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Summary

This document contains a description of the Science Case for the Low Frequency Array
(LOFAR) — an advanced digital radio telescope that will operate in the frequency range from
~10 to ~250 MHz. The instrument will be developed by ASTRON (Dwingeloo, The
Netherlands) and the Astronomical Community in the Netherlands, MIT/Haystack Observatory
(Westford MA, US) and the Naval Research Laboratory (Washington DC, US).
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Note

The applications of LOFAR described in this document may not all be feasible with the final
instrument. Discussions about the design of the instrument are ongoing. Part of these
discussions is to collect convincing arguments for pushing the final design one way or
another. Consequently, details found in individual contributions in this document may not
accurately reflect the (current) state of the planned instrument.
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1 Introduction

1.1 Background

LOFAR's goal is to open a new, high-resolution window on the electromagnetic spectrum from
~10-250 MHz (corresponding to wavelengths of 1.5-30 m). This portion of the spectrum has
been poorly explored for a number of mainly technical reasons. The most important factor has
been the complicated structure of the ionosphere, which (using conventional interferometric
processing) has limited the maximum baselines to a few kilometers only. This has resulted in
radio maps with resolutions on the scale of arcminutes and consequently serious confusion
effects which have limited imaging sensitivity to the Jansky level. Advances in wide-field self-
calibration imaging procedures using powerful workstations have recently demonstrated that
the NRL-NRAO 74 MHz VLA receiving system can now explore this spectral window, almost
down to the instrumental sensitivity limits at the milli-dansky level. These developments have
paved the way for the exploration of this spectral region with the unprecedented imaging
power of LOFAR.

1.2 Objectives

The five key areas of science to be addressed by LOFAR are:

1. The High Redshift Universe: the study of the most distant radio galaxies and quasars

2. The Epoch of Reionization: detection of the global signature, and mapping of structures

3. Mapping Galactic Cosmic Rays: to map the 3D distribution of the Galactic cosmic ray
electron gas

4. The Bursting and Transient Universe: to detect short lived transient events — bursts
from Jupiter-like planets, merging and interacting compact objects.

5. Solar-Terrestrial Relationships: to detect Coronal Mass Ejections possibly in
combination with a Solar Radar, and to study the Earth’s lonosphere.

More generally, LOFAR will be a powerful telescope for exploring the Universe for:

e coherent emission processes,

e delineating the interaction between nonthermal emitting plasmas and thermal absorbing
gas, and

o differentiating between self-absorption processes.

This document contains a description of the applications currently perceived, although it is

clear that scientific progress will lead to many other possibilities by the time the instrument is

completed in the second half of this decade.

LOFAR hardware and software will be a key stepping stone for the development of the
advanced digital signal processing technology required for the Square Kilometer Array.

In order to achieve these goals LOFAR will be a large (~360 km), electronic, broadband
instrument providing fast (~1 ms) frequency selection and pointing, capable of rapidly imaging
radio sources across the sky and spectrum. Multiple independent beams will herald a new
approach to observing, yielding unprecedented flexibility when compared with higher cost,
higher frequency ground or space-based systems. Finally, LOFAR's many orders of
magnitude improved imaging power over previous instruments in its frequency range,
promises new and unanticipated scientific discoveries.
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1.3 Highlights of the Current Design

The most recent version of the design (agreed 10-12 July 2000 in Dwingeloo), which serves
as reference for determining the approximate feasibility of proposed applications features the
following elements:

13,365 dual polarization dipoles optimized for operation at 10-90 MHz.

213,840 dual polarization dipoles arranged in a 4x4 compound element array and
optimized for operation at 110-220 MHz.

Between 2 and 8 independent beams that will allow simultaneous measurement
programmes to be executed.

Maximum baselines of up to 360 km.

All dipoles distributed over 60 to 165 stations (the number of dipoles per station varies
inversely with the number of stations).

At least 25% of the total collecting area to be located within a 2 km diameter “virtual core”
where the full signal from each antenna is transported to a central processing site. These
signals can be phased up to form a sensitive 2 km diameter “super-station”.

An instantaneous RF bandwidth of 32 MHz will be digitized at the antenna level

(10-90 MHz) and compund element level (110-220 MHz). The bandwidth will be reduced
to 4 MHz for each of 2-8 beams for stations outside the virtual core.

Beamforming for the virtual core together with all correlation and pipeline data processing
will be carried out at a central processing site.

Approximate sensitivities of the full array are given in the table below. The sensitivities quoted
are given for each beam, a single polarization, an integration time of 1s and a 4 MHz
bandwidth. Resolutions are based on a station diameter of 65m, a Virtual Core diameter of

2 km and a maximum baseline of 400 km. Just under 25% of all collecting area is located
within the Virtual Core. These numbers should only be taken as a guideline.

