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1. Introduction

There is increasing interest in time variability of cosmausces on all time scales. This
interest is driven by two developments: (1) the recognitiat, while there are prominent examples
of transients extending to sub-ns durations, there have heecomprehensive surveys from the
radio to the optical like those in gamma and X-rays; (2) thétglio do surveys for fast transients
over large solid angles is now within our grasp owing to thel@ion of digital processing and to
the ability to build wide field of view telescopes. Much is kioabout radio transients [7] from
both large single-dish telescopes (e.g. Arecibo, Parkebkaeays. New array telescopes, including
the EVLA, LOFAR, SKA precursors (ASKAP, MeerKAT) and the SKi&elf will fulfill the goal
of achieving a synoptic view of the radio sky on a large ranigiinte scales that will complement
those in other wavelength or energy bands [22].

In this paper | focus on radio transients that are astrophysir astrobiological in origin,
recognizing that bursts caused by cosmic ray showers freniviton and Earth’s atmosphere are
also of great interest and will be discussed by Falke (theseepdings).

Fast radio transients can be defined loosely as those th&d@fast to be sampled compre-
hensively with a raster-scan survey and, if sub-second ,caredikely associated with a coherent
radiation process and with compact sources like neutrars,stdack holes, exoplanets and ex-
traterrestrial intelligence (ETI). Owing to the compaas®f relevant sources and to the fastness
itself, measured signals are subject to plasma propagetfiects that are well known from pulsar
observations, including pulse broadening and intensittilations from multipath propagation.

The following sections discuss the phase space for radisitrats and key source classes
along with propagation effects in the interstellar andrigdactic media, how comprehensive sur-
veys can be conducted, and synergies with surveys at IR atithbpravelengths and at high
energies are also discussed.

2. Radio Transient Phase Space

Nature can be profligate in producing radio photons and tources into bright, easily-
detectable radio beacons. Under appropriate conditidns,otcurs via coherent radiation pro-
cesses that yieltl? rather tharN times the radiation of a single particle in Aiparticle system.
In most sources, radio emission is not the dominant energgredi for dumping free energy but it
is an extremely significant information channel. Examplegdude pulsars and radio pulses from
ultra high-energy cosmic rays.

Giant pulses from radio pulsars are prototypes for fasstemts along with solar bursts and
stellar flares, while sources such as microquasars and gaeynharst (GRB) afterglows exemplify
longer-duration transients. We may use these sourcestis guides for specifying blind-survey
parameters. However, simple observational phase spagmangs suggest thatstantaneous cov-
erage of a large fraction of the sky with appropriate samgplof the frequency-time plane will
yield a rich variety of transient sources, including newsdas of objects-igure 1 shows the phase
space of pulse widtW against flux density. Lines of constant brightness tempegatre calculated
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Figure 1: Time-luminosity phase space for known radio transientsgddg plot of the product of peak flux
Sk in Jy and the square of the distarizén kpc vs. the product of frequeneyin GHz and pulse widthV in

s. The “uncertainty” limit on the left indicates the¥V = 1 as follows from the uncertainty principle. Lines
of constant brightness temperatire- SD?/2k(VW)? are shown, wherk is Boltzmann’s constant. Points
are shown for the ‘nano-giant’ pulses detected from the CIra giant pulses detected from the Crab pulsar
and a few millisecond pulsars, and single pulses from othksaps. Points are shown for Jovian and solar
bursts, flares from stars, brown dwarfs (e.g. TVLM 513-46B4%), OH masers, and AGNs. The regions
labeled ‘coherent’ and ‘incoherent’ are separated by tmgal 132K limit from the inverse Compton
effect that is relevant to incoherent synchrotron sourdesws pointing to the right for the GRB and intra-
day variable (IDV) points indicate that interstellar si@lation (ISS) implies smaller brightness temperatures
than if characteristic variation times are used to estirtteebrightness temperature. The growing number
of recent discoveries of transients illustrates the faat #mpty regions of theWw — Ska2 plane may be
populated with sources not yet discovered. These incluglérthating radio transients” (RRATS) [17], the
Galactic center transient source, GCRT J1745-3009 [18]btlght, bursting magnetar XTE J1810-197 [4],
and transients (labelled “RT") associated with distanagias [3]. The rightward-directed triangles used to
mark the two RT sources indicate that the transient durataza only known to be longer than20 min.
Stellar bursts are included, such as recent observatioABdfeo [19] indicatingT, = 108 K. The figure
also includes hypothetical transient sources and detectioves. Possible transients include maximal giant-
pulse emission from pulsars, prompt radio emission from &RBirsts from evaporating black holes, and
radar signals used to track potentially impacting astaraitd comets in exosystems. Dashed lines indicate
the detection threshold for the full SKA for sources at dis&@of 10 kpc and 3 Gpc. Dotted lines correspond
to a 10% SKA, comparable to the Arecibo telescope. At a givéh a source must have luminosity above
the line to be detectable. The curves assume optimal detgctiatched filtering).
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assuming thalV is the light-travel time across the source,

