of Lethbridge students and
young researchers to work at the interface of science and technology in radio astronomy."

For exanple, new software will be required to allow the spectroneter to interface with the
K-band Focal Plane Array as well as with the tel escope control systens. In addition, in
order to acconplish the scientific goals outlined in this proposal, new data collection,
reduction, visualization and analysis algorithns will be required. The conbination of

mul ti-pixel imaging fromthe receiver array and the broad bandwi dth fromthe spectroneter
produces a nassive, nulti-di nensional data set. Postdocs and graduate students working on
this project will achieve cutting-edge and nmarket abl e experience in imagi ng sci ence and
digital systenms. There is already one postdoc at the University of Calgary (Roberto Ricci)
who is actively working on the KFPA project. It is estimated that a total of two post-
doctoral researchers and one graduate student will be required to work on this aspect of
the project and to conplete it intime to deliver a fully functioning instrunent to the
GBT.

In addition, although Lyrtech will provide the spectroneter with all of the basic
functionality for the stated research goals, the Calgary teamw ||l program additional and
enhanced functionality into the system Capabilities |ike advanced Radi o Frequency
Interference (RFI) mitigation will be programred into the systemafter delivery from
Lyrtech. Historically, such RFlI has been renobved by hand in the post-processing stage.
However, given the large, nulti-di nensional data sets that be produced by the inmaging
array, and the conputational power inherent in these new FPGA boards, autonated
interference renoval, which can be perforned extrenely rapidly and efficiently in
firmvare, will be devel oped. This type of project is an exanple of research programfor a
graduate student in engineering who will spend part of their tinme at DRAO working on the
i nclusion of such enhanced capabilities into the spectroneter

Finally, in addition to the technical skills that will be devel oped, the research
potential of the KFPA and the projects that the astrononers at the University of Calgary
intend to undertake, will provide enough data for numerous undergraduate and graduate
research projects and, thus, help prepare them for careers as productive researchers.
This infrastructure project provides for the postdocs and graduate student an opportunity
to work in a cross-sector devel opnent network, involving acadenia, government |aboratory
and industry, and gives them access to best-in-the-world instrunmentation, and

col l aborations with researchers, engineers and technical staff at |eading internationa
institutions. The benefits of such contact cannot be overstated.

- ‘/
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COLLABORATIONS AND PARTNERSHIPS

The collaborations and partnerships required to ensure that the proposed activities can be pursued successfully are
appropriate and already in place or under development. The infrastructure requested will further support existing
collaborations and partnerships, and help create new ones where appropriate.

(The Uni versity of Calgary and NRAO are devel oping the framework for an agreenent and )

agreed in principle on the terns of the partnership through a formal expression of intent
which will be signed by NRAO and Cal gary on coll aborative devel opnent of the K-band focal
pl ane array systens. Cal gary researchers are currently providing scientific |eadership
and participating in the design work of the hardware and software to neet the science
goals for the instrunment. The devel opment of the Canadian digital spectroneter by the
Canadi an teamwi Il make us equal partners with NRAO in the instrunent and enable benefits
to Calgary and Canada. It should be noted that although the spectroneter will reside at
the GBT, the University of Calgary will retain ownership of the instrunent.

In addition, U of C and NRC-DRAO have a successful partnership on the devel opnent of |ow
noi se anplifiers, calibration/processing techniques, and digital filter design specific to
the Square Kilonetre Array project. This proposal would build upon this highly successful
partnership and extend the «collaboration to the field of advanced digital signal

processi ng.

This infrastructure project also naintains and strengthens a strong partnership with
Lyrtech Signal Processing of Quebec Gity. Lyrtech is a world leader in digital systens
and, in collaboration with the University of Calgary and NRC-DRAQ, is currently building a
digital systemthat will be useful for phased-array beamforning correl ati on spectroneters
and that is one of the nost advanced in the world. This devel opnent is geared
specifically for the University of Calgary and NRC-DRAO s invol venent in the Square
Kiloneter Array. The proposed infrastructure project to build the Canadian digita
spectroneter extends this successful collaboration and pushes the boundaries of digita
processing technol ogy by integrating the next-generation of such hardware with new

sof tware devel opnent tools in this area. This next-generation design will have signal
processing capabilities beyond anything that exists today and is precisely the type of
systemthat will be required by the Square Kiloneter Array, a project in which the
University of Calgary is already playing a |l eading role.

Finally, this infrastructure project continues and enhances col |l aborati ons between Dr.
Plume and Dr. Taylor and their respective National and International colleagues. For
exanpl e, the amoni a data that can be provided by the KFPA and the Canadian digita
spectroneter will enhance the scientific value of both the JCMI Gal actic Pl ane Survey and
the Herschel Space Observatory's H GAl Key Project, both of which are major internationa
projects involving dozens of researchers fromaround the world. The proposed pol arization
studies will provide increased opportunity for collaborati ons between University of

Cal gary astrononers and those worl dwi de who are working on the soon-to-launch Planck CVB
M ssi on

- J
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BENEFITS TO CANADA

The proposed activities have the potential to lead to:
- benefits to society, health, the environment, quality of life, or public policy; OR
- increased economic activity.

(ﬁunding for the construction of the Canadian digital spectroneter has a nunber of benefité\
for Canada. First, it will keep University of Calgary researchers at the forefront of
astronony, and devel op key expertise and | eadership in Canada in technol ogy devel opnment
for future radio tel escopes. For exanple, the research goals of Dr.'s Plunme & Taylor (as
described in this proposal) cannot be achieved w thout the proposed Canadian digita
spectroneter. Both projects require full utilization of the native 1.8 GHz bandw dt h
provi ded by the KFPA. Beyond these specific applications, however, this systemw |l also
have broad utility in FPGA conputing in general. |In fact, there is potential for a nunber
of different scientific and engi neering applications where other approaches are neither
power ful enough nor cost effective, such as: adaptive optics, digital filtering of signals
(like the radio frequency nmitigation that wll be built into this project), beanfornng
and observations of millisecond pulsars. This next generation design is also a stepping
stone to the type of systemthat will be required by the Square Kiloneter Array, a project
in which the University of Calgary is playing a | eading role.

