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1. Introduction

Considerable attention has been devoted lately to the gbrisw radio transients one might
be able to detect with the next generation of widefield radiays, such as LOFAR, the MWA, the
LWA, ASKAP and, eventually, the SKA Such telescopes will open a swath of parameter space
in the sensitivity and short-timescale domain that hasehithbeen inaccessible. However, the
expectation that searches of such large volumes of paraspee will automatically reveal new,
exotic objects should be tempered by the possibility thatpleysics comes into play in this regime
which precludes the escape of such emission. Nature maygemdrate the types of emission we
aspire to detect, but it is another thing entirely for theiaidn to be able to propagate to the
observer.

This concern is particularly relevant to the extraordilydsright, short timescale low-frequency
radio emission proposed to emanate during the prompt pHagmmoma-ray bursts (Usov & Katz
2000; Sagiv & Waxman 2002; Moortgat & Kuijpers 2005). Theeaptionally high > 10°°K)
brightness temperatures associated with their emissiwters the radiation particularly susceptible
to a number of nonlinear effects in which the plasma throupitiwvthe emission must propagate
back-reacts onto the radiation itself and scatters it. Waertonlinear plasma effects most likely to
limit the properties of bright emission are induced Compod induced Raman scattering. The
substantial réle played by these two mechanisms in limitiegobservability of prompt GRB radio
emission was discussed in Macquart (2007).

However, both induced Compton and induced Raman scattarmgffective under a much
wider range of circumstances than those merely relevantRB<s To illustrate that they are ap-
plicable to a wide variety of transient radio sources, | @diicuss them here in the context of the
specific SHort Extragalactic Radio Pulse (hereafter SHEREgNtly reported by Lorimer et al.
(2007). This 5ms pulse was detected with a flux density atBDJy at 1.4 GHz with the Parkes
Multibeam receiver and a dispersion measure (DM) of 375%pt. Its DM is at least a factor of
several larger than the expected contribution from the yilkay and the Small Magellanic Cloud,
near which the object was detected. The poor localisaticdhefource precluded association of
the object with any specific background galaxy, but it wasited sufficiently far from the SMC
that it was unlikely to be associated with it. Lorimer et afjwe that the DM implies that the source
is extragalactic and, based on a simple theoretical modékedintergalactic Medium (loka 2003),
is located at~ 500 Mpc. However, this distance is at best an educated gusess gur complete
ignorance of the distribution of ionized baryons in the igédactic Medium (IGM).

The 5ms SHERP duration also bears implications for the &ffgwess of temporal smearing
due to multipath propagation through the inhomogeneous. Ktipath propagation can severely
limit the detectability of transients at low(300 MHz) frequencies by smearing out the energy of a
sharp pulse into an event that is so long that the pulse p@istielow the threshold of detectabil-
ity. Lorimer et al. argue that the remarkably short duratbbrihe SHERP is most likely not its
intrinsic duration but is instead due to temporal smeariamgsed by multipath propagation. The
apparent pulse width scales as*8+%4 across the~ 300 MHz observing bandwidth, consistent
with the expectation of temporal smearing.

IThese acronyms correspond, respectively, to: LOw FRegquédRray, Murchison Widefield Array, Long-
Wavelength Array, Australian SKA Pathfinder, and the Sqldl@metre Array.
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Our discussion of the limiting effects of these three scaigeprocesses is organised as fol-
lows. In the following section we apply the physics of inddi€&ompton scattering to deduce some
properties of the SHERP, and in section 3 we briefly discusgsded Raman scattering. In section
4 we investigate the implications of the observed 5 ms swadgteluration in relation to prospects
of detecting similar transients at lower frequencies. Tdwctusions are summarised in section 5.

2. Induced Compton scattering

2.1 The origin of the effect

Induced Compton scattering is effective at scattering dloation of extremely bright objects
even if the Thomson optical depth to the source is small. Tieetas associated with the stimulated
scattering of photons to lower energy levels. A simple ptalsirgument for the origin of the effect,
given by Wilson & Rees (1978), is as follows. Consider twotphcenergy statesandb. The rate
of change in the population of levaldue to scatterings frormto b is given by

