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1. Intro duction

The Long Wavelength Array (LWA) is designedas a user-orierted facility with capabil-
ities acrossa wide areaof lonosphericand SpaceScienceaswell as Astrophysics. The design
and dewelopmen of the LWA is driven by the requiremens which are outlined within the
Scienti ¢ ReguirementsDocument (LWA memo#117) and the Probing the lonosphee with
the LWA by Rapid Cycling of Celestial Radio Emitters memo (LWA memo# 128). Herewe
dewelop a sampleobservingprogram which extendsover a 24 hour period of LWA use. The
goal of this exerciseis to provide an operational template which can be usedto clarify the
functionality that will drive the dewelopmer of the hardware and software design,and data
commnunications.

2. Science Requiremen ts Summary

In this sectionwe provide a brief summary of the key sciencedrivers for the LWA as
taken from LWA memo#117. Designof the Day in the Life operational model was driven
by the desireto provide accesgo a broad range of low frequencyastrophysical science.
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The key sciencedrivers (KSDs) are:

1. CosmicEvolution and the High Redshift Universe

1.1 Dark Ages
1.2 First Supermassie Black Holes
1.3 Large ScaleStructure - Dark Matter and Dark Energy

2. Acceleration of Relativistic Particles

2.1 Up to 10" eV in SNRsin Normal galaxies
2.2 Up to 10*° eV in Radio Galaxiesand Clusters of Galaxies

2.3 Up to 10*! eV in Ultra High Energy CosmicRays
3. PlasmaAstrophysicsand SpaceScience

3.1 lonosphericWavesand Turbulence

3.2 Solar, Planetary, and SpaceWeather Science

3.3 Acceleration, Turbulence, and Propagation in the ISM of the Milky Way and
Normal Galaxies

4. Exploration Science

4.1 EmphasizePioneering Capabilities for Survey and Discovery Space

4.2 Transierts and Extra-Solar Planets

Basedon a review of the above sciencecase,the Scieric Requiremeiss Documert
outlined the speci cations shavn in Table 1 (taken directly from LWA memo# 117):



Table1l. Key ScienceSpeci cation Documert Summary Table?

KsD P L max min ¢ @ 80 MHz d PBW LAS e DR Polz ZaC Beams
MHz MHz Hz arcsec ms mJy mJy/bm

1.1 7-88 > 50° 1 1 1-10 mK (1 yr) TBD dual 19
12 50-80 <5 9.25 902,740 h
13 20-80 <5 > 15 > 15 26,1 252,60 [ :10] 16700, 3700
21 20-80 <5 > 5 [@ 20 MHz] > 1 26,10 1] =20 99 1670, 370 < 74
22 20-80 <2 261 2 =69 16700, 3700
2.3 < 60 > 33 3 10 ° > 60
3.1 9-80 1 104 dual TBD > 3
3.2 20-80 < 60 10 1 [@ 40 MHz] < 10 > 2 > 2 500 mJy/arcmin 2 > 4000! dual < 57 > 1
3.3 < 10-88 < 100 15 0.5 1[ =10 00 @ 30 MHz] 20700 cont dual < 74
4.1 3-80 Full RF 2 > 2 <1 > 3700 dual > 1
4.2 3-80 TBD < 01k > 2 <1 > 3700 dual < 74 > 1
Required 20-80 8f < 100 < 2 10K 2 1 1 107, 10° dual < 60 47
Desired 3-88 > 50 10 <1 1k > 2 2 <1 105, 104 dual < 74 > 7m
aRanges of angular resolution, sensitivit y, and dynamic range corresp ond to | - y unless otherwise specied. If only one number is given it applies to 80 MHz.

b Num ber refers to key science driv er (KSD) category in Section 2.

C¢A minim um channel width of 1 kHz is necessary for RFI excision. Bandwidth smearing of < 10% at the rst null on 400 km baselines requires channel width less than 1.25 kHz.

