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Three scattering mechanisms that limit the observable properties low-frequency emission from

transient sources are discussed. Both Induced Compton and Induced Raman scattering potentially

hinder the escape of the bright radiation envisaged to be generated from the compact extragalactic

transients and that many hope to detect with future widefieldradio telescopes. In cases where the

radiationis observed, they constrain the nature of the mechanism responsible for the emission.

Scattering in the Intergalactic Medium is a potentially powerful tool for probing the structure of all

the ionized baryons in the IGM (in which most of the baryonic mass of the universe resides atz.

7), but is also likely to strongly hinder the observability of short-timescale events at frequencies

below∼ 300MHz. We apply this scattering physics to the transient recently reported by Lorimer

et al. and discuss with the duration of the event is likely dominated by scattering in the IGM and

not the local ISM. If this is the case, it implies that turbulence exists in the IGM down to scales less

than∼ 7×107m, and a simple argument suggests that the magnetic field in the IGM scattering

region is& 4(Te/103K)1/2nG.
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Limits on the Detection of Transients Imposed by Scattering Jean-Pierre Macquart

1. Introduction

Considerable attention has been devoted lately to the sortsof new radio transients one might
be able to detect with the next generation of widefield radio arrays, such as LOFAR, the MWA, the
LWA, ASKAP and, eventually, the SKA1. Such telescopes will open a swath of parameter space
in the sensitivity and short-timescale domain that has hitherto been inaccessible. However, the
expectation that searches of such large volumes of parameter space will automatically reveal new,
exotic objects should be tempered by the possibility that new physics comes into play in this regime
which precludes the escape of such emission. Nature may wellgenerate the types of emission we
aspire to detect, but it is another thing entirely for the radiation to be able to propagate to the
observer.

This concern is particularly relevant to the extraordinarily bright, short timescale low-frequency
radio emission proposed to emanate during the prompt phase of gamma-ray bursts (Usov & Katz
2000; Sagiv & Waxman 2002; Moortgat & Kuijpers 2005). The exceptionally high (≫ 1020K)
brightness temperatures associated with their emission renders the radiation particularly susceptible
to a number of nonlinear effects in which the plasma through which the emission must propagate
back-reacts onto the radiation itself and scatters it. The two nonlinear plasma effects most likely to
limit the properties of bright emission are induced Comptonand induced Raman scattering. The
substantial rôle played by these two mechanisms in limitingthe observability of prompt GRB radio
emission was discussed in Macquart (2007).

However, both induced Compton and induced Raman scatteringare effective under a much
wider range of circumstances than those merely relevant to GRBs. To illustrate that they are ap-
plicable to a wide variety of transient radio sources, I willdiscuss them here in the context of the
specific SHort Extragalactic Radio Pulse (hereafter SHERP)recently reported by Lorimer et al.
(2007). This 5 ms pulse was detected with a flux density of 30±10 Jy at 1.4 GHz with the Parkes
Multibeam receiver and a dispersion measure (DM) of 375 cm−3 pc. Its DM is at least a factor of
several larger than the expected contribution from the Milky Way and the Small Magellanic Cloud,
near which the object was detected. The poor localisation ofthe source precluded association of
the object with any specific background galaxy, but it was located sufficiently far from the SMC
that it was unlikely to be associated with it. Lorimer et al. argue that the DM implies that the source
is extragalactic and, based on a simple theoretical model ofthe Intergalactic Medium (Ioka 2003),
is located at∼ 500Mpc. However, this distance is at best an educated guess given our complete
ignorance of the distribution of ionized baryons in the Intergalactic Medium (IGM).

The 5 ms SHERP duration also bears implications for the effectiveness of temporal smearing
due to multipath propagation through the inhomogeneous IGM. Multipath propagation can severely
limit the detectability of transients at low (< 300MHz) frequencies by smearing out the energy of a
sharp pulse into an event that is so long that the pulse power falls below the threshold of detectabil-
ity. Lorimer et al. argue that the remarkably short durationof the SHERP is most likely not its
intrinsic duration but is instead due to temporal smearing caused by multipath propagation. The
apparent pulse width scales asν−4.8±0.4 across the∼ 300MHz observing bandwidth, consistent
with the expectation of temporal smearing.

1These acronyms correspond, respectively, to: LOw FRequency ARray, Murchison Widefield Array, Long-
Wavelength Array, Australian SKA Pathfinder, and the SquareKilometre Array.
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Our discussion of the limiting effects of these three scattering processes is organised as fol-
lows. In the following section we apply the physics of induced Compton scattering to deduce some
properties of the SHERP, and in section 3 we briefly discuss induced Raman scattering. In section
4 we investigate the implications of the observed 5 ms scattering duration in relation to prospects
of detecting similar transients at lower frequencies. The conclusions are summarised in section 5.