T8 ) () — na( @)@+ A0), (2.1)

where the first term is due to spontaneous scatterings, amnskttond component is due to induced
emission, andw = hw?(1— cosB) /mec? is the small frequency shift associated with the scattering
and@ is the angle between the directions associated avithdb. The change in the population of
a caused by scatterings frobrback toa is

d

% 00 Na(@) 4 Na(w)Np(w — Aw). (2.2)
Thus the total population of levelwould not change were it not for the small frequency shift on
scattering, which prevents the induced terms from camgeéixactly. Taylor-expanding ifiw, the
depopulation rate of levelis

dd—rla Onp—ng+ Mwna%, (2.3)
from which it may be shown that induced scatterings domim&er spontaneous scatterings if
the brightness temperature of the radiation satisfies mec?/kQ?, whereQ is the solid angle
subtended by the radiation beam. Induced Compton scajtatriongly scatters any radiation whose
brightness exceelislz ~ mec?/(ktr Q%). Now, in the special case of a relativistic source, the
angular size of the source is alwdys! and, after correcting all quantities for relativistic beag)
the induced Compton scattering imposes the following camgtto a source whose emission is

isotropic in the rest frame but is relativistically beam8eégleman, Ergun & Rees 2006)

T kTs
M 9
DM T
1> 3.44x 10701 2 5 2.5
- A <1OOpcch3> <1O34K : (2:5)

where we express the electron column (i.e. Thomson optagath)l in the conventional pulsar as-
tronomers’ units of dispersion measure and have normatitsttte nominal brightness temperature
deduced for the SHERP.

2Note that the exponent involvinQ in eq.(1) of Macquart 2007 should be? rather than 2.
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2.2 Specific remarks regarding the SHERP

Under certain circumstances induced Compton scatterimgga strong limitation on ex-
tremely bright emission even if the Thomson optical deptsrgll. If the emission from the
SHERP were generated isotropically in its rest frame, e§) (@ould require the radiation to be
extremely highly beamed, with a Lorentz factér;> 4 x 10, This, in turn, would require the
apparent beamsize; ' 1, to be so small as to imply an enormous event rate. For everypbject
that one observes, there are up to anothdr dbjects that would potentially remain undetected.
This number is reduced, however, if the emission we see cfmm@sonly part of a large concen-
trically expanding front that subtends a large solid angle.

There are several extra caveats that apply in particulanadSHERP. The first is that, if its
emission is intrinsically collimated and emanates from alknmegion (as occurs for pulsar emis-
sion), then the angular siZe of the source as viewed from the scattering region can bemeh
smaller than that dictated by relativistic beaming alonkisTs almost certainly the case here if
the emission mechanism generates radiation that is algediglly collimated. Such an argument
obviously applies to any sort of coherent maser process$, asicurvature maser emission (Luo &
Melrose 1995), to name but one example. Indeed, we remarkntlize extreme limit, a perfectly
collimated beam is not subject to induced Compton scagerin

Pulsars, whose brightness temperatures easily exce® 18re readily observed and thus
appear to evade induced Compton scattering. It is insteitti consider the two main reasons for
this. The firstis that the emission region is small (and pHytcollimated), sd is extremely small,
thus partially alleviating the limitation on the brightisgemperature. However, this by itself is not
enough for induced Compton scattering to imply a trivialitation on the scattering medium sur-
rounding the pulsar. Wilson & Rees (1978) showed that theradesof induced Compton scattering
associated with high brightness temperature emissiomadx&om the Crab pulsar implies that its
wind’s Lorentz factor must exceed4.0This high Lorentz factor requirement arises in order reduc
the cross section to scattering near the source of the emigshereQ is large). Indeed, Wilson &
Rees (1978) showed that the absence of induced Comptorrsmgithssociated with high bright-
ness temperature emission observed from the Crab pulsdiegripat its wind's Lorentz factor
must exceed 0 Similar limits likely apply to any material immediatelyrsaunding the SHERP.

3. Induced Raman scattering

Induced Raman scattering is an effect wherein a beam of isuffig high energy density
propagating through a dense plasma drives in an instaliliich generates Langmuir waves in
the plasma. The resulting Langmuir turbulence then baaktseonto the beam and scatters it (e.qg.
Levinson & Blandford 1995). This effect is most likely to eportant in the region immediate to
the source, where high plasma densities may occur and wherenergy density of the incident
emission is extremely large.