9 Time-a veraging smearing of < 10% at the rst null on 400 km baseline for a 100 m station at 20 MHz requires temp oral resolution be shorter than 0.9 s.
©Sensitivit y is at 80 MHz except where two values are shown when the lower frequency cuto is above 20 MHz. Num bers in latter case are for |, 80 MHz.
f Bandwidth requiremen t of > 50 MHz on baselines within 5-10 km for dark ages work.

9Shared beam day/nigh t with Solar/Dark  Ages.

" Studies  of high redshift radio galaxies down to a zenith angle of 74 provides opp ortunit y for full Keck/Gemini follo wup.

Note that this is a dip ole-based measuremen t.

J'Requiremen t is alower lim t as it assumes 200 Jy quiescen t disk for Sun at 80 MHz. CME are often associated with a powerful Solar burst whic h may be orders of magnitude brigh ter
than the quiescen t sun. DR requiremen t must be met on short enough timescale to trac k CME.

kTemp oral resolution of 0.1 ms is needed to trac k the fastest pulsars. This exceeds the comm unication speed across full array and is only required for inner stations in phased-arra y
mo de. Require sampling at dip ole level in a staton of 3 10 5 ms for UHECR work.

I'Sensitivit y in 1 hour, dual polarization, and 8 MHz bandwidth.

IThe total required number of beams could be arriv ed at with various metrics for scientic output. The required number of 4 was arriv ed at assuming that there is a long terms
dedicated Solar/D A beam plus three additional beams. Those three beams could be brok en up to be a survey beam + a transien t beam + a general observ er beam, or the three could
be combined for 3D ionospheric tomograph y work.

te '}
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3. LWA

The LWA will consistof 52 stations which will fall into either 'core' stations which are
locatedwithin a circular patch of roughly 10 15km in a certralized areaor 'outlier' stations
located well beyond this.

3.1. Day in the Life

Following the sciencecaseabove aswell asthat describedin LWA memos117,70,49,and
10, and the ionosphericcalibration schemedescriked in LWA memo 128, we have deweloped
atemplate \Day in the Life" operation sthedulefor the LWA (Figure 1). The scieriic and
calibration obsenations using the LWA system are spread acrossse\eral di erent '‘beams'
which have independen operation. For the purposesof this documert a 'beam'is de ned
following the recommendationof LWA ECNOO1:\ Eachbeam can haveN tunings, whee N is
2 or greater <...>. Eachtuning is characterized by a bandwidth, numter of spectral channels,
and temporal resolution. Multiple tunings can be usel to provide a larger total bandwidth, up
to N times the maximum bandwidth per tuning (currently speci e d as 8MHz). Eachtuning is
dual polarization and independentlytunable!” We further clarify that ead 'beam’is capable
of independen pointing direction. The number of independert beamsassaiated with a
particular station dependson the position of the station in the nal array con guration.
The systemwill ultimately consistof a 'core' areawherethere is a concetration of stations
locatedin aregionof 10km diameter (LWA memo# 55) and'outer' stationsthat provide
longer baselines(up to 400 km). All stations (core and outer) will operate at least three
beams (Beams 2 4) while only the core stations will require the addition of the wide
bandwidth beam (Beam 1) descriked below.

3.2. Beam Requiremen ts

In this section we review the basic properties of eat of the four LWA beamsand
provide a summary of instantaneousrequiremerts for the beams. We basethe requiremerts
of the sciencecaseson the numbers provided in LWA memo#117 and (for completeness)
summarizethe desiredmode or shortfall of the DRX designoutlined in LWA memo# 114.
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3.2.1. Beam 1: Dark Agesand Solar Sciene@ Beam

This beamwill be a dedicatedbeamsharedbetweenthe Dark Agesscienceat night and
Solarsciencaduring the day. The Dark Agessciencewill be con ned to oneor two individual
pointings on the sky while the Solar sciencewill be requiredto track the Sun acrossthe sky
(relative motion of 2.5 arcsec/mirute to badkground sky).