2. Induced Compton scattering

2.1 The origin of the effect

Induced Compton scattering is effective at scattering the radiation of extremely bright objects
even if the Thomson optical depth to the source is small. The effect is associated with the stimulated
scattering of photons to lower energy levels. A simple physical argument for the origin of the effect,
given by Wilson & Rees (1978), is as follows. Consider two photon energy statesa andb. The rate
of change in the population of levela due to scatterings froma to b is given by

dna−

dt
∝ −na(ω)−na(ω)nb(ω + ∆ω), (2.1)

where the first term is due to spontaneous scatterings, and the second component is due to induced
emission, and∆ω = h̄ω2(1−cosθ)/mec2 is the small frequency shift associated with the scattering
andθ is the angle between the directions associated witha andb. The change in the population of
a caused by scatterings fromb back toa is

dna+

dt
∝ na(ω)+na(ω)nb(ω −∆ω). (2.2)

Thus the total population of levela would not change were it not for the small frequency shift on
scattering, which prevents the induced terms from cancelling exactly. Taylor-expanding in∆ω , the
depopulation rate of levela is

dna

dt
∝ nb−na +2∆ωna

∂nb

∂ω
, (2.3)

from which it may be shown that induced scatterings dominateover spontaneous scatterings if
the brightness temperature of the radiation satisfiesTB > mec2/kΩ2, whereΩ is the solid angle
subtended by the radiation beam. Induced Compton scattering strongly scatters any radiation whose
brightness exceeds2 TB ≈ mec2/(kτT Ω2). Now, in the special case of a relativistic source, the
angular size of the source is alwaysΓ−1 and, after correcting all quantities for relativistic beaming,
the induced Compton scattering imposes the following constraint to a source whose emission is
isotropic in the rest frame but is relativistically beamed (Begleman, Ergun & Rees 2006)

1 >
τT kTB

mec2 Γ2 , (2.4)

1 > 3.44×1020Γ−2
(

DM
100pccm−3

)(

TB

1034K

)

, (2.5)

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

2Note that the exponent involving∆Ω in eq.(1) of Macquart 2007 should be−2 rather than 2.
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2.2 Specific remarks regarding the SHERP

Under certain circumstances induced Compton scattering poses a strong limitation on ex-
tremely bright emission even if the Thomson optical depth issmall. If the emission from the
SHERP were generated isotropically in its rest frame, eq. (2.5) would require the radiation to be
extremely highly beamed, with a Lorentz factor,Γ > 4× 1010. This, in turn, would require the
apparent beamsize,∼ Γ−1, to be so small as to imply an enormous event rate. For every one object
that one observes, there are up to another 4πΓ objects that would potentially remain undetected.
This number is reduced, however, if the emission we see comesfrom only part of a large concen-
trically expanding front that subtends a large solid angle.

There are several extra caveats that apply in particular to the SHERP. The first is that, if its
emission is intrinsically collimated and emanates from a small region (as occurs for pulsar emis-
sion), then the angular sizeΩ of the source as viewed from the scattering region can be verymuch
smaller than that dictated by relativistic beaming alone. This is almost certainly the case here if
the emission mechanism generates radiation that is alreadypartially collimated. Such an argument
obviously applies to any sort of coherent maser process, such as curvature maser emission (Luo &
Melrose 1995), to name but one example. Indeed, we remark that in the extreme limit, a perfectly
collimated beam is not subject to induced Compton scattering.

Pulsars, whose brightness temperatures easily exceed 1030K, are readily observed and thus
appear to evade induced Compton scattering. It is instructive to consider the two main reasons for
this. The first is that the emission region is small (and partially collimated), soΩ is extremely small,
thus partially alleviating the limitation on the brightness temperature. However, this by itself is not
enough for induced Compton scattering to imply a trivial limitation on the scattering medium sur-
rounding the pulsar. Wilson & Rees (1978) showed that the absence of induced Compton scattering
associated with high brightness temperature emission observed from the Crab pulsar implies that its
wind’s Lorentz factor must exceed 104. This high Lorentz factor requirement arises in order reduce
the cross section to scattering near the source of the emission (whereΩ is large). Indeed, Wilson &
Rees (1978) showed that the absence of induced Compton scattering associated with high bright-
ness temperature emission observed from the Crab pulsar implies that its wind’s Lorentz factor
must exceed 104. Similar limits likely apply to any material immediately surrounding the SHERP.