A necessary condition for effective induced Raman scatjas that the plasma can support the
Langmuir turbulence. This requires that Landau damping,absorption process corresponding
to Cherenkov emission, is ineffective. This effectivelgnilis induced Raman scattering to low
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frequencies unless the plasma is dense and cool:

v<90< Me )/< T> MHz. (3.1)

1Pcm—3 10PK

Since the radiation observed from the SHERP was observed! &Hz, it is not surprising
that induced Raman scattering does not occur. It thus ddgdaue a stringent limit on the plasma
conditions near the emission generation region.

4. The Intergalactic Medium

4.1 Scattering due to turbulence associated with the Inte@actic Medium

Inhomogeneities in a plasma are capable of temporally sngean impulsive burst of radio
emission. The effect arises due to the refractive indexatiaris inherent to the inhomogeneities.
These cause changes in the propagation direction of theeincradiation, steering emission that
was otherwise pointed away from the observer back into tleedf sight. However, radiation that
has been scattered back into the line of sight arrives sigmifiy delayed with respect to radiation
that propagates along the most direct path because it nawsi & larger distance to the observer.
In practice, in the regime of strong scintillation relevemtnost observations, the observer receives
radiation over a nearly-continuous range of angles (andéderlays), so that the observed signal
is a convolution of the intrinsic burst pulse with a smootheaning kernel.

The 5 ms SHERP width, associated by Lorimer et al. with temlgmearing due to multipath
propagation, probably represents the first detection ofpgukcale turbulence in the ionized IGM.
This is because the scattering time is almost certainlyantihe result of turbulence in the inter-
Galacticmedium, and not the interstellar medium of our Galaxy. Tl&Bn enormous lever-arm
effect which favours the contribution of the ionized IGM olecal turbulence. To see this, let us
consider some simple results from thin-screen scattehagry, suitably modified from standard
scattering theory to account for the fact that spacetimejsegiably curved over the distances
under consideration. An extended-medium treatment isal@eifor treating these effects properly
in the IGM, but the thin-screen treatment suffices for pregpemposes to illustrate the relevant
physics.

The wavefield received by an observer due to a thin screen tefrialaat a redshif,. from the
observer is

—im/2 ; D 2 .
u(xX) = eanE /dzx exp [#’2: <X—D—LSSX> —I—Il,U(X)] , (4.1)

wherey represents the phase fluctuations as a function of poskjam the screen, and the Fresnel
scale is

DiDisA

2
2 = ,
F T 2mDs(1+27)

(4.2)

where D, Ds and D.s represent the angular diameter distances between thevebsard the
screen, the observer and the source, and the screen anduthe sespectively. These equations
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are identical to those that form the basis of gravitatioaasing theory, where the correct treatment
of curved geometry of spacetime is essential; the only wiffee is that here the phase delays are
driven by small-scale density inhomogeneities in the plsrather than distortions in spacetime

imposed by the gravitational fields of massive objects.

It is usually (reasonably) assumed that the phase fluchsatice stationary in the wide sense
and obey gaussian statistics. Under these assumptions platenstatistical description of the
phase fluctuations is furnished by the phase power spectruagoivalently, the phase structure
function:

Dy (r) = ([W(r +r') —w(r')?). (4.3)

Observations in a variety of the astrophysical (and teaiedsplasmas show that the power spec-
trum of the turbulence follows a power law whose ind€x,closely matches that expected for
Kolmogorov turbulencef3 = —11/3, and we adopt this value here. It is possible to cast thegphas
structure function in the simple form

r\ P2
Dw(r)=<—> ;> i, (4.4)

I diff
Dy(r) 012, r<rp. (4.5)

The quantityr, is the inner scale of the turbulence. The quantifyf, known as the diffractive
length scale, is interpreted as the scale over which the hasegpchange on the thin screen is one
radian. We have not explicitly specified any dependence erathplitude of the phase structure
function with redshift. However, it is important to rememlileat there are two strong potential
influences ongix as a function of the redshift of the scattering materialc8ithe mean density of
the universe scales 4%+ z)2, one might expect to encounter denser (and thus more syrenat-
tering) plasmas at higher redshift. Partially counteragthis is the fact that the phase fluctuations
in a plasma are proportional fo, contributing a factof1+z )~ to the phase structure function.
This is, of course, due to the fact that radiation we obsereeveavelengthA actually suffered the
phase delay at the shorter wavelength{1+ z_) when it encountered the scattering screen.