whereSyy is the peak flux density (mJy) at frequeneyGHz) andD is the distance (kpc). For
some sourced/ can be much smaller than the light travel time owing to reistic compression.

It is useful to classify the wide range of known time scaleserms of how they are best
sampled empirically.

Slow transientsare defined as those with time scales longer than the tim&eastw image the
relevant region of the sky (e.g. the Galactic plane, the Gialaenter, or the entire sky), either in a
single pointing or as a mosaic or raster scan. Detectionaf shjects can be accomplished simply
through repeated mapping of the sky and thus does not regjpir@al capabilities beyond those
needed for imaging applications. Depending on survey sgestsients of days or more may be
considered slow. GRBs are currently detected 400uJy levels using the VLA at frequencies of
5 and 8 GHz [9]. The full SKA could detect GRB afterglows (imding orphan afterglows, e.g.
[21]) at levels 10 to 100 times fainter than currently.

Fast transients conversely, are those that would be missed in the time ésta scan the sky,
leading to incompleteness of the survey. Sub-second &atssare linked to coherent radiation
and, in many cases, to compact sources in extreme mattes.sfdiey also are affected by plasma
propagation effects, such as dispersion and multipathestag that can distort pulses and inhibit
detection. By the same token, such transients are exceliebes of the intervening interplanetary,
interstellar and intergalactic media. Fast transientsiireg¢he same observing modes and post-
processing as for pulsars. The Crab pulsar is the most egtkermown case in showing temporal
structure down te- 0.4 ns scales [11] and giant pulses that exceed 100 times tine #ux density

of the Crab Nebula. Pulsars and giant-pulse emission atetppes for coherent radiation that
may originate from other high-energy objects in which codied particle flows can drive plasma
instabilities necessary for coherent radiation. Examiplelside prompt radio burst emission from
GRB-type sources, perhaps even from gamma-ray quiet shjitate stars, jovian-burst like ra-
diation from planets, AGNs, and merging neutron stars atobtagical distances [12], some of
which we designate in Figure 1. Photon reprocessing may thmiradio brightness of GRBs, so
significant non-detections will constrain source condii¢16].

Using GRBs as a guide, it may be noted that the rate of GRB timbscwith gamma-ray
instruments has relied more on instantaneous wide-fieldcekgrage than on sensitivity. The
same statement holds for the detection of prompt opticatgon atm, = 9 in at least one case [2].
For this reason, we suggest that use of subarray modes @&asethe instantaneous sky coverage
— at less than full sensitivity — will be productive in suniey the transient radio sky.

3. Plasma Propagation Effects

Intervening plasmas are the dominant causes of effectsitbdify radio emission from both
steady and time-dependent sources. Of course plasmasedfiechccompanied by gravitatational
lensing and redshift-dependent phenomena on cosmoldijiealof sight.
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Figure 2: Left: Scatter plot of pulse broadening times vs dispersi@asure for known pulsars. The solid
line is a quadratic fit of logy to log DM and the dashed lines atd g deviations from the best fit. Downward
going arrows are upper bounds. The vertical lines designatémum DMs for which the scattering time
is less than the indicated time scale. Right: Histogram efthlse broadening time expected from sources
distributed throughout the disk of the Milky Way, defined adisk of radius 10 kpc and thickness 1 kpc.
The scattering measure and pulse broadening were caldwlaieg the NE2001 model [6]. The bottom
horizontal scale gives values for a radio frequency of 1 Ghtztae top axis for 100 MHz.