Frequency | Effective | Tsys in K Sensitivity Resolution Beamsize
(MHz) Area (m?) (mJy/4 MHz)
Array VC | Array (") VC () Array vC
15 [ 1.3x10° 131,000 98 400 12 41 1260’ 90°
30 | 3.3x10° 23,000 68 280 6.2 21 650’ 90°
75 | 5.2x10° 2450 46 190 25 8.3 250’ 90°
120 | 3.3x10° 820 24 10 1.5 5.2 160’ 23°
200 | 1.2x10° 270 2.2 9 0.9 3.1 95’ 23°

Table 1-1 Approximate parameters of LOFAR
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2 Key Scientific Objectives

This chapter contains a description of the five key areas of science to be addressed by

LOFAR:

1. The High Redshift Universe: the study of the most distant radio galaxies and quasars

2. The Epoch of Reionization: detection of the global signature, and mapping of structures

3. Mapping Galactic Cosmic Rays: to map the 3D distribution of the Galactic cosmic ray
electron gas

4. The Bursting and Transient Universe: to detect short lived transient events — bursts
from Jupiter-like planets, merging and interacting compact objects.

5. Solar-Terrestrial Relationships: to detect Coronal Mass Ejections possibly in
combination with a Solar Radar, and to study the Earth’s lonosphere.

Serendipitous discoveries, though more difficult to quantify, are virtually guaranteed for a
telescope making a big step both in time and angular resolution and with such enormously
increased sensitivity.

Apart from the five main topics listed above, LOFAR will have considerable applications to
other fields of astronomy including the detection and study of galaxy cluster halos and their
magnetic fields, the detection of fossil radio galaxies, the study of supernova remnants and
their interaction with the interstellar medium, interstellar propagation effects, interstellar radio
recombination lines and the detection and monitoring of pulsars and extrasolar planets. In
addition, there will be applications in other fields e.g. atmospheric science. A description of
these topics can be found in later chapters of this document.
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2.1 The High Redshift Universe

2.1.1 Unbiased Surveys of the Sky

The importance of surveys is well-illustrated by historical sky surveys such as the Palomar
Observatory Sky Survey (POSS) in the optical region of the spectrum, the 3C and Parkes
surveys at radio wavelengths, the IRAS survey in the infrared and ROSAT All Sky Survey
(RASS) at X-ray wavelengths. These surveys have led to countless astronomical discoveries,
and in fact to much of modern astrophysics. More recently, extremely productive radio
surveys have been the Westerbork Northern Sky Survey (WENSS) at 325 MHz and the
NRAO VLA Sky Surveys (NVSS and FIRST) at 1400 MHz. Between them, these three
surveys have resulted in the detection of millions of radio sources, including hundreds of
thousands of new sources. Both have already made a valuable contribution to topics such as
the study of the nature of extra-galactic radio sources and their relation to galaxy formation,
the large-scale structure of the Universe and the use of galactic foreground polarization as a
probe of the interstellar medium in our own Galaxy. One of LOFAR’s primary scientific
objectives is to extend such survey work to lower radio frequencies, and through the
combined jump in sensitivity (by two orders of magnitude) and resolution (by one order of
maghnitude) take radio astronomy into the last, as yet, unexplored region of parameter space.

2.1.2 High Redshift Gadio Galaxies

High redshift radio galaxies appear to be the oldest and most massive distant objects,
providing important constraints upon early star formation epochs. They seem to be located
preferentially at the centres of (forming) clusters and thus can be used to find early epoch
clusters for subsequent study. Furthermore, radio galaxies are generally much more luminous
than “normal” galaxies in all their component populations (stars, molecular gas, dust and
relativistic plasma) often making studies at other wavelengths extremely profitable.

The most efficient method to date for finding very high redshift radio galaxies uses the
correlation between radio spectrum steepness and redshift. At their rest frequency
synchrotron losses generate a nonthermal continuum spectrum which steepens above

~1 GHz. For distant objects this "break frequency" is shifted to longer and longer wavelengths
in the observer's frame, making them steep spectrum sources which are ideal for detection by
a low frequency radio telescope such as LOFAR. The onset of additional significant energy
losses at high redshifts from inverse Compton losses off the cosmic background steepen the
spectra even further, leading to a class of ultra-steep spectrum (USS) sources.

A prime example of such an ultra-steep spectrum source is given in Figure 2.1. With a low-
frequency spectral index of about a = -1.7, the source TN J0924-2201 is one of the most
extreme sources in the ultra steep-spectrum sample constructed from the WENSS

(325 MHz), Texas (325 MHz) and NVSS (1.4 GHz) surveys. This source has been identified
with a faint (K = 21° magnitude) object at near-infrared frequencies and its redshift was
determined to be z=5.19. This object is therefore not only the most distant radio galaxy
(previously 6C 0140+326 at z=4.41), but also the most distant radio source (previously the
quasar GB 1428+4217 at z=4.72).
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Figure 2.1 Spectral index against redshift (left) for two flux-limited samples (3CR and MRC)
illustrating the spectral index-redshift relation and two USS samples (4C and the WN/TN
sample), illustrating the effectiveness in finding very high redshift objects from such samples.
The star denotes the newly discovered radio galaxy 0924-2201. A Keck | LRIS spectrum of
TN J0924-2201 is shown on the (right). The emission line has been identified with Lya,
indicating that this galaxy has a redshift of z=5.19.

