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Project Summary

This is a proposal to complete construction of the Expanded Very Large Array (EVLA), a unique and
powerful radio telescope which will enable high-sensitivity, high-fidelity, wide-field astronomical imaging.
The EVLA will be the world’s premier telescope for resolving cosmic evolution.

Intellectual Merit The EVLA will be a 37-antenna array spanning ~ 350 kilometers in New Mexico.
All antennas will be connected by fiber optics to a state-of-the-art digital correlator for real-time operation
with up to 16 GHz instantaneous bandwidth at any frequency between 1 and 50 GHz. The EVLA will
provide both sub-microJy sensitivity and milliarcsecond angular resolution over a field of view as large as 1
billion pixels. The correlator, designed and built by our Canadian partner, will provide a minimum of 16384
frequency channels at selectable resolution from 1 MHz to 1 Hz. The telescope will provide 50 parsec or
better resolution — anywhere in the Universe — of faint structures whose surface brightness temperatures are
as low as tens of Kelvin. No other astronomical facility, at any wavelength, will match these capabilities.

Astronomy is the science of the Universe - its constitution, history, and destiny. The EVLA will be the
most powerful and flexible telescope available within the coming decade for imaging the components of our
evolving Universe. With the EVLA, astronomers will:

e make the highest resolution images of any waveband of the earliest galaxies — even as far back as

z ~ 30, (corresponding to when the Universe was < 1% of its current age) should such structures exist;

e resolve the central regions of galaxies and quasars to understand relativistic jets at all cosmic epochs;

e measure the density structures in clusters of galaxies on scales of 50 kpc at any redshift to understand

cluster structure formation throughout the Universe;

e see through the gas and dust within distant galaxies to distinguish star formation from black hole

formation and provide an unbiased census of both processes over most of the age of the Universe;

e resolve the expansion of all galactic novae from one week after explosion to provide detailed three-

dimensional estimates of mass, temperature and density throughout the expansion phase; and

e provide AU-resolution images of massive star formation within our Galaxy to probe the intimate

connections between accretion and outflow.

The project is being implemented in two phases. The first phase, begun in 2001, employs modern
technologies to improve by an order of magnitude or more the sensitivity, frequency coverage, and correlator
capabilities of the current VLA. The second and final phase — the subject of this proposal — will improve the
resolution by an order of magnitude through addition of eight new antennas located throughout New Mexico.
The EVLA project is extraordinarily cost-effective because it is leveraged off the VLA. When completed in
2013, the EVLA will provide the world’s current and next generation astronomers a world-class research
facility whose basic operations cost will be only 10% above the current level.

Broader Impact The construction of this unique and powerful facility will have broad impact for
astronomy, and throughout all of science. As an NSF-funded public facility, the EVLA will be available to
all qualified users. To ensure broad access by the user community, we propose that the NSF implement a
user grants program so that all astronomers granted time on the facility will have the resources to reduce
and publish their data, and to provide training for students. To encourage use by all astronomers, a real-
time imaging pipeline will automatically generate images which, after a suitable proprietary period, will be
available through the National Virtual Observatory. The EVLA will be one of a suite of multiwavelength
tools for astronomers in the next decade, complementing other major facilities such as JWST, ALMA, and
the GSMT. We anticipate a user base at least as large as that of the VLA: over 2000 users, with more than 250
scientific proposals scheduled per year. EVLA data will play a key role in student training and dissertations:
more than 200 Ph.D. dissertations have been based on VLA research, and nearly 100 students observe on
the VLA each year. The EVLA will utilize state-of-the-art technology in data transfer, storage, and image
processing. Ongoing development in these areas will be directly applicable to future instruments, such as the
Square Kilometer Array. The establishment of a real-time wide-band fiber-optic network within New Mexico
will attract development of other real-time distributed projects, such as Earthscope, a proposed very low
frequency astronomical facility, and the next-generation radio telescope, the SKA. As an imaging telescope
of unprecedented capability, the EVLA will generate stunning visual images which will have an impact on
both scientists and the public similar to those produced by the HST. A vigorous NRAO EPQO program will
disseminate these images and the discoveries they encourage to the nation and the world through press
releases, the web, and travelling exhibits.
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Chapter 1

Project Description: Summary

1.1 The Expanded Very Large Array:
A Radio Telescope to Resolve Cosmic Evolution

Astronomy is the science of the Universe — its constitution, its history, and its destiny. The past decade
has seen an explosion in our knowledge of the large-scale properties of the Universe, as studies of distant
supernovae, and observations of the large angular scale structure of the cosmic microwave background,
have shown that we live in a Universe whose geometry is flat, and whose expansion is accelerating. These
breakthroughs now emphasize the need to understand the formation and evolution of the constituents of the
Universe - its galaxies and galaxy clusters, its stars and the dusty nebulae out of which stars are born — over
the maximum possible range of distance and time.