3. Induced Raman scattering

Induced Raman scattering is an effect wherein a beam of sufficiently high energy density
propagating through a dense plasma drives in an instabilitywhich generates Langmuir waves in
the plasma. The resulting Langmuir turbulence then back-reacts onto the beam and scatters it (e.g.
Levinson & Blandford 1995). This effect is most likely to be important in the region immediate to
the source, where high plasma densities may occur and where the energy density of the incident
emission is extremely large.

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

ν < 90
( ne

106 cm−3

)1/2
(

T
106 K

)−1/2

MHz. (3.1)

Since the radiation observed from the SHERP was observed at 1.4 GHz, it is not surprising
that induced Raman scattering does not occur. It thus does not place 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 Intergalactic Medium

Inhomogeneities in a plasma are capable of temporally smearing an impulsive burst of radio
emission. The effect arises due to the refractive index variations inherent to the inhomogeneities.
These cause changes in the propagation direction of the incident radiation, steering emission that
was otherwise pointed away from the observer back into the line of sight. However, radiation that
has been scattered back into the line of sight arrives significantly delayed with respect to radiation
that propagates along the most direct path because it must travel a larger distance to the observer.
In practice, in the regime of strong scintillation relevantto most observations, the observer receives
radiation over a nearly-continuous range of angles (and hence delays), so that the observed signal
is a convolution of the intrinsic burst pulse with a smooth smearing kernel.

The 5 ms SHERP width, associated by Lorimer et al. with temporal smearing due to multipath
propagation, probably represents the first detection of sub-pc scale turbulence in the ionized IGM.
This is because the scattering time is almost certainly entirely the result of turbulence in the inter-
Galacticmedium, and not the interstellar medium of our Galaxy. Thereis an enormous lever-arm
effect which favours the contribution of the ionized IGM over local turbulence. To see this, let us
consider some simple results from thin-screen scattering theory, suitably modified from standard
scattering theory to account for the fact that spacetime is appreciably curved over the distances
under consideration. An extended-medium treatment is desirable for treating these effects properly
in the IGM, but the thin-screen treatment suffices for present purposes to illustrate the relevant
physics.

The wavefield received by an observer due to a thin screen of material at a redshiftzL from the
observer is

u(X) =
e−iπ/2

2πr2
F

∫

d2x exp

[

i

2r2
F

(

x−
DLS

DS
X

)2

+ iψ(x)

]

, (4.1)

whereψ represents the phase fluctuations as a function of position,x, on the screen, and the Fresnel
scale is

r2
F =

DLDLSλ
2πDS(1+zL)

, (4.2)

whereDL, DS and DLS represent the angular diameter distances between the observer and the
screen, the observer and the source, and the screen and the source respectively. These equations
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are identical to those that form the basis of gravitational lensing theory, where the correct treatment
of curved geometry of spacetime is essential; the only difference is that here the phase delays are
driven by small-scale density inhomogeneities in the plasma, rather than distortions in spacetime
imposed by the gravitational fields of massive objects.

It is usually (reasonably) assumed that the phase fluctuations are stationary in the wide sense
and obey gaussian statistics. Under these assumptions a complete statistical description of the
phase fluctuations is furnished by the phase power spectrum or, equivalently, the phase structure
function:

Dψ(r) = 〈[ψ(r + r ′)−ψ(r ′)]2〉. (4.3)

Observations in a variety of the astrophysical (and terrestrial) plasmas show that the power spec-
trum of the turbulence follows a power law whose index,β , closely matches that expected for
Kolmogorov turbulence,β = −11/3, and we adopt this value here. It is possible to cast the phase
structure function in the simple form

Dψ(r) =

(

r
rdiff

)−β−2

, r > r in, (4.4)

Dψ(r) ∝ r2, r < r in. (4.5)

The quantityr in is the inner scale of the turbulence. The quantityrdiff , known as the diffractive
length scale, is interpreted as the scale over which the rms phase change on the thin screen is one
radian. We have not explicitly specified any dependence on the amplitude of the phase structure
function with redshift. However, it is important to remember that there are two strong potential
influences onrdiff as a function of the redshift of the scattering material. Since the mean density of
the universe scales as(1+z)3, one might expect to encounter denser (and thus more strongly scat-
tering) plasmas at higher redshift. Partially counteracting this is the fact that the phase fluctuations
in a plasma are proportional toλ , contributing a factor(1+ zL)

−2 to the phase structure function.
This is, of course, due to the fact that radiation we observe at a wavelengthλ actually suffered the
phase delay at the shorter wavelengthλ/(1+zL) when it encountered the scattering screen.