In addition to the specific research programin this proposal, the Canadian digita
spectroneter provides a legacy instrument that will becone available to all Canadi an
researchers. Under the North Anmerican Partnership for Radi o Astronomy (NAPRA) agreenent,
Canadi an astrononers are eligible to apply for time at any NRAO facility (including the
GBT) as though they were national facilities and, thus, will have access to the KFPA and
the Canadi an digital spectroneter.

Technol ogi cal benefits to Canada include extendi ng Canadi an expertise of FPGA based
technol ogy and keepi ng Canadi an research institutions and private industry at the

forefront of advanced digital systens. The proposed infrastructure project pushes the
boundari es of digital processing technol ogy by devel opi ng the next generation of such
hardware integrated with next generation of software devel opnent tools. Bei ng a uni que

i nstrunment, the KFPA and the Canadi an digital spectroneter will bolster Canada's worl dw de
reputation as a provider of advanced digital systens and a pioneer in astrophysica
i nvestigation.

- y
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INTEGRATION WITH THE STRATEGIC RESEARCH PLAN
(To be completed by the Institution)

(This infrastructure project is well aligned with the University of Calgary’'s Strategic R

Research Pl an whi ch, among other things, intends to “foster key areas of existing and
energing strengths and to undertake a broad range of research and schol arship in support
of the educational mandate”. The University of Calgary has internationally recognized
strength in the field of radio astronony. For exanple, Dr. Plume and Dr. Taylor are

pl ayi ng | eadership roles in a nunber of large, international projects including Key
Projects to be done with the Herschel Space Observatory and Planck Mssion, as well as the
devel opnent of technology crucial to the Square Kilometer Array. Devel opment of the
Canadi an digital spectrometer will help keep the University of Cal gary Radi o Astronony at
the forefront of astrophysical research. The opportunities for graduate student (and even
under graduate) participation in the devel opment of this project spectroneter and
subsequent scientific return fromthe spectroneter are also aligned with the “educationa
mandat e” of the Strategic Research Plan. The spectronmeter will, ultimtely, generate
enough data for numerous student projects, providing University of Calgary students with
val uabl e research and technol ogi cal experience.

Four priority areas are identified in the University of Calgary's Strategic Research Pl an
one of which has particular relevance to this infrastructure project, nanely “Creating
Technol ogi es and Managi ng Information for the Know edge Society”. The Canadian digita
spectrometer will push the technol ogi cal boundaries in advanced digital signal processing
on both the hardware and software sides. In conbination with the multi-feed receiver
systemon the GBT it creates a world-1|eadi ng RF i magi ng devi ce. Conmi ssi oni ng and
operating this device will devel op or enhance expertise in several areas related to

t echnol ogi es and i nformati on managenent. Advanced, flexible digital systems will be vital
to the next generation of radio tel escopes and, indeed, will have practical applications
in other areas of science and engi neering, for exanple: adaptive optics, ultra-fast high
time resolution signal processing, streanm ng processing of high bandwi dth data, digita
filtering of signals (e.g. excision and mtigation of interfering signals as intended for
this project), visualization of and i nformation/ knowl edge extraction fromnulti-

di mensi onal (hyper-spectral) data. The scientific goals of this project also align
directly with the Faculty of Science strategic research plan, which lists “Understanding
the Evol ution of the Universe” as one of its five priorities.

Devel opnent of new i magi ng technol ogi es and systens for end-to-end use of new technol ogy
for space imaging and di scovery are core to the nission of the Institute for Space | nmaging
Science (ISIS - a recently-formed joint institute between the U of Calgary and the U of
Let hbridge). This project fits centrally within this mandate. Over and above the

i nherent value of the project for its stated technical and scientific goals, it has

strategic value to ISIS in the expertise that will be devel oped. For exanple, the
digital technologies that will be the platformfor the spectroneter are the same as those
that will be explored as part of the research and devel opnent for phased focal - pl ane

arrays systens for the Square Kilonetre Array.
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Identify six reviewers appropriate for the application. Reviewers must not be current or recent (within the last six
years) collaborators, departmental colleagues, students, or supervisors.
Provide a complete mailing address, telephone number, fax number, current e-mail address and the areas of expertise of

potential reviewers. Suggested reviewers may be Canadian or international, and should be able to evaluate the application in the

language in which it is written.
The CFI reserves the right to make its own selection of reviewers.
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Name: Menten, Karl Telephone : 490 228 525297 # A
Address : Fax : 490 228 525435
Max Pl anck Institut fur Radi oastrononie
Auf dem Hugel 69
Bonn
Postal code: D-53121 E-mail : knment en@mi fr - bonn. npg. de
Area(s) of expertise (key words) : ast r onony
Name: Tafalla, Mario Telephone : 34 91 527-0107 #
Address : Fax : 34 91 527-1935
Cbservatori o Astronomnm co Naci onal
Al fonso XII 3
Madri d
Postal code: ES 28014 E-mail: mtafall a@an. es
Area(s) of expertise (key words) : astronony
Name: Caselli, Paola Telephone : 44 113 3434065 #
Address ;: School of Physics & Astronony Fax : 44 113 3433900
Uni versity of Leeds
E.C. Stoner Building
Leeds
Postal code: LS29JT E-mail : p.caselli @eeds. ac. uk
Area(s) of expertise (key words) : astronony