Understanding the structure, formation, and evolution of the components of the Universe will require
detection and resolution of the electromagnetic emission from galaxies and their constituents throughout
cosmic time. To achieve this, new telescopes of unprecedented sensitivity, resolution and imaging capability
are needed. The luminosities and physical scales of the processes of galaxy and star formation dictate the
primary instrumental requirements: The ability to image with tens of milliarcseconds resolution over angular
scales of hundreds of arcseconds with a surface brightness sensitivity (expressed in temperature units) of tens
of Kelvin. A telescope with these capabilities will be able to image galactic star-forming complexes with
1 AU resolution, track supernova remnant expansion and image compact H1I region structure with 1 pe
resolution at the distance of the Virgo cluster, and resolve the components of galaxies with tens of parsecs
resolution anywhere in the Universe.

The NRAO is now building two complementary telescopes with these capabilities. One of these — the
Atacama Large Millimeter Array (ALMA) - will eventually cover the frequency range between 30 and
950 GHz, where thermal emission processes are dominant. The other — the Expanded Very Large Array
(EVLA) - will cover the frequencies between 1 and 50 GHz, where the emissions from both thermal and
non-thermal emission processes are found. The two telescopes will measure different physical processes due
to their different frequency ranges, and so will provide complementary information vital for understanding
the formation and evolution of the constituents of the Universe.

This document is the proposal for funding the completion of the EVLA. The Project has been organized
into two, overlapping phases. The first phase started in 2001, and will provide major improvements in the
sensitivity, frequency coverage, bandwidth and spectroscopic capability of the VLA. The second phase -
the subject of this proposal — will complete the EVLA by providing an order-of-magnitude improvement in
spatial resolution. Upon completion in 2013, the EVLA will be a new telescope which will enable unique
studies into the evolution of the components of the Universe, as well as gain new science over the full range
of astronomy. The completed EVLA will:

o give the highest resolution images of any waveband of the earliest galaxies — even as far back as z ~ 30,
should such galaxies exist.

e resolve the central regions of galaxies and quasars, to understand the environment of relativistic jets
at all cosmic epochs.
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e measure density structures in clusters of galaxies on scales of 50 kpc at any redshift through observations
of the Sunyaev-Zel’dovich effect, to understand cluster structure formation throughout the Universe;

o resolve the dusty cores of galaxies, to distinguish star formation from black hole accretion, and provide
an unbiased census of both processes over most of the age of the Universe;

¢ resolve the expansion of all galactic novae from one week after explosion, to provide detailed three-
dimensional estimates of mass, temperature and density throughout the expansion phase;

e provide AU-scale images of massive star formation, to probe the intimate connections between accretion
and outflow;

These examples of original science are chosen to illustrate the capability of the EVLA to resolve the
evolution of cosmic structures throughout space and time. However, the EVLA will be much more than a
cosmic resolver — its sensitivity, resolution, field of view, wide frequency coverage, and powerful correlator
will make the EVLA the telescope of choice for studies of the physics of radio-emitting bodies throughout
astronomy, from the solar system to the furthest edges of the Universe.

1.1.1 Strengths of Radio Astronomy

Radio astronomy is uniquely capable of addressing many of the key problems of modern astronomy because of
the characteristics of emission and transmission processes at radio wavelengths. These include the following.

s Synchrotron emission, Zeeman splitting, and Faraday rotation are all manifest at radio wavelengths,
are all directly dependent upon the strength and orientation of magnetic fields, and hence can be used
to determine the role of magnetic fields in cosmic evolution.

e Synchrotron emission from the relativistic particles associated with superluminal jets, their terminal
hotspots, and the strong shocks associated with jets and supernova remnants, is found most prominently
at meter and centimeter wavelengths. Observations in this waveband are thus critical for understanding
these ubiquitous and violent processes.

e Long wavelength radiation penetrates dust, allowing detection and resolution of objects such as galactic
nuclei and star-forming regions whose emissions are obscured at other wavebands.

¢ Emission from warm bodies, including the dust and gas within star-forming regions, is most prominent
in the radio, millimeter, and infrared bands. The sensitivity of radio telescopes makes observations at
radio and millimeter wavelengths critical for understanding these objects.

e Emission from ionized gas surrounding hot stars is optically thin in the radio and millimeter bands,
permitting investigation of the internal structures of these sources from observations made within these
bands.