The strategy of targeting radio sources with extremely steep spectra determined from e.g. the
WENSS and NVSS surveys is at present the best way of identifying massive galaxies in the
early universe. An important step forward would be to target rather fainter radio sources with
steeper spectra to find significant numbers of radio galaxies with even larger redshifts (z>6).
As the present steep-spectrum samples have limiting 325 MHz flux densities of a few hundred
mJy, the next generation of searches should target sources with a~—2.0 and 325 MHz flux
densities of only 10 mJy. However, such sources are too faint to be detected at higher
frequencies and are therefore lacking in the high-frequency surveys. A survey at frequencies
well below 325 MHz that can detect sources of a few hundred mJy at around 30 MHz is the
only way to define such a radio-selected sample. For a reliable spectral index determination, it
is essential that the LOFAR survey has a beamsize that is comparable to the available

325 MHz surveys. Although about 30% of sources in a LOFAR survey may be resolved, the
expected angular sizes of z>6 candidates are typically a few arcsec. For such sources
accurate spectral indices can be readily obtained. Present data suggest that the number of
a~-2.0 sources in an expected survey sample size of 100,000 sources would be between ten
and a hundred.

2.1.3 Starburst Galaxies

Deep, high sensitivity radio observations of relatively small regions of the sky (less than 0.3
square degree) have recently been made by the VLA (Richards et al. 1998 and Richards
2000), MERLIN (Muxlow et al. 1999) and the WSRT (Garrett et al. 2000). These studies,
done at frequencies of 1.4 - 8 GHz, are throwing new light on the nature of the faint sub- mJX
and microJy radio source population. The vast majority of these faint, low-luminosity ( L<1O
Watts/Hz) radio sources are associated with star-forming disk galaxies located at
cosmological distances, powered by successive generations of radio supernova remnants
associated with the collapse of massive stars. These galaxies are often obscured by dust but
a measurement of the relatively short-lived continuum radio flux density, relates directly to the
instantaneous star-formation rate in these systems. In addition, the ratio of the radio/sub-mm
continuum flux density ratio is a very sensitive redshift indicator (cf. Carilli and Yun, 1999).
LOFAR will have the sensitivity to measure the radio continuum emission from starburst
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galaxies with star formation rates of only a few solar masses per year. In combination with
sub-mm surveys (from the ground, e.g. ALMA) or from space (the FIRST satellite-mission)
LOFAR will thus be capable of determining the evolving star-formation rate in the Universe
up to the highest redshifts.

While the radio emission from star-forming galaxies is considerably less luminous than that of
the more powerful AGN population, their sheer numbers ensure that taken together they
dominate the total energy budget of the radio Universe. Extrapolations of the recent 1.4 GHz
VLA and WSRT deep field observations to 200 MHz, suggest a source density (S>20uJy,
about the 5 o detection limit of LOFAR) in excess of 10 sources per square arcmin. These
faint, steep spectrum radio sources will thus completely dominate the low-frequency, sub-mJy
radio sky. The depth of the LOFAR survey, its all-sky nature and the excellent angular
resolution, will therefore dwarf the existing radio surveys and open up new tools for studying

a wide range of cosmological problems, especially large scale structure.
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2.2 The Epoch of Reionization

The onset of star and galaxy formation marks the time at which the early Universe emerged
from the so-called "Dark Ages" and is referred to as the epoch of re-ionization (EOR).
Uncovering the exact time and circumstances that gave rise to this event is one of the most
important outstanding issues in cosmology, and has been the subject of much recent
theoretical investigation. The LOFAR design will provide the much needed observational
evidence that can specify the physical conditions during this important stage in the Universe,
when the first stars and compact objects were formed.

After recombination of the elements at a redshift of ~1100, the baryonic matter in the Universe
remained neutral until the first stars and galaxies started to form. At least three different types
of sources have been suggested as contributing to the radiation that was responsible for
reionization. These are: 1) emission from the first generation of stars, 2) radiation released in
the collapse of the first galaxy-sized halos, and 3) emission from an early generation of
luminous quasars. At the moment it is still unclear which sources or combination of sources or
processes dominated. In fact, it is quite likely that actual measurement of the time at which re-
ionization occurred will help us determine which sources played the dominant roles.