Dispersion: Fast transients have signal shapes modified by the strongtuéncy-dependent
travel time. When a pulse propagates dispersively, ityvartime varies with frequency a& =
4.15 ms DMv—2 for dispersion measure DM (the line-of-sight integral afatfon density) in stan-
dard units (pc cm3) andv in GHz. Equivalently, the sweep rate in frequencyisl v3DM 1.
If not compensated, a pulse measured across a finite bamdisidimeared out. However, dedis-
persion techniques are well developed, allowing this detgstic effect to be largely mitigated\
priori DM is not known, so trial values must be used from a set of ideivalues. For Galactic
sources, DM ranges between 2.4 and300 pc cnt® among known pulsars. The NE2001 model
for free electrons in the Galaxy [6] predicts dispersion suees up to about 3400 pc crhwhen
looking through the Galactic center region. However, mushdr values will obtain for lines of
sight that pierce dense Hll regions.

Extragalactic sources will show contributions to DM frontdground Galactic electrons as
well as from a host or intervening galaxy (if relevant) amahfrthe intergalactic medium (IGM). A
fiducial value for intergalactic dispersion is

DMigm = cHy Ineg =~ 10° pc e 3, (3.1)

whereng is the electron density associated with the baryonic foactif the total closure density.
Scattering and Scintillation: Multipath propagation along Galactic lines of sight occoesause
there is microstructure in the free electrons down to scald€?® km (e.g. [20]), from which
radio waves diffract and refract. Relevant effects inclagigular broadening (“seeing”), pulse
broadening, and intensity scintillations.
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Measured pulse broadening on Galactic lines of sight is g las~ 1 s but scales very
strongly with frequencyrg 0 v—4. Figure 2 shows the distribution @f expected using the electron
density model NE2001 [6]. On lines of sight to the Galactinteg 14 is thousands of seconds at
1 GHz and prohibits the detection of pulsars around Sgr A*oatventional frequencies used in
pulsar searches. Searches for fast transients from thetigatanter region therefore must be done
at high frequencies 10 GHz, wherey is ~ 10*-times smaller.

Diffractive scintillation (DISS) results from interfere@ between scattered wavefronts and
produces structure in both time and frequency with reptesiea scales of 100 s and 0.1 MHz,
but with ranges in each of many orders of magnitude. Refmdcintillation (RISS) is caused
by focusing and defocusing of radiation from scales muahelathan those responsible for DISS
in the strong-scattering regime. RISS is broadbakd/v ~ 1, and has time scales of hours and
longer, depending on the line of sight. RISS from Galactaspla appears to underly the “intraday
variability” (IDV) of some active galactic nuclei.

Broadening of pulses from extragalactic sources by intecgia or extragalactic plasma has
not yet been measured definitively. Propagation throughexda intervening galaxy like the Milky
Way would scatter radiation inte¢ 1 mas at 1 GHz and broaden a pulse by a fiducial broadening
time

92
Attace on= ﬁ = 5602 as S€C (3.2)
0
Pulse broadening from a host galaxy is deleveraged fronvéthie by a geometrical facter H /D
whereH is the path length through the host galaxy & the distance. Pulse broadening could
be much larger, however, from edge-on and starburst galaxd the IGM, if turbulent like the
interstellar medium, could also make a sizable contrilbuti@etection of pulses from cosmological
sources would give a very powerful tool for probing the IGMnamuld relatively nearby sources in
local-group galaxies.