Solar:

The scieni c goalsof this beam are to track the solar bursts in frequencyand time.
Type I11 bursts drift very rapidly from high to low frequenciesand are due to beamsof fast
electronstraveling away from the solar surfaceon open eld lines. Type Il bursts drift more
slowly in frequencywith time and often appear astwo bandsof emission. They are believed
to be driven by shacks traveling at seweral times the local Alfven speed. Type IV bursts
appear as broadband cortinuum emissiongenerallyfollowing a type Il burst.

Tracking Period: track Solar motion acrossthe sky.

Bandwidth: 60 MHz bandwidth to track solar activity. Following the de nition above
of a beamwe thereforerequire 8 'tunings' to cover the full bandwidth.

{ max = 60MHz (7 8 MHz = 56 MHz is su cien t)
Polarization: dual polarization
{ npol =2

ChannelWidth: su cient channelresolutionis neededto study ne structure details.
According to Bastian et al. (1998)the structure width is a few percen of the emission
frequency

Temporal Resolution: temporal resolution of 10 msis neededto track structure
{ = 10ms
Using the maximum requiredtuning bandwidth descriked above, the Solarsciencebeam

would require at minimum 7 of the 8 MHz tunings.

Basedon the DRX high-level designmemov0.2 by Johnathan York (LWA memo#114)
the Solar sciencebeamwould require at minimum 3 dual tuning DRX modulesoperating in
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DRX mode 0 to be stadked cortiguously in frequency This (minimal hardware compromise)
would provide 48 MHz of bandwidth, while the full bandwidth requiremen above would
needoneadditional DRX for a total of 64 MHz of bandwidth. This mode would only permit
3 kHz channelsfor RFI excisionand insu cien t spectral resolution for ne-scale structure.

Dark Ages:

The scierti ¢ goal of this beam s to detect the 21-cm absorption signature when the
spin temperature of the neutral hydrogenis decoupledfrom (and thus absorbs)the cosmic
microwave badkground radiation. This occurs between a redshift of 20 < z < 200 which
correspndsto a frequencywindow of 71 MHz > > 7 MHz. Detections of this emission
have the power to provide cosmologicalconstrairts that cannot be obtained by any other
known method.

Tracking Period: obsenations will be dedicatedto one or two positions that will be
continually obsened

Bandwidth: 50 MHz bandwidth is neededto obtain su cient sensitivity to the signal
over roughly one year of operation. Basal on discussionswith Joe Lazio we note that
the full 50 MHz may not be a critical requirement. More work is needed to reviewthis.

{ max = BOMHz (7 8 MHz 'beams')
Polarization: dual polarization
{ npol =2

ChannelWidth: 1 kHz channelsare required for careful RFI excision. The ability to
accurately remove RFI is critical to the successfubdetection of the signal. Increasing
the channel width to 3 kHz in face of 10% of bandwidth impacted by RFI would
increasethe integration time by 25%. Channelsof width 1.25kHz or smaller are also
requiredto avoid issuesof bandwidth smearing.

{ min = 1 kHz

Temporal Resolution: sample data on timescale of roughly 1 secondfor calibration
purposes.To avoid time averagingsmearingthe samplingtime needsto be better than
0.9s.

{ = 0.9s
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A total of 7 tunings of 8 MHz ead would provide a maximum bandwidth of 56 MHz
which would meetthe requiremerts for Dark Agesscience.

Basedon the DRX high-level designmemov0.2 by Johnathan York (LWA memo#114)
the Dark Agessciencebeamwould require at minimum 3 DRX modulesoperating in DRX
mode 0 to be stadked cortiguously in frequency This would provide 48 MHz of bandwidth
with 3 kHz channels. This channelwidth would not meetthe RFI excisionrequiremens nor
the bandwidth smearingspeci cation.

3.2.2. Beam 2: Surveyand TransientsBeam

This beamwill be mainly dedicatedto surveying the sky at a wide range of frequencies.
When an internal or external transiert trigger is activated for the LWA, the survey mode of
this beammay be broken to follow up the transiert ewven.