Using equations (4.1) and (4.2) in conjunction with our prigdion for the statistical proper-
ties of the phase fluctuations, it is possible to show thatiat{iie object will possess an angular
size due to scattering of (cf. Macquart 2004)

D
Oscar™ szLrZ e (4.6)
and that an impulse will be smeared to a timescale of width
1/ \? D.D.s
o o (rar ) oot “n

wherek = 211/A is the wavenumber of the observed radiation.

Equations (4.6) & (4.7) raise an important point relatechidifferent weighting of the scat-
tering material along the ray path associated with the tdeces. The angular size of a scattered
object is dominated by material close to the observer, strisén this region that the rati®; s/Ds
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is close to unity; it is very difficult for material close todlsource itself to contribute because
D s« Ds.

On the other hand, material for which the effective distabgg= D, D, s/Ds reaches a max-
imum contributes most to the temporal smearing (given edgit values of gz ). Roughly speak-
ing, this occurs where the angular diameter distance todht#esing material is about half the
angular diameter distance to the source. The valuBegf~ 1kpc corresponding to scattering in
the Milky Way is extremely small compared to thke250 Mpc value expected for intergalactic scat-
tering. If local turbulence is to dominate over intergalatarbulence, the value of;iz associated
with the local plasma must be at500 times smaller than that associated with the IGM.

One can show that this lever arm effect is sufficiently latge bne expects the IGM to domi-
nate temporal smearing to the SHERP. Previous simple edicos have suggested the amplitude
of the scattering measure (SM) of the ISM relative to the IGiVbe ~ 10~* (Goodman 1997).
This estimate is based on the relative mean densities oBtkeaind the IGM and the path lengths
involved, but it does not take into account the possibilitgttthe IGM is highly clumped (which
is likely given that most of the baryons should be distriduséong the void walls and absent from
voids, and are further likely clustered within galaxy greppNow since SMJ r(;f‘?/3 one sees that
raifism IS expected to exceadimem by a ratio of less thars 250. This is insufficient to overcome
the lever arm favouring the IGM contribution over the ISMdadditional clumping in the IGM
likely enhances its contribution much further. A furthehancement is provided by thé + z)3

increase in mean IGM electron density with redshift, disedsabove.

Having excluded the possibility that our Galaxy’s ISM doates the contribution of IGM, it
remains to consider the contribution of the SHERP’s hogbgalScattering in the host galaxy must
overcome the same lever-arm effect that applies to our @al#&M. To consider the contribution
of the host ISM, let us suppose that much of the observed DM fact, due to the host galaxy and
not the IGM. The estimated contribution from our Galaxy i92%n1 2, leaving the host galaxy to
account for the bulk of the remaining 350 pccinThe case in which the IGM makes a negligible
contribution, however, is extreme and would confine the SHE&®R much lower distances than
originally supposed; loka (2003) estimate [3M > DMpqstfor any object az > 0.03. Following
Lorimer et al. (2007), we therefore take = 200 pc cnT2 as the maximum likely host galaxy
contribution.

In our own Galaxy one finds (ij 0 DM? for DM < 20pc cn® and (i) T 0 DM* for higher
dispersion measures (see, e.g., Boldyrev & Gwinn 2003). &dause these two scalings to bracket
the amount of temporal smearing expected from the host gaBased upon the expected smearing
timescale for our GalaXy the ratio of DMs between our Galaxy and the host implies sasimg
time contribution between 3 and 206 for the host galaxy. This fails to account for the observed
smearing time by between one and three orders of magnitadesuygests that the observed tem-
poral smearing is unlikely to be dominated by the host galakpwever, we caution that the
possibility that the host harbours an exceptionally tuehti{but low DM) turbulent region cannot
be dismissed. Ultimately, higher S/N observations of o8tdERPs will be able to definitively dis-
tinguish between IGM and host ISM scattering based on thet skape of the temporally smeared

3The NE2001 Galactic scattering model (Cordes & Lazio 208: #irsd-www.nrl.navy.mil/7213/lazio/ne_model/)
estimates the smearing time through the line to the SHERRgir our own Galaxy to be @5+ 0.01us.
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pulse; the scattered pulse shape can be used to infer bapeEres of the distribution of scattering
material along the line of sight (see Lee & Jokipii 1975 adieggdo the ISM and Macquart in prep.
in the context of the IGM). For the time being we do, howeveterthat the level of IGM turbu-
lence implied here is consistent with a value suggested tggxation of the angular broadening
of radio quasars at > 2 in the IGM tenatively found in the MASIV survey down to tlke- 0.2
SHERP redshift (Lovell et al. 2007; Lovell et al in prep).