3.1 The Pulse Broadening Horizon

Pulses of given intrinsic widtilV can be detected only from those sources near enough to not
be broadened significantly. From Figure 2 we can defineahkactic horizonin terms of DM by
requiring thatry < W. For 1mspulses, the horizon is about 5 kpc at 1 GHz whilgdpulses can
be seen to only 2.4 kpc at 1 GHz. These values apply only tacesuwithin the Galactic disk.
Looking perpendicular to the disk, the seeing distancedkseut” if it is more than about 1 kpc.

At low frequencies, e.g. 100 MHz, aiis pulse can be seen only to about 100 pc.

Thecosmological horizoan be calculated form the variation of DM with redshiftssuming
that the IGM is completely ionized and that the relationgifipulse broadening time to DM is the
same as for Galactic sources; this is at best a very crudeagipr We find that a inspulse can be
detected t@ ~ 0.2 and the broadening i ~ 100 msfrom sources at= 1.

4. How Bright Can Fast Transients Be?: Giant and Hyper-giantPulses

We already know that giant pulses from certain pulsars,thieeCrab, are emitted frequently
enough to be detectable at plausible rates out to 1.5 MpcAvithibo. This number results from
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scaling 0.43 GHz pulses of amplitudgk ~ 150 kJy that are pulse-broadened~td 00 us dura-
tion. Such pulses occur from the Crab at a raté hrt. They correspond to a pseudo-luminosity
SkD? ~ 10°8 Jy kp&. Surely there are more luminous, giant-pulse-emittingsgnd that are de-
tectable even further.

The case can be made that there are other burst sources ithitpckarger sources of free
energy than are available in pulsars like the Crab. Thesenaltives may include:

e Hyperfast rotators: Pulsars born near the break-up limit { ms) with canonical or magnetar-
like magnetic fields (1% to 10'° Gauss) can rapidly dump their rotational energy (using a
moment of inertia of 1#® gm cn?),

1
5! Q? = 2PIP2 ~ 10° 3 ergl 5P, (4.1)

which is comparable to the non-neutrino energy releasedsuparnova. This energy will
be released in a short amount of time as the pulsar rapidhs sfown but along the way
can drive giant-pulse emission much larger than seen frenCtlab, e.g. by a factor of one
million, e.gSxD? ~ 102 Jy kp¢.

e Prompt GRB Counterparts: Neutron stars may reactivate their magnetospheres when
they merge, with orbital motion substituting for spin in theneration of voltage drops
that accelerate particles and create electron-positras. pahis kind of system is a strong
candidate for short-duration gamma-ray bursts. The eniengplved is similar to or ex-
ceeds that for extreme giant pulse-emitting objects. Th8 @&ak luminosity is fiducially
Ly = 10°1L, 51 erg s 1. We assume that the true radio luminosity is some multiple this:

L, = &L,. Remarkably, over many kinds of astrophysical objectggstaulsars, AGNs),
we find & ranging from about 10° (Crab pulsar) to 10° (blazars). Here we use a fidu-
cial valueg = 1(T5sr,_5 and a radio emission bandwidtkv;, = 1 GHzAv, gH,. We then
calculate the pseudo-luminosity, in units of Jy kpé by calculating the peak radio flux
from the GRB assuming (only fiducially) isotropic emissidinis gives a stupendously large
pseudo-luminosity,

_sL
Lp = 10'5° Jykpé <7‘€“ ° V’51> (4.2)
AVy GHz
corresponding to a peak flux density
_sL 3Gpc 2
= 102°] (5“ > V~51>< > . 4.3
i y AVr GHz de (43)

Beaming may influence the radio luminosity estimate as isdbey-ray luminosity.