Radio astronomy has available the technologies to design, build, and operate the large arrays needed to
detect and resolve low surface-brightness emission on milliarcsecond scales. The VLA and VLBA routinely
demonstrate radio astronomy’s capability to collect, transport, and correlate signals on baselines up to
thousands of kilometers. Furthermore, the discipline currently has available the self-calibration techniques
developed over the past 20 years which are needed to remove the corrupting influences of the atmosphere.
The NRAO, and many other groups, are now developing the techniques for atmospheric phase correction
at high frequencies (v > 10 GHz) where the strong sources needed to ensure the success of self-calibration
are not always available. With these technologies and techniques, radio astronomy is ready to provide true
diffraction-limited imaging with milliarcsecond resolution, and thus take maximum advantage of the unique
information available within the radio window.

The uniqueness of the EVLA and ALMA in their resolution and imaging capabilities is illustrated in
Figure 1.1, which shows the astronomical ‘Discovery Space’ coverage of these and other current and planned
telescopes over the full breadth of the electromagnetic spectrum. The ~10 milliarcsecond imaging capability
needed to resolve the evolution of cosmic structures can only be attained by interferometry within the
radio, IR, and optical windows. However, the brightness temperature sensitivity of the optical and infrared
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science expeditiously, and in reducing the total cost of the project, as most of the electronics required is
common to both phases.

Why complete the EVLA now? The instrumental capabilities are unique, so that the science questions
that the completed EVLA can address are exciting and timely, while the technologies needed to achieve
the required instrumental capabilities are available now. Furthermore, the planned timescale for completion
and operation matches those for other major new instruments, such as ALMA, the JWST and the GSMT,
which will operate in other frequency bands. Such complementarity is crucial for a comprehensive view,
and understanding, of the physics of the Universe. Finally, rapid development of the EVLA will encourage
continued development of the calibration and imaging techniques necessary for the next generation radio
telescope — the Square Kilometer Array.

These points are expanded upon in the following sections, and are discussed in detail within the proposal.

1.2 Goals of the Expanded VLA Project

The overall goal of the Expanded VLA Project is to build the most cost-effective state-of-the-art radio
telescope for astronomical research in the meter-to-millimeter wavelength band. Because the 27 existing
VLA telescopes are fully operational, and operate efficiently in this wavelength band, we have adopted
the approach of applying modern technologies to this sound infrastructure to produce a new telescope, the
EVLA, with ten or more times the instrumental capability of the VLA. This ‘leveraged’ approach will result
in a cost reduction by approximately a factor of two over that of a new facility, as well as a significant time
savings, as the array infrastructure is already in place.

As described earlier, the project has been divided for practical reasons into two, overlapping phases. The
major goals for each phase are described below.

1.2.1 Phasel

Phase I builds on the existing infrastructure to improve all aspects of the VLA exzcept its angular resolution.
The major goals for this phase of the project are as follows:

e Sensitivity: The continuum sensitivity will be improved by factors ranging from a few at lower
frequencies to more than 20 at the high-frequency end of the useful frequency range of the EVLA.

o Frequency Accessibility: The EVLA will be able to observe at any frequency between 1.0 and 50
GHz. Two pairs of signals, each comprising opposite polarizations of up to 4 GHz bandwidth, will be
independently tunable to any frequency within any given band.

e Spectral Capabilities: A new correlator will provide many more frequency channels (a minimum of
16,384, with many times more for certain correlator modes), process wider bandwidths (up to 8 GHz in
each polarization), give higher frequency/velocity resolution (better than 1 Hz), and offer many more
operational modes than are now available.

e Operational Changes: The EVLA will be dynamically operated, with observing blocks scheduled
on the basis of weather, array configuration, and science considerations. The EVLA will also routinely
and automatically produce images for all observing programs. These ‘default’ images will be archived
and made available to users through an improved user interface. Users will have the capability to
monitor the progress of, and modify the course of, their observations.

Following National Science Board approval, this phase began in 2001 with funding from the Division of
Astronomical Sciences, National Science Foundation, at a planned rate of $5.3M/year (in FY2003 dollars),
with completion currently scheduled by 2012. Following completion of Phase I, the 27-antenna subset of the
EVLA, when operating as a single subarray, will be denoted the EVLA27.
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recording capability of the VLBA in 2013. Funding to outfit the ten VLBA antennas with this recording
capability and to upgrade their electronic capabilities is not included within this proposal.