Surv ey:

During the survey mode of the instrument, the LWA will scanacrossthe sky to build up
an all-sky database.Priority will be givento lowestfrequencysurvey work during times that
the ionosphereis su cien tly quiescen asto permit viable obsenations at the lower end of
the LWA frequencyrange. The instrument will cyclethrough observingfrequencieshasedon
comparisonof real-time ionosphericconditions to pre-de ned dynamic scdeduling criteria.
(Wenote that Beam4 may provide the data necessaryo ewaluate the ionosphericconditions.
Alternativ ely co-located GPS units have beensuggested.)The depth of the sky survey will
be built up over time to allow for dual use of the beam for obtaining both a deep multi-
frequencysurvey aswell aspermitting transiernt detection capabilitiesby returning regularly
to the samesky position. The survey mode may be usedto undertake both cortinuum
scienceaswell asspectral line studiessud blind seartesfor radio reconbination lines from
the cold interstellar medium.

Tracking Period: ead eld will betracked for 10 minutes beforemoving to the next
eld.

Bandwidth: 8 MHz provides good sensitivity in reasonablyshort integrations for con-
tinuum survey work. For spectral line for (e.g. RRL ) we needa 10-20% bandwidth.

Polarization: dual
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{ npol =2

Channel Width: 1 kHz channelsare required for careful RFI excision. Channels of
with 1.25kHz or smaller are alsorequired to avoid issuesof bandwidth smearing. For
spectral line survey work a channelwidth of 100Hz may be required.

{ min — 0.1kHz

Temporal Resolution: sample data on timescale of roughly 1 secondfor calibration
purposes.To avoid time averagingsmearingthe samplingtime needsto be better than
0.9s.

{ = 0.9s

The Surwey sciencerequiremens will be met by a singletuning of 8 MHz.

Basedon the DRX high-level designmemov0.2 by Johnathan York (LWA memo#114)
the cortinuum Survey beamwould require 1 DRX module operating in DRX mode 1. This
would permit a total of 8 MHz of observingbandwidth and allow RFI excisionin channelsof
1.5 kHz width. The spectral line survey mode would require multiple (4-16) DRX modules
operated in DRX mode 5. The proposedsystemdesigndoesnot meet the sciencerequire-
merts in the caseof RRLs if we limit the beamto one DRX. The DRX mode 5 neededfor
the channelwidth would permit a total bandwidth of only 500kHz while Bill Erickson (pri-
vate communication) had recommendedl0-20%bandwidth to detect seweral simultaneous
transitions.

Transients:

The Transiernt sciencewill initiate with either an internal trigger that is obtained from
the near real-time image di erencing of the all-sky map from the Survey beam or (more
likely) basedon an external trigger received from another instrument. The LWA will re-
point to the best known position of the transiert and begin a set of standard obsenations
designedto help categorizethe transiert type. Oncethe type is known the transient beam
will follow guidelinesin an automated pipelinethat de ne the observingprocedureto follow.

Tracking Period: a few minutes to a few hours
Bandwidth: 8 MHz to provide good sensitivity on short timescales
{ max = 8 MHz

Polarization: dual circular
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{ npol =2

ChannelWidth: 1 kHz drivenby RFI excision. Bandwidth smearingimposesa channel
width of lessthan 1.25kHz.

{ min = 1 kHz
Temporal Resolution: 100 s and longer for timing of the fastestpulsars

{ = 100 sand longer

The Transiert sciencerequiremens will be met by a singletuning of 8 MHz.

Basedon the DRX high-level designmemov0.2 by Johnathan York (LWA memo#114)
the Transierts beamwould require 1 DRX module operating in DRX mode 0. The operation
mode is forced by the timing requiremen and may be relaxedfor non-pulsartransiert work.
This operation mode will forceRFI excisionin channelsof 3 kHz width which is not desirable,
and will alsofail to meetthe bandwidth speci cation.