A 30 Jy pulse at 1.4 GHz has been detected that has-BVb pc cn13 from a direction toward
which the general interstellar media in the Galaxy and inSheall Magellanic Cloud cannot ac-
count for the electrons [15]. The authors argue for a 500 Mgtadce based on the DM from the
Milky Way and from the IGM. This corresponds &xD? ~ 10'3 Jy kp&, much larger than any
known Galactic source but comparable to the maximal giafgepemission discussed above while
being somewhat less than our estimate for prompt GRB emigaiidh admittedly much latitude
on scaling parameters).
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5. Radio Synoptic Surveys

Surveys of time-variable sources need to take into accowgritgates and durations as well
as sensitivity requirements. Transients cover a very widguohic range in time scale. Slow tran-
sients may be sampled by raster scanning, covering a tdtdlamle Qg in a time T and then
repeating the scan. The dwell time per sky positior is (Q;/Qs)Ts, whereQ; is the instan-
taneous FoV. Slow transients are also those for which puisadening from plasma dispersion
and multipath propagation are unimportant. Fast transiarg those that cannot be well sampled
through raster-scan imaging surveys, unless they are vegquént and there is tolerance for low
survey completeness. Transients shorter than about onguddify as fast if an all-sky survey is
contemplated. Rare, fast transients are better sampledghstaring observations of large solid
anglest

5.1 Trading Field of View and Sensitivity

If there are hyper-strong events (such as coherent radsepfdlom GRBSs), a wide FoV system
is necessary for a reasonable detection rate, but moddstioay area may suffice for detection.
However, rare weak events require high sensitivity as vealVige FoV. Field of view expansion of
arrays of single reflectors allows probing of this region bage space as do aperture arrays, such
as LOFAR and those proposed for low frequencies with the SBA.it is also true that wide FoV
may be achieved at moderate sensitivity through the usel@Ersays. Since the low-event-rate
radio sky is largely unexplored, we should entertain thesipility of using the subarray approach
as well as develop FoV expansion approaches.

5.2 The Synoptic Cycle: An Example of Multiple Commensal Sweys

Though processing requirements are challenging, there famdamental reason why com-
mensal observations in a synoptic survey mode with the SK8 @ecursor instruments) cannot
provide a massive survey of HI in galaxies, large numbersavféay rotation measures, a full-
Galactic census of pulsars, and unprecedented charatieniof the transient radio sky that, to-
gether, are the basis for profound progress in fundamehtaiqgs, cosmology, astrophysics and
astrobiology as well as providing discoveries of entireéywrsources and phenomena.

The observing cycle for a given survey might consist of aarastan of a region of skfsin a
time Ts, yielding a dwell time per sky position = TsQ; /Qs. In practice this rate may be achieved
by continuous scanning or by dwelling on each of a predefimedod positions [8]. This cycle can
be repeated many times, allowing detection of a growing rermobtransient sources, both periodic
ones like pulsars and magnetars, and one-shot objects RiBsGAt the same time, signal-to-noise
ratio is built up for steady sources, such as HI in galaxiesitiouum sources for AGN surveys
and Faraday rotation measurements. Because multipleysuare potentially doable, and each

1in terms of number of detected events, it is equivalent teecavlarge solid angle through raster scanning and
small duty cycle per sky position, or to cover a smaller salidjle with continuous time coverage. If the goal is to
characterize the angular distribution of the transientutefion, then raster scanning is appropriate. Howevehef t
event rate of particular sources is desired or if the souopaifation is restricted to a small solid angle (e.g. the Gada
center region), then staring observations are needed.
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is demanding on total telescope time, all effort should belerta do the surveys simultaneously
(commensally).

To accomplish multiple surveys, a hierarchical approackcanning rates (or cadences) is
probably needed. A fast rate is appropriate for the exteagjal sky in order to sample GRB after-
glows while also building S/N on HI galaxies. A slower rat@éeded for the Galactic disk to pro-
vide adequate time series durations for pulsar surveysing§tabservations of the Galactic center
source will allow deep pulsar and transient surveys fronsthecluster. Finally, guest-investigator
experimental or one-time observations need to be accomwadddng with target-of-opportunity
observations as they arise.