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

θscat≈
DLS

kDSrdiff
, (4.6)

and that an impulse will be smeared to a timescale of width

τscat≈
1
ck

(

rF

rdiff

)2

=
DLDLS

cDSk2r2
diff (1+zL)

, (4.7)

wherek = 2π/λ is the wavenumber of the observed radiation.
Equations (4.6) & (4.7) raise an important point related to the different weighting of the scat-

tering material along the ray path associated with the two effects. The angular size of a scattered
object is dominated by material close to the observer, sinceit is in this region that the ratioDLS/DS
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is close to unity; it is very difficult for material close to the source itself to contribute because
DLS≪ DS.

On the other hand, material for which the effective distanceDeff = DLDLS/DS reaches a max-
imum contributes most to the temporal smearing (given equivalent values ofrdiff ). Roughly speak-
ing, this occurs where the angular diameter distance to the scattering material is about half the
angular diameter distance to the source. The value ofDeff ∼ 1kpc corresponding to scattering in
the Milky Way is extremely small compared to the∼ 250Mpc value expected for intergalactic scat-
tering. If local turbulence is to dominate over intergalactic turbulence, the value ofrdiff associated
with the local plasma must be at∼ 500 times smaller than that associated with the IGM.

One can show that this lever arm effect is sufficiently large that one expects the IGM to domi-
nate temporal smearing to the SHERP. Previous simple calculations have suggested the amplitude
of the scattering measure (SM) of the ISM relative to the IGM to be∼ 10−4 (Goodman 1997).
This estimate is based on the relative mean densities of the ISM and the IGM and the path lengths
involved, but it does not take into account the possibility that the IGM is highly clumped (which
is likely given that most of the baryons should be distributed along the void walls and absent from
voids, and are further likely clustered within galaxy groups). Now since SM∝ r−5/3

diff one sees that
rdiffISM is expected to exceedrdiffIGM by a ratio of less than≈ 250. This is insufficient to overcome
the lever arm favouring the IGM contribution over the ISM, and additional clumping in the IGM
likely enhances its contribution much further. A further enhancement is provided by the(1+ z)3

increase in mean IGM electron density with redshift, discussed above.

Having excluded the possibility that our Galaxy’s ISM dominates the contribution of IGM, it
remains to consider the contribution of the SHERP’s host galaxy. Scattering in the host galaxy must
overcome the same lever-arm effect that applies to our Galaxy’s ISM. To consider the contribution
of the host ISM, let us suppose that much of the observed DM is,in fact, due to the host galaxy and
not the IGM. The estimated contribution from our Galaxy is 25pc cm−3, leaving the host galaxy to
account for the bulk of the remaining 350 pc cm−3. The case in which the IGM makes a negligible
contribution, however, is extreme and would confine the SHERP to much lower distances than
originally supposed; Ioka (2003) estimate DMIGM > DMhost for any object atz> 0.03. Following
Lorimer et al. (2007), we therefore take DMhost= 200pc cm−3 as the maximum likely host galaxy
contribution.

In our own Galaxy one finds (i)τ ∝ DM2 for DM < 20pc cm−3 and (ii) τ ∝ DM4 for higher
dispersion measures (see, e.g., Boldyrev & Gwinn 2003). We can use these two scalings to bracket
the amount of temporal smearing expected from the host galaxy. Based upon the expected smearing
timescale for our Galaxy3, the ratio of DMs between our Galaxy and the host implies a smearing
time contribution between 3 and 200µs for the host galaxy. This fails to account for the observed
smearing time by between one and three orders of magnitude, and suggests that the observed tem-
poral smearing is unlikely to be dominated by the host galaxy. However, we caution that the
possibility that the host harbours an exceptionally turbulent (but low DM) turbulent region cannot
be dismissed. Ultimately, higher S/N observations of otherSHERPs will be able to definitively dis-
tinguish between IGM and host ISM scattering based on the exact shape of the temporally smeared

3The NE2001 Galactic scattering model (Cordes & Lazio 2002; http://rsd-www.nrl.navy.mil/7213/lazio/ne_model/)
estimates the smearing time through the line to the SHERP through our own Galaxy to be 0.05±0.01µs.
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pulse; the scattered pulse shape can be used to infer basic properties of the distribution of scattering
material along the line of sight (see Lee & Jokipii 1975 as applied to the ISM and Macquart in prep.
in the context of the IGM). For the time being we do, however, note that the level of IGM turbu-
lence implied here is consistent with a value suggested by extrapolation of the angular broadening
of radio quasars atz> 2 in the IGM tenatively found in the MASIV survey down to thez∼ 0.2
SHERP redshift (Lovell et al. 2007; Lovell et al in prep).