3.2.3. Beam 3: Geneiml ObserverBeam

This beam will provide the user exibilit y of the instrument. It will be dedicatedto
observingprogramsproposedby the usercomnunity that have beenapproved through the
peer review process. Belov we briey outline sciencecasesbasedon LWA memo# 117
where a single DRX in the con guration suggestedby LWA memo#114 cannot meet the
sciencerequiremens. This beam will cover scienceover the full range of ionosphericand
astrophysical interests and thus a wide range of capabilities are necessaryto satisfy the
requiremens. In particular we point out that the RFI excision, bandwidth smearing,and
temporal smearingrequiremerts stated above are equally applicableto this beam.

KSD 2.3: UHECR studiesrequire an instantaneousbandwidth of > 33 MHz at indi-
vidual dipoles. Note howewer that this is a special requiremen asit needshardware capable
of recording a signal from ead dipole at the station level.

KSD 3.2: Planetary radar studiesrequire at least 10 Hz spectral resolution asthe total
Doppler spreadsof Mercury and Verus at 75 MHz are a few Hz.

KSD 3.3: RRL studiesneed10-20%bandwidth (2-8 MHz) and spectral resolution of
100Hz.
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3.2.4. Beam 4: Calibration Beam

This beam is dedicatedto the calibration of the LWA and may also be employed as
part of a 3D lonosphericTomograply project beam which would simultaneously make use
of Beams2 and 3. Details of the ionosphericcalibration sthemeare preserted in LWA memo
# 128. The requiremerts belov are basedon that memo. The calibration beamis critical
for providing a rst passof self-calibration basedionospheric correctionsto apply to all
obsenations underway with the LWA. The beamwill be usedto re-constructa model of the
ionosphereover the full sky visible to the LWA during ead calibration cycle (i.e. in less
than 10 secondsncluding overhead). In addition to the astronomical calibration aspect of
this beam, it is also anticipated that the output ionospherictemporal model will provide
valuable input to the ionosphericsciertic commnunity.

We alsoarticipate that we will requirea short amourt of time onaneardaily basiswhich
should be dedicatedto systemmaintenance. Sinceall beamssamplethe samedata stream
there is likely no needto regularly tap all beamsfor maintenancepurposes.We suggestthat
short periods of time could be allocated within Beam 4 for the regular maintenance. On a
more extendedtimescaleof oneto seweral weeksthere could be short maintenance periods
setto tap the other beamsto ensureglobal data quality.

Tracking Period: integrate on sourcesfor timescalesof 10 to 200 ms beforemoving to
next source.

Bandwidth: 8 MHz bandwidth to allows sub-band calibration to recover delta TEC.
Additional bandwidth may provide expandedionosphericanalysiscapabilities.

{ max = 8 MHz
Polarization: dual polarization
{ npol =2
ChannelWidth: channelsmust be su cien tly smallto allow accurate RFI excision.
{ min = 1 kHz
Temporal Resolution: oneintegration per sourceobsenation should be su cien't
{ = 10ms

Re-pointing timescale: the overheadtime neededto move to a new target and have
stable obsenations underway should not exceedl0 20%of the total calibration cycle
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{ swich= 5 10ms

The Calibration Beamrequiremerts will be met by a singletuning of 8 MHz.

Basedon the DRX high-level designmemov0.2 by Johnathan York (LWA memo#114)
the calibration beamwould be satis ed by DRX mode 1. Moving to DRX mode 0 would allow
for atotal of 16 MHz of usablebandwidth for expandedionosphericanalysiscapabilities with
the RFI excisioncapabilities reducedto 3 kHz channels. This would likely be su cien t for
self-calibration of the brightest sourcesand the bandwidth gainedby the trade-o of going
to DRX mode 0 may permit more advanced ionospheric analysis through the expanded
sensitivity and/or wider frequencybaselines.
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Figure 1. Sample 24 hour operational template for the Long Wavelength Array shawing typical

scheduling requiremerts.
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4. Version History

The history for developmen of this documert is:

Version0.1: Draft to Dan Wood
Version0.2: Reviseddraft to LWA scieri c users
Version0.5: Revisionsfrom Cohenand Kassim

Version1.0: Additional revisions. Submitted Memo
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