An example scenario includes both fast and slow scanningredions and staring observa-
tions. This example sums to about 10 days per cycle, whicHdimeirepeated as needed:

1. Fast scan of the extragalactic sky:large-scale galaxy HI survey, Faraday rotation survey,
AGN survey, transients and high-latitude pulsars (midl@&l pulsars and those in relativistic
binaries with NS or blackhole companions):

(@) “Full sky” survey (80% of 41) using a 1 de§FoV single pixel system

(b) Ts =5 days to cover one scan of the sky

(c) 1~ 10 s dwell time per sky position

(d) Smin ~ (9s fc)*115 pJy at 1@ where f¢ is the fraction of a full SKA available and
Os < lis the gain relative to the on-axis gain

(e) Field-of-view expansion through multiple feed cluster phased-array feeds will in-
crease the sensitivity for fixe@;; aperture arrays would also provide an increase. A
thirty-beam phased-array feed, for example, would yield 8@dwell time

(f) Subarrays will reduce the sensitivity but can cover miastantaneous solid angle and
reduceTs.

(g) Commensal observations require appropriate real:timaekend processing systems
that will cost a significant fraction of the overall cost ofymeptic telescope.

2. Slower scan or staring observations on deep extragalacticdidse.g. 1 day

3. Slower scan for the Galactic plane:pulsars, masers, transients, ETI sources, etc. e.g. 1
day scan of the inner Galaxy (180 deg in longitude) itladeg swath in Galactic latitude,
yielding 240 s per pointing

(&) A minimum contiguous dwell timie needed for pulsar surveys that use Fast Folding
Algorithms or Fourier transforms of a contiguous time sedembined with harmonic
summing (100 to 1000 s typical); single-pulse searches d@lace strong require-
ments on contiguous blocks.

(b) Pulsar timing: frequent re-observations are neededofoy-term monitoring; a 10-
day cadence is acceptable, so that timing measurementsaartdined as part of the
survey.

4. Staring observations: e.g. 12 hr on the Galactic center to detect pulsars and &atssi
5. Break out for targeted observations by individual investigators: 10% of the time?
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6. Break out for targets of opportunity: e.g. GRB triggers, blazar observations, etc. 5% of
the time?

7. Calibration allowance
Additional comments on this scenario are as follows:

1. The distinction between “survey” and “follow up” obsetieas is fuzzy. For example, timing
observations of known and new pulsars can be obtained usengame survey scans that
yield detections of new sources.

2. HI detection of galaxies at~ 1 requires many hours of integration time, which would build
up slowly unless there is field-of-view expansion.

3. Pulsar surveys can accumulate S/N through incoherenngugrof power spectra from non-
contiguous data segments, with due allowance for accielaraf the source or observer.
Coherent sums across multiple days are probably too dem@edimputationally, but with
requirements that depend on the cadence.

4. Diffractive and refractive interstellar scintillatisrfDISS and RISS) will modulate compact
sources to varying degrees and with a wide range of comeléitnes. To optimize detection,
multiple passes on the same sky position should be unctadelgith respect to DISS and
RISS [5].

6. Multi-wavelength and Multi-Messenger Synergies

Cross-wavelength studies of transient phenomena are teepowerful pathway for making
new discoveries and understanding source classes. Aslisstablished, GRBs have triggered ob-
servations across the entire spectrum and also signalratiplo in gravitational wave data. Radio
events, including rotational glitches in neutron stardl play an increasing role as triggers. The
forthcoming era of large synoptic survey telescopes wilvite the data needed for data mining
and source classification. For example the science cashddrarge Synoptic Survey Telescope
[1] at optical wavelengths identifies variable stars, nogagernovae of various kinds and orphan
afterglows as primary source classes along with gravitatitensing modulations. These transients
are mostly on times scales on one day or longer. In Venn-gilagpace, there will be only partial
overlap between radio and optical/IR (OIR) source cladsds.ct, any joint hits between radio and
OIR samples are likely to be extremely interesting. Indosef high-energy events will make the
cross wavelength results even richer. Finally, merger tevigrat likely produce short-hard GRBs
and certainly produce gravitational wave events detegtaith advanced LIGO, VIRGO or future
GW detectors, may also generate coherent radio burstsditf bairsts are associated with the in-
teractions of the magnetospheres, they may precede theshiglyy bursts and gravitational wave
events, even after taking into account dispersion delaysitin the IGM.
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