Theoretical simulations show that the process of re-ionization was probably quite rapid and
could have taken place between z ~ 6 and 20 (Gnedin & Ostriker 1997; Tozzi et al. 2000).
The present observational constraints are not restrictive. The EOR is not more recent than z ~
5.8, since there is no distinctive absorption in the spectra of the highest redshift quasars due
to the presence of a neutral intergalactic medium (Songaila et al. 1999; Zheng et al. 2000).
The EOR could not have been earlier than z ~ 30, or there would be a suppression of the first
Doppler peak in the angular fluctuation spectrum of the Cosmic Microwave Background
(Tegmark & Zaldarriaga 2000; De Bernardis et al. 2000). Recent measurements of the
temperature of the intergalactic medium in the Lyman alpha Forest clouds at redshift three
suggest that the EOR must have occured after z ~ 10 or the clouds would have become too
cool (Hui, in preparation). One further indirect constraint comes from the apparent behaviour
of Dark Matter on small scales that is implied by the absence of the predicted number of
intergalactic mini-halos and sub-halos of galaxies that are predicted to exist at z = 0 by
simulations (Spergel & Steinhardt 2000; Kamionkowski & Liddle 2000). If these small scale
structures are absent at present, the implication is that the localized star forming regions will
form more slowly, which means later in the z ~ 6 to 20 window than had earlier been
predicted.

2.21 Detection of a Global Reionization Signature

The radiation signature that LOFAR may be able to detect was emitted in the period
immediately before full re-ionization. The signal is expected to be similar in all directions, i.e. it
is a global signal. In the cool, still neutral regions of the Universe, the medium was heated by
the ionizing sources (stars, quasars or mini-halos) and the hydrogen spin temperature
decoupled from the CMB emission (from the Big Bang). This effect caused a small step in the
temperature of the background radiation. The predicted spectroscopic signature is generated
at the rest frequency of the neutral hydrogen line (1420 MHz), but redshifted to LOFAR
frequencies by the expansion of the Universe. Therefore, the exact frequency at which the
temperature step is detected is linked to the time in the past at which it occurred.
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Figure 2.2 Simulations of the expected brightness temperature of the cosmic background in
the vicinity of the hydrogen reionization edge as a function of observing frequency. Three
cases are shown for the HI step, corresponding to different models of how the process took
place. All three produce an effect that is capable of being detected by LOFAR (from Shaver
et al.1999).

To investigate this transition phase LOFAR will be equipped with dipoles optimized for the
110-250 MHz band. Because the transition is expected to occur globally, i.e. in all directions
at about the same time, the LOFAR collecting area at these frequencies in principle need not
be very large. The expected signal, about 15-20 mK in brightness temperature, with a spectral
width of about 5-10 MHz, does not depend on aperture size.

Calibration of this faint signal, however, will dictate a telescope with a substantial collecting
area (cf. Shaver et al., 1999). Collecting area and resolution are also important to deal with a
crucial aspect of this experiment; which is to identify, model, and remove foreground sources
that contaminate the signal. One such contaminant is the population of discrete radio sources
(faint radio galaxies and, especially, starburst galaxies which make up the bulk of the faint
source population) . The longer baselines of LOFAR are needed to assist in the identification
and spectral characterization of discrete sources in the field(s) of view being observed for the
spectral decrement. In both cases - use of the inner portion of LOFAR to search for the
spectral decrement and exploiting the high angular resolution of LOFAR to identify foreground
contaminants - the broad band nature of LOFAR will be essential. A second contaminant is
the diffuse nonthermal Galactic foreground emission which is responsible for the bulk of the
radio noise from the sky at LOFAR frequencies. Fortunately, this diffuse emission has very
little structure on the 0.5 degree angular scales at which a global signal will be sought. Faint
Galactic foreground fluctuations that do exist are expected to be spectrally broad, thus
permitting them to be modeled.

As was pointed out above, the epoch of reionization, and therefore the frequency of the
spectral decrement, is uncertain. The broad band nature of LOFAR would enable a search
for this effect over a finely spaced grid of frequencies, ensuring detection of the EOR
transition, provided it falls in the redshift range 5-12.

2.2.2 Detection of Spatial and Spectral Structure

Prior to full re-ionization the intergalactic medium was most likely a mixture of neutral, partially
ionized, and fully ionized structures. It is believed that the low-density regions will be fully
ionized first, followed by regions with higher and higher densities. A patchwork of neutral
hydrogen emission, and possibly absorption against the cosmic background radiation (about
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30 K at these redshifts), will result in structures up to a degree in size. Rather than being a
global, all-sky feature, this patchwork of emitting and absorbing structures will appear on
smaller angular scales (3'- 30') and in narrow bandwidths (few MHz). While remaining an
extremely challenging project, the detection and imaging of these small-scale structures with
LOFAR is a tantalizing possibility within range of the thermal noise of LOFAR (cf. Figure 2.3).
Long integration times (approaching weeks or more) may be required. However, LOFAR's
multi-beaming capability enables the simultaneous imaging of large areas of sky, effectively
permitting very long integrations.

As discussed above, in the description of the search for a 'global’ signal, the biggest hurdles
to overcome are the removal of discrete and diffuse foreground emission components.
Fortunately, both of these contaminants have broad spectral energy distributions, much
broader than the few MHz spectral features in the re-ionization signal. Moreover, any residual
Galactic signal is expected to show a rather non-uniform distribution over the Galaxy and
should not show a preference for a particular spectral range. These are powerful
discriminators between the 'uninteresting' contaminants and the real cosmological signals.