2. Wide-field, Low-Surface-Brightness Imaging: A new, short-spacing configuration, called the
E-configuration, will be constructed to enable fast, high fidelity imaging of emission whose angular
scale is comparable to, or larger than, that of the primary beam of the component antennas. Data
taken by this configuration, when combined with single-dish data from the GBT, will provide high-
fidelity pKelvin brightness temperature sensitivity imaging on angular scales ten times larger than
those currently available with the VLA, at a resolution three times better than that provided by the
GBT alone.

The frequency coverage and bandwidth of Phase I will be retained in Phase II. To provide sufficient correlation
capacity for the completed EVLA, the 32-station correlator currently under construction for Phase I will be
expanded to 40 stations.

1.2.3 Incorporation of the VLBA

The expansion of the correlator to 40 inputs, combined with its designed capability to simultaneously process
both real-time and recorded data, will permit correlation of all VLBA data with much greater bandwidth
and flexibility than that provided by the existing VLBA correlator. At the completion of the project, a
single correlator, located at the central EVLA site, will process the data from 45 antennas (the 27 EVLA27
antennas, eight new NMArray antennas, 10 VLBA antennas), in real time (for the EVLA and NMArray
antennas) or from disk-recorded media (for the VLBA and NMArray antennas), with very flexible combina-
tions of subarrays and observing modes. Both the VLA and VLBA correlators will be decommissioned after
the new correlator comes on line, providing significant long-term operational savings.

The operational integration of the VLBA with the EVLA, and the utilization of a single correlator for
both arrays, will allow improved operational efficiency and will result in a great improvement in science
capability. This plan will also enable planning for a more distant goal — connection of the VLBA with
wide-band fiber so as to allow complete integration of the VLBA with the EVLA as a fully real-time single
telescope.

1.3 Capabilities of the Expanded Very Large Array

The major instrumental capabilities of the EVLA after Phase I (denoted EVLA2T7), the New Mexico Array,

and the completed EVLA are summarized in Table 1.1. This shows the significant increases in sensitivity,

frequency coverage, and spectroscopic capabilities provided by Phase I, the factor of ten improvement in

resolution provided by Phase I1, and the impressive stand-alone capabilities of the New Mexico Array.
Compared to the existing VLA, the completed EVLA will increase:

¢ the maximum bandwidth by a factor of 80,

¢ the maximum number of spectral channels by a factor of 8192,
e the maximum spectral resolution by a factor of 3000,

e the logarithmic frequency coverage by a factor of four, and

e the maximum spatial resolution by a factor of 10.

In addition, most known sources of systematic errors which are responsible for limiting the current imaging
fidelity will be eliminated or greatly reduced. Overall, the VLA will be transformed into a new telescope
with unique and powerful scientific capabilities.

The continuum brightness temperature sensitivities of both ALMA and the EVLA as a function of
frequency and resolution are shown in Figure 1.3. The coverage provided by the EVLA is shown in green,
that by ALMA is in maroon. The upper and lower boundaries for each are set by the maximum and
minimum baselines contained within each array’s configurations. The array resolutions are shown with the
approximately diagonal red lines.



1.4. COSTS AND TIMESCALE FOR PHASE II OF THE EXPANDED VLA PROJECT

Table 1.1: Major Capabilities of the Current and the Expanded VLA.

Parameter VLA¢® | EVLA27° | NMArray® | EVLAY
Point Source Sensitivity® 10udy 0.8uly 2.2uly 0.6pJy
No. of baseband pairs 2 4 4 4
Maximum bandwidth

in each polarization 0.1 GHz 8 GHz 8 GHz 8 GHz
No. of frequency channels

at maximum bandwidth 16 16,384 16,384 16,384
Maximum number of

frequency channels 512 4,194,304 4,194,304 4,194,304
Highest frequency

resolution 381 Hz 0.12 Hz 0.12 Hz 0.12 Hz
(Log) Frequency coverage,

1-50 GHz 22% 100% 100% 100%
Number of baselines 351 351 45 666
Spatial Resolution (5 GHz) | 0.4 arcsec | 0.4 arcsec | 0.04 arcsec | 0.04 arcsec
Spatial frequency coverage:’

-Single configuration 35 35 7 3504

-All configurations 1000 1000 - 10000

%The current Very Large Array

bThe 27-antenna array at the central site, after completion of Phase I of the project
“The New Mexico Array, comprising the two modified VLBA and eight new antennas
4The full 37-antenna array comprising the EVLA27 and the New Mexico Array

¢1-¢ in 12 hr for Stokes L. 1uJy = 10-32 Watt m~2 Hz ™!

fThe ratio of maximum to minimum baseline. Does not include foreshortening.
9Assumes the EVLA27 is in its A-configuration.