Although the amplitude of the IGM scattering implied hergyrba larger than might be naively
expected, it is not excluded by upper limits set by the apgaegular sizes of GRBs at- 1. The
5ms temporal smearing time, in conjunction with eq. (4.7 BRi ~ 250Mpc, impliesrgig ~
7 x 10’ m. The thin screen theory discussed here provides only érapgroximation of g and
of the implied angular broadening siz@a~ 1/krgi. Detailed calculations extended-medium
(Macquart, in pr ep.) show that this value implies angulaalening sizes of 20—-3(as at 1.4 GHz
(equivalent to 0.5—-0.gas at 8.46 GHz) which is not inconsistent with appamentl GRB angular
sizes of= 0.4 pas inferred from diffractive interstellar scintillatioh &46 GHz (Frail et al. 2000).

The temporal smearing time can be used to roughly estimatméynetic field strength in the
turbulent IGM. Now, if the magnetic field were negligibly sinane would not expect significant
fluctuations below the collisional mean free paths of thetedas and protons, which are many
orders of magnitude above the scale observed here. Howedven a magnetic field is present the
plasma density fluctuations are tied to the magnetic fiekklion a scale comparable to the proton
gyroradius (see Lithwick & Goldreich 200%) Above the inner scale of the turbulenag,, one
expects temporal smearing to scaleAd$, and asA* when below it. The observed scaling of the
smearing time scale,*8+04, suggestsqis > rin. Thus the observation of turbulence on the scales
observed here implies a magnetic fi@lg: 4(Te/10°K)Y2nG, whereT, is the plasma temperature,
here reasonably in the range310< T, < 10PK.

4.2 Implications for low-frequency extragalactic transient searches

The temporal smearing timescale is a very strong functidnegiuency. The amplitude of the
phase structure function scalEsA?, sorgis scales as\ ~! if it is less than the turbulence inner
scale and ad ~%(-#-2 if not. The smearing time thus scales X&if rqi is less tharri,. For
Kolmogorov turbulence the smearing time scaled 8if rqis exceeds the inner turbulence scale.

This sharp frequency scaling spells disaster for proposatthes for extragalactic transients
over the frequency range 30 MHz-120 MHz. Taking the mosteoradive scalingr 0 A4, the 5ms
SHERP smearing time observed at 1.4 GHz implies a smearmaydf

v —4
Tscat: 192 (m) S, (48)

for this object. Given that this object is ory500 Mpc distant, one can expect far greater smearing
times for events detected over cosmological distarees]. Such a large scattering time renders
the emission much harder to detect. Radiation spread overeadalet / Tinginsic = R larger than
the intrinsic timescale results in emission a factoRdéwer in flux density. Since the S/N of the

4In fact, the actual inner scale of the turbulence is likely®ethe larger of the proton gyroradius, and the ion
inertial length, but the observation of a significant amoafnturbulence on a given scale requires both lengths not to
exceed the measured scale.
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integrated emission only improvést?/2, the resulting S/N of the detection is reduced by a factor
RY/2. Moreover, detection is further impeded by the fact tha 8fiN can only be recoverexdter

the correct DM associated with the signal has been detednimbe DM search must be able to
detect the object from a signal a factorRfveaker than the original pulse.

Despite the ruinous effects of multipath smearing, notsalbst. Many of the transients one
hopes to detect are generated by coherent emission metisamsiich generally possess steep
spectra, and which can compensate for the loss of S/N dueNbdéattering. For example, the
SHERP is found to possess a spectral inBekl v—* over the detection bandwidth. The prospects
of detecting such objects at low frequency are not so unfade if their spectra do not turn over
above the search frequency.

5. Conclusions

We have considered the effect of induced Compton and indResdlan scattering and multi-
path smearing due to IGM turbulence on the transient objetetotied by Lorimer et al. (2007).

The observed event duration is almost certainly dominayg@inporal smearing due to turbu-
lence in the Intergalactic Medium. While its 5 ms smearinggtis small at the detection frequency
of 1.4 GHz, the expected smearing time at 100 MHz exceeds @tesn Detections of temporal
smearing at frequencies 1GHz are an extremely powerful probe of IGM turbulence ongtb
scales. However, it constitutes an important limitatiorttemdetectability of objects at frequencies
below~ 300 MHz.
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