The output of this experiment should be a large set of narrow-band images over a wide area
of the sky (hundreds of square degrees) , and over a wide frequency range, containing
fluctuations due to HI emission and or absorption. The observed spatial and spectral
fluctuation signals can be analyzed via standard power spectrum analysis techniques and can
be compared with theoretical models for a range of cosmological models and sources of re-
ionization.

Diameter [km]

—_
o))
)]

10
Angular Scale [arcmin]

Figure 2.3 Comparison of the predicted brightness fluctuations as a function of angular scale
with the sensitivity attainable after integrations of 100 and 1000 hrs with a compact sub-
aperture of LOFAR. The simulationed fluctuation spectra show the amplitude of the 3 sigma
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peaks in sky brightness computed by Tozzi et al (1999), for two different cosmological
models. The sensitivity lines represent a confidence level of 5 times the noise level attained
after the indicated integration time. The flat portion of the sensitivity curves at the right side of
the plot indicate the response of a fully filled aperture of diameter equal 300m to brightness
fluctuation on angular scales greater than 22 arcminutes. Dispersing the same number of
elements over a wider area to obtain better angular resolution causes the sensitivity to
surface brightess to fall off as denoted by the diagonal line, so that once the aperture is
diluted over a 1.5 km diameter area, the instrument should still detect the background peaks
at 5 times the noise level on angular scales of 6 arcminutes after 1000 hours of integration.

References

De Bernardis et al., Nature 404, 995 (2000)

Gnedin & Ostriker Ap. J. 486, 581 (1997)

Hui L., in preparation

Kamionkowski & Liddle Phys.Rev.Lett. 84, 4525-4528 (2000)
Shaver et al. A&A 345, 380 (1999)

Songaila et al. astro-ph/9908321

Spergel & Steinhardt Phys.Rev.Lett. 84, 3760-3763 (2000)
Tegmark & Zaldarriaga astro-ph/0004393

Tozzi et al. Ap J. 528, 597 (2000)

Zheng et al. astro-ph/0005247




m{(&) REPORT

RN author | M.P. van Haarlem
LR
(c:\.\.\:\?_f‘/',b) LO F A R document | Report ASTRON-LOFAR-00230

Scientific Applications version | 1.00

Lo FAR date | 07-03-01

page | 150f 15

2.3 Mapping Galactic Cosmic Rays

Cosmic rays are atomic nuclei and electrons that have been accelerated to energies (much)
greater than their rest mass ener%ies and form a collisionless, nonthermal gas. Their energy
density is approximately 1 eV cm™ — equivalent to a number density of 10° cm™- and they
are energetically important, containing at least as much energy as the other phases of the
interstellar medium.

The origin of Galactic cosmic rays is one of the oldest outstanding questions in astrophysics.
The current explanation for their origin is that cosmic-ray particles are shock accelerated,
probably in supernova remnants. (They then diffusively propagate through the Galaxy, being
scattered by small-scale magnetic field fluctuations, before perhaps escaping from the Galaxy
altogether.) There is little observational confirmation of this scenario, however. X-ray and
gamma-ray observations of a small number of remnants (e.g., SN 1006 and IC 443) have
indeed been able to identify localized regions whose nonthermal spectra are consistent with
ongoing shock acceleration. X-ray and gamma-ray observations typically have poor angular
resolution (> 1') and low sensitivity, so that only the most efficient regions of particle
acceleration can be identified. A complementary approach is to demonstrate that the Galactic
distribution of cosmic rays is consistent with the presumed sources, namely supernova
remnants. Obviously, any deviations might indicate additional, as yet unrecognized sources.

147MHz  Sh117,119 UTR-2
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e S G ]
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Figure 2.4 UTR-2 at 15 MHz: HIl regions Sharpless 117 and 119 in absorption, angular
resolution ~ 2 degrees.

LOFAR will play an important role by mapping the space distribution and energy spectrum of
cosmic-ray electrons. In the approach described by Longair (1990), Webber (1990), and
others, optically thick thermal sources at known distances are observed in absorption; a
technique that can be exploited only at low frequencies and yields directly line-of-sight
cosmic-ray synchrotron emissivities. Comparisons with observations at higher frequencies,
including the distributed Galactic gamma-ray emission (such as observed by OSSE and
EGRET and with the proposed GLAST mission) follow naturally, and provide important tools
for decoupling the matter, cosmic-ray, and magnetic field distributions in the Galaxy.