Although the amplitude of the IGM scattering implied here may be larger than might be naïvely
expected, it is not excluded by upper limits set by the apparent angular sizes of GRBs atz∼ 1. The
5ms temporal smearing time, in conjunction with eq. (4.7) and Deff ∼ 250Mpc, impliesrdiff ∼

7×107 m. The thin screen theory discussed here provides only a rough approximation ofrdiff and
of the implied angular broadening size,θscat∼ 1/krdiff . Detailed calculations extended-medium
(Macquart, in pr ep.) show that this value implies angular broadening sizes of 20–30µas at 1.4 GHz
(equivalent to 0.5–0.8µas at 8.46 GHz) which is not inconsistent with apparentz∼ 1 GRB angular
sizes of≈ 0.4µas inferred from diffractive interstellar scintillation at 8.46 GHz (Frail et al. 2000).

The temporal smearing time can be used to roughly estimate the magnetic field strength in the
turbulent IGM. Now, if the magnetic field were negligibly small, one would not expect significant
fluctuations below the collisional mean free paths of the electrons and protons, which are many
orders of magnitude above the scale observed here. However,when a magnetic field is present the
plasma density fluctuations are tied to the magnetic field lines on a scale comparable to the proton
gyroradius (see Lithwick & Goldreich 2001)4. Above the inner scale of the turbulence,r in, one
expects temporal smearing to scale asλ 4.4, and asλ 4 when below it. The observed scaling of the
smearing time scale,λ 4.8±0.4, suggestsrdiff > r in. Thus the observation of turbulence on the scales
observed here implies a magnetic fieldB& 4(Te/103 K)1/2 nG, whereTe is the plasma temperature,
here reasonably in the range 103 K < Te < 105 K.

4.2 Implications for low-frequency extragalactic transient searches

The temporal smearing timescale is a very strong function offrequency. The amplitude of the
phase structure function scales∝ λ 2, so rdiff scales asλ−1 if it is less than the turbulence inner
scale and asλ−2/(−β−2) if not. The smearing time thus scales asλ 4 if rdiff is less thanr in. For
Kolmogorov turbulence the smearing time scales asλ 4.4 if rdiff exceeds the inner turbulence scale.

This sharp frequency scaling spells disaster for proposed searches for extragalactic transients
over the frequency range 30 MHz-120 MHz. Taking the most conservative scaling,τ ∝ λ 4, the 5 ms
SHERP smearing time observed at 1.4 GHz implies a smearing time of

τscat= 192
( ν

100MHz

)−4
s, (4.8)

for this object. Given that this object is only∼ 500Mpc distant, one can expect far greater smearing
times for events detected over cosmological distances,z& 1. Such a large scattering time renders
the emission much harder to detect. Radiation spread over a timescaleτ/τintrinsic ≡ R larger than
the intrinsic timescale results in emission a factor ofR lower in flux density. Since the S/N of the

4In fact, the actual inner scale of the turbulence is likely set by the larger of the proton gyroradius, and the ion
inertial length, but the observation of a significant amountof turbulence on a given scale requires both lengths not to
exceed the measured scale.
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integrated emission only improves∝ τ1/2, the resulting S/N of the detection is reduced by a factor
R1/2. Moreover, detection is further impeded by the fact that this S/N can only be recoveredafter
the correct DM associated with the signal has been determined. The DM search must be able to
detect the object from a signal a factor ofRweaker than the original pulse.

Despite the ruinous effects of multipath smearing, not all is lost. Many of the transients one
hopes to detect are generated by coherent emission mechanisms, which generally possess steep
spectra, and which can compensate for the loss of S/N due to IGM scattering. For example, the
SHERP is found to possess a spectral indexSν ∝ ν−4 over the detection bandwidth. The prospects
of detecting such objects at low frequency are not so unfavourable if their spectra do not turn over
above the search frequency.

5. Conclusions

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

The observed event duration is almost certainly dominated by temporal smearing due to turbu-
lence in the Intergalactic Medium. While its 5 ms smearing time is small at the detection frequency
of 1.4 GHz, the expected smearing time at 100 MHz exceeds 3 minutes. Detections of temporal
smearing at frequencies∼ 1GHz are an extremely powerful probe of IGM turbulence on sub-pc
scales. However, it constitutes an important limitation onthe detectability of objects at frequencies
below∼ 300MHz.
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