The capabilities of the VLBA will also be considerably enhanced by Phase II. The NMArray antennas
will often be combined with those of the VLBA, nearly doubling its collecting area. The additional eight
antennas will greatly improve the u,v coverage, resulting in dramatic improvement in the VLBA’s imaging
capabilities. The New Mexico Array antennas will be outfitted by the EVLA Project with disk-based systems
for recording at 2 Gb/sec — providing 16 times the sustainable bandwidth of the currently-outfitted VLBA -
in anticipation of the VLBA’s recording capability in 2013. With this, the sensitivity obtained by combining
the VLBA with the NMArray will be at least a factor of six higher than the current VLBA. The resulting
surface brightness sensitivity will also be improved in proportion. Although not shown in Figure 1.3, the
VLBA'’s brightness sensitivity (when combined with the New Mexico Array) will extend the green area
upwards, from a few hundred Kelvin (when heavily tapered) to to approximately 10°K at full resolution.
The expanded correlator will have the capacity to process data from the New Mexico Array plus the VLBA
at this bandwidth, in addition to real-time correlation of all data from EVLA27.

1.4 Costs and Timescale for Phase II of the Expanded VLA Project

The total cost of Phase II of the Expanded VLA Project is estimated to be $117M in FY2003 dollars. The
cost breakdown by component is shown in Table 1.2. This total does not include the $5M cost of moving
the Los Alamos VLBA antenna, since this is driven by requirements of the Los Alamos National Laboratory
that are independent of the EVLA requirements.

We have developed an aggressive but feasible implementation plan which minimizes cost while at the
same time completes Phase II in 2013, shortly after the completion of Phase I. Implementation of Phase II
has been planned as shown in Table 1.3.
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1.6. USER SUPPORT AND INSTRUMENTAL DEVELOPMENT

Table 1.2: Component Budget Summary in FY20038k

WBS | Description NMArray | E-Config Total
6.01 | Project Management 8167 167 8334
6.02 | System Integration 1570 0 1570
6.03 | Civil Construction 6441 5254 | 11695
6.04 | Antennas 36326 0| 36326
6.05 | Front End Systems 6860 0 6860
6.06 | LO System 3504 0 3504
6.07 | Fiber Optics 4521 20 4541
6.08 | IF System 844 0 844
6.09 | Correlator 6436 0 6436
6.10 | Monitor & Control 1109 0 1109
6.11 | DM &Computing 1176 0 1176

M&S 76953 5441 82394
Wages&Benefits 16481 153 | 16634
Sub-Total 93434 5594 99028
Contingency 17650 559 | 18210
Project Total 111085 6153 | 117238

Table 1.3: Implementation Schedule for Phase II of the EVLA Project

H Milestone

| Date |

New Mexico Array

[ Milestone | Date

Relevant Phase I Milestones

Start retrofitting VLA ant. @ 4/yr Sep 2004
First science with correlator subset Dec 2007
32-station correlator operational Jan 2009
Retrofit last VLA antenna Oct 2010
Last EVLA receiver installed Apr 2012
E-Configuration

Decide final concept Jan 2006
Go to bid for rail and foundation Jun 2006
Place rail and foundation contract Oct 2006
Complete rail and foundation work Apr 2008
Start installation of fiber and electrical | Apr 2008
Finish installation of fiber and electrical | Oct 2008
Completed Oct 2008

First planning money available

Start site EIS process

Funding for correlator expansion
Fiber network test to Pie Town

Final decision on antenna elements
Go to bid on antennas

Start design of new VLBA feeds
Fiber network test to first site

Place antenna contract

Move Los Alamos antenna

Complete EIS process

Acquire first sites

Start civil works on first site

First new ant. available for outfitting
40 station correlator fully operational
Last antenna, outfitted

Jan 2006
Jan 2006
Aug 2006
Jan 2007
Jan 2007
Jun 2007
Jun 2007
Dec 2007
Jan 2008
Jan 2008
Jun 2008
Jun 2008
Jun 2008
Jun 2009
Jan 2011
Dec 2012

provide adequate user support. The NRAO will request an increment in operations funding of $5.5M/year,
to be phased in over three years following completion of the project, to permit ongoing technical development
in such areas as data transmission, data archiving, imaging research, and post processing. The NRAO will
also encourage the National Science Foundation to establish a vigorous program for support of user access
for its major facilities, at a suggested level of $5.5M /year for the EVLA.

The 2000 AASC has recommended funding for instrumental development and user support at a level of
3% of the capital cost of new major facilities. The levels we are proposing are in good agreement with the

AASC recommendations.





































































































































































































































































































































































































































































































































