The Galactic nonthermal synchrotron emission arises from the interaction of cosmic-ray
electrons with the Galactic magnetic field. Using the radio emission to trace the distribution of
the cosmic-ray electrons has long been of interest to cosmic-ray physicists as well as radio
astronomers interested in the magnetic field distribution. Unfortunately, determining the
synchrotron emission at centimeter wavelengths is fraught with problems. There is a mixture
of thermal and nonthermal emission, along with the discrete sources that confuse the single
dish observations required to detect the distributed emission. Furthermore, such
measurements are sensitive to the entire line-of-sight emission, making interpretation very
difficult.
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At low frequencies one detects only the nonthermal emission, and with sufficient resolution an
interferometer can avoid discrete sources. Moreover, in the approach favored by Longair
(1990) and Webber (1990), observations towards optically thick HIl regions whose distances
are known kinematically, provide the line-of-sight synchrotron emmissivity along well-
determined path lengths. The technique is most robust in directions towards the first and
fourth Galactic quadrants where the background radiation field is high, but observations over
the widest range of possible longitudes is desired. Unfortunately, past low-frequency
observations have had such poor resolution that only nearby H Il regions can be utilized.
Figure 2.4 shows as an example of this technique—two large H Il regions appearing as
absorption “holes” in maps made by the UTR-2 telescope at 15 MHz. Unfortunately the 2
degree resolution reflects the pre-LOFAR state of low-frequency astronomy, and so only a
few such measurements of nearby H Il regions have been made. These have been useful for
determining the properties of the local low-energy cosmic-ray electron spectrum (which
cannot be measured near the Earth because of the solar wind) and magnetic field, but can
say nothing about elsewhere in the Galaxy.

Figure 2.5 indicates how the hundreds to thousands of H Il regions, which could be observed
(in absorption) by LOFAR, could be used to map out the 3-D distribution of the cosmic-ray
electron gas. High sensitivity, to 0. 1 mdy or below is required, as one is utilizing the
background emission, with T, ~ 10* K, to ‘shadow” the H Il regions. This compares to typical
discrete emission sources with T, ~ 10° K and higher. Moreover, an array with versatile
angular resolution is required, since the ideal measurement is made when the synthesized
beam is matched to the size of the H |l region. Thus, a versatile array would be able to make
use of the wide variety of H Il regions throughout the Galaxy for such measurements.

Optically thick HII regions
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l Galactic Center
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Tfor * THII Tback Typical Ty, ~5x10° K
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Figure 2.5 Mapping out the cosmic ray electron gas using Galactic HIl regions at known
distances. This permits decoupling of the foreground and background components of the
synchrotron emission along many lines of sight. Absorption hole "flux densities" will range
from pJy to mJy and higher depending on the size and Galactic coordinates of the target HIl
region. More sensitive observations will probe a larger volume of the Galaxy and on smaller
(<1') scales.
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2.4 The Bursting and Transient Universe

Mainly for practical reasons, most existing radio sky surveys have been made at relatively low
frequencies. From these surveys have come both serendipitous discoveries (for example,
pulsars) and the catalogues of sources used for high-resolution mapping at high frequencies.
Serendipitous discoveries often provide the greatest opportunities for advances in our
understanding of the physics of astronomical objects. LOFAR would be an excellent
instrument for the study of bursting and transient radio sources. The large instantaneous field
of view means that LOFAR can effectively monitor a large fraction of the sky at all times,
averaging on many different time scales. This makes possible for the first time a sensitive
unbiased survey for astronomical transients. The factor of 100 increase in collecting area over
previously operated instruments and the array's capability for data buffering and rapid
electronic pointing, assisted at the lower frequencies by plasma delays, will also for the first
time make possible prompt follow-up of transients detected with LOFAR and other
instruments.

2.41 An Unbiased Survey for Transient Astronomical Radio Sources (STARE)

The inner compact configuration of LOFAR will consist of 25% of the array's collecting area
arranged in a circle of 2 km diameter. All signals from the individual receptors will be brought
to the central processor, allowing for synthesis mapping of a substantial fraction of the entire
field of view of the receptors (the receptor field of view is an area of about 100 degrees
diameter for the low frequencies, and about 25 degrees diameter for the high
frequencies).These images will be examined in real time for transient events, and averaging
will provide information on a range of time scales. This activity will represent the first unbiased
survey for bursting and transient sources carried out with a radio telescope with a large
collecting area and with sophisticated interference mitigation capabilities. Large-area monitors
for transient sources at other wavelengths in astronomy have been very productive. For
example, such observations led to the discovery of gamma-ray bursts and of samples of
supernovae useful for cosmological studies. A low-frequency radio survey is likely to reveal
processes giving rise to coherent emission, and has great discovery potential.

2.4.2 The Physics of Collapse and Explosion

2421 Radio Supernovae

Radio studies of SNe have shown that multi-frequency monitoring of the rapid radio turn-on is
critical to determining the early phases of the explosion, the physical mechanisms at work
(e.g., SSA vs. f-f absorption) and the structure and density of the final, pre-supernova stellar
mass-loss stages. For very rapidly evolving SNe, only at low frequencies does one have
sufficient warning to obtain high quality turn-on information, since a transition seen at 100
MHz takes ~15 times as long from explosion to peak flux density as it does at 5 GHz. For
example, SN 1987A reached 5 GHz peak already at age ~1 day and 840 MHz peak at age
~3 days, which led to very poor radio turn-on sampling of this once in 400 year event.
Follow-up, long-term, frequent (at least initially) monitoring at multiple frequencies is then
needed to establish the properties of the last periods of stellar mass-loss before explosion. At
cm wavelengths the presupernova mass-loss evolution for periods of ~20,000-30,000 years
before the explosion can be measured. However, only at long wavelengths does the radio
emission remain sufficiently bright that one can study the mass-loss history from even earlier
epochs.

Unfortunately, due to the competition between rapidly declining optical depth, slowly
decreasing flux density with time, and increasing flux density at lower frequencies due to the
nonthermal spectrum, there is a rough equality of peak flux density at all frequencies. Thus,
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the peak sPectraI luminosity even at LOFAR frequencies is unlikely to exceed L ~ 10%’

ergs '"Hz (flux densities of a few mJy for objects at or closer than the Virgo Cluster) except
for unusual cases. Also, because of rapid evolution in the early phases, sensitivity of <1 mJy
(5 sigma) in ~30 minutes is desirable with resolution of <1 arcsec to reduce confusion with
background emission from the parent galaxy.

Radio supernovae are also candidates for targeted searches with LOFAR since they are
known to occur in dusty starburst galaxies (exemplified by the enigmatic objects in M82) with
no optical counterpart. To find and study such objects one must carry out continuous, or at
least frequent, monitoring of the radio structure of many nearby galaxies to look for the
appearance of new radio point sources. Such observations would improve the rather poorly
established supernova rates in different galaxy types.

2.4.2.2 Giant Pulses

The strong magnetic fields associated with neutron stars in pulsars are believed to be
responsible for the nonthermal processes that produce the observed radio pulses. In two
cases, these pulses are exceedingly strong, and appear as “giant pulses”. Giant pulses have
been detected from the Crab pulsar and from the millisecond pulsar PSR B1937+21, both in
our Galaxy. In the case of the Crab pulsar, a giant pulse occurs on average once every ten
seconds. The flux density distribution of the giant pulses has a power-law distribution above
200 Jy. Although the lower flux density cutoff has been determined to be about 50 Jy, no
upper flux density cutoff has been seen. Individual giant pulses with flux densities exceeding
1000 Jy have been detected, and some giant pulses can outshine the entire Crab Nebula.
Pulsars emitting giant pulses with these properties could be detected at least to the galaxies
in the Local Group and potentially even further. Indeed, giant pulse-emitting pulsars offer the
best hope for detecting pulsars beyond the Magellanic Clouds.

Detecting more giant pulse-emitting pulsars would have a number of scientific applications.
First, detecting a new Galactic pulsar(s) with giant pulses may make the study of such pulses
easier. The strong intensity of the Crab Nebula makes study of the individual “normal” pulses,
and some giant pulses, difficult. Second, the two known giant pulse-emitting pulsars are quite
dissimilar: The Crab pulsar is a young, strong-field pulsar while PSR B1937+21 is a
(presumabily) old, recycled, millisecond pulsar. It is not clear to what extent conclusions
determined for one can be applied to the other. Third, existing observations suggest that the
giant pulses from the Crab pulsar occur in the same region as the “normal” pulses, but result
from a short modulation of the pulse emission process. Additional pulsars would both test this
model as well as provide additional constraints on the nature of this modulation mechanism.
Finally, the dispersion and rotation measures for pulsars in other galaxies would allow us to
probe their interstellar media and potentially place constraints on the intergalactic medium in
the Local Group.

2.4.2.3 LIGO Events

The detection of gravitational waves will represent one of the most important measurements
in the history of physics. Evidence for the reality of such signals, and of their astrophysical
origin, may be provided by other instruments operating in coincidence. Evidence for
coincidence is, of course, not necessary to prove the existence of gravitational waves, but has
the potential to strengthen greatly the case for astrophysical gravitational wave sources, and
to provide complementary information on the sources.

The most promising sources for the gravitational wave detectors under construction are the
coalescence of two compact objects in a binary system, including those composed of two
neutron stars (NS-NS binaries), a neutron star and a black hole (NS-BH binaries), and two
black holes (BH-BH binaries). NS-NS binaries have been most extensively studied
theoretically. Predicted event rates are highly uncertain, but it has been estimated that
coalescence will occur at a rate of 3 per year (distance / 200 Mpc) for the initial LIGO system.
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Predictions for LIGO Il are even more uncertain since at the LIGO Il levels of sensitivity NS-
BH and BH-BH events are expected to dominate. Current estimates give LIGO Il rates of
once per week for NS-BH events and once per hour for BH-BH events. For a typical
coalescing system, the time during which gravitational radiation is emitted within the detector
bandwidth is approximately 15 minutes, during which time there are approximately 16,000
cycles. Hansen and Lyutikov (2000) have examined the possibility of radio emission from NS-
NS coalescence. They model the system as a conducting sphere (one neutron star) moving
through an external magnetic field (due to the other neutron star). They compute induced
currents and the acceleration of charged particles drawn off the neutron star, and by
assuming the energy of the charged particles is converted to radio waves with the same
eff|C|ency as in pulsars, they predict a flux density of F, = 2.1 mJy (¢/0.1) ( D/100 Mpc) Bis

"2 where ¢ is the efficiency of energy conversion, D is the dlstance B1s is the magnetic field
|n units of 10'°G, and a; is the semi- major axis in units of 10" cm. Again, we emphasize this
prediction is highly uncertain. However, it does give a plausible mechanism for the generation
of radio waves in NS-NS coalescence.

2/3

One would expect any radio emission to be modulated at the orbital period of the NS-NS
binary. This is roughly given by the dynamical time scale of about a millisecond, though the
signal will be chirped as the binary merges. In analogy with pulsars, one would expect the
radio emission to be polarized, and the time dependence of the polarization would provide
important information on the geometry of the system.

24.2.4 Gamma Ray Bursts - Prompt Radio Emission

Many of the currently viable models of gamma-ray bursts (GRBs) postulate NS-NS or NS-BH
coalescense as the energy source for the burst. In these models, the possibilities for radio
burst generation by neutron star motion through a magnetic field are similar to those
described for the LIGO events above. Another possible source of radio bursts is in the
magnetized wind that may flow from the binary system (Usov and Katz 2000). The very large
magnetic field associated with these winds is supported by a surface current at the boundary
of the wind and the ambient medium, and variations in this current may drive coherent
emission of low frequency electromagnetic waves. This radiation peaks at frequencies
fundamentally set by the proton gyrofrequency, and for typical burst parameters the peak
occurs around 1 MHz. The high-frequency tail may be detectable by LOFAR; Usov and Katz
estimate that flux densities as high as 100 Jy at 30 MHz may be produced.

2.4.2.5 Gamma Ray Bursts - Flares and Afterglows

Radio emission following GRB's has been detected in about 40% of the objects for which
observations have been possible. This radio emission is usually in the form of “afterglows”,
which last for a number of days after the GRB. Shorter lasting (one or two day) “flares” have
also been seen in a few objects. Both radio phenomena show strong absorption at low
frequencies which indicate that only the very brightest radio events might be detectable with
LOFAR. These detections would test flare and afterglow models involving forward and
reverse shocks in a frequency range where the models have not yet had to confront data.

The data gathered to date suggest that the gamma rays are beamed and the radio afterglows
are not. Constraints on the size of the opening angle and the observed rate at which GRB's
show radio afterglows (40%) indicate that for every gamma-ray burst beamed in our direction
there should be 40 radio afterglows. Since, these afterglows last for days, the transient survey
area covered during their time “on” should be at least half the sky, meaning about 20 radio
afterglows per day will fall at some time in the LOFAR field of view. The difficulty will be in
detecting the afterglows. Absorption greatly reduces the flux at 150 MHz, from about 100
microJy for the typical afterglow to about 2 micrody. The reduced flux means that only about
0.3% of the volume out to a redshift of 1 (the typical redshift of a GRB) will be surveyed by
LOFAR. Assuming a uniform and isotropic distribution of GRB sources, this brings the
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number of detectable afterglows to about 22 per year. These LOFAR-detected afterglows
would provide a valuable sample for GRB afterglow studies.

2.4.3 X-ray Binaries with LOFAR

Observations of X-ray binaries at low frequencies have been rarely made and yet can provide
strict constraints on the spectral and energy properties of the radio emitting jets. LOFAR
therefore opens up a unique spectral window in the study of transient X-ray binaries. Below
we briefly summarise the potential of LOFAR for the study of transient compact radio sources,
notably X-ray binaries within our Galaxy and the Local Group.

2431 X-ray Binaries

X-ray binary systems, of which currently ~250 are known, produce radio emission in
synchrotron-emitting jets, which can be considered to be scaled-down versions of the
powerful jets associated with AGN. The radio emission qualitatively comes in two forms;
relatively weak (~10 mJy at GHz frequencies), steady, flat-spectrum emission (believed to
arise in quasi-continuous self-absorbed jets) and transient, bright (sometimes >1 Jy at 1 GHz)
events which rapidly evolve to an optically thin state.

243.2 X-ray Transients

In Figure 2.6 we show the peak radio fluxes (scaled to 5 GHz assuming a spectral index a = -
0.5, where S, < v%) of the 20+ transient events which have been observed simultaneously in
both radio and X-rays. Assuming that the electron distribution extends to low enough
energies (see below) to extend the optically thin synchrotron spectrum to 150 MHz, then S5
MHZ/ S5 GHz = (5000/150) = 5.8, ie. events will peak at flux densities about six times higher at
150 MHz. Therefore we will be able to extend the range of detectable radio luminosities by
almost an order of magnitude (assuming we achieve ~1 mJy sensitivity at 150 MHz in a
typical run). Given that by 2005/6 the Japanese ASM instrument onboard the ISS will push
down the sensitivity of all-sky X-ray monitoring by an order of magnitude, LOFAR would
provide an important follow-up instrument. As well as detecting sources not measurable at
higher frequencies, simultaneous measurements with LOFAR and at higher (e.g. GHz) radio
frequencies will be extremely sensitive for testing whether there are contributions from
radiative (ie. Synchrotron and/or inverse Compton) losses to the decay of radio emission from
these events (in which case