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Basic	
  points:	
  
•  Galac.c	
  scin.lla.ons	
  +	
  host	
  galaxy	
  ISS/lensing	
  

•  IGM	
  contributes	
  only	
  to	
  DM,	
  not	
  sca>ering	
  	
  
•  Why	
  scin.lla.on/caus.cs	
  can	
  occur:	
  

•  Light-­‐travel	
  size	
  of	
  FRB	
  emission	
  regions	
  <<	
  cri.cal	
  size	
  

•  Why	
  scin.lla.ons	
  don’t	
  always	
  occur:	
  
•  Host	
  sca>ering	
  quenches	
  Galac.c	
  scin.lla.ons	
  
•  Bandwidth	
  or	
  source-­‐size	
  averaging	
  at	
  low	
  Galac.c	
  la.tudes	
  

•  DM/EM/SM	
  à	
  informa.on	
  about	
  source	
  environments	
  

Details:	
  
•  Astro-­‐op.cs	
  of	
  Sca>ering/Lensing/Scin.lla.on	
  
•  Selec.on	
  effects	
  

•  Strongly	
  frequency	
  dependent	
  
•  Detec.on	
  in	
  surveys	
  vs	
  reobserva.ons	
  

•  Interpre.ng	
  the	
  repeater	
  and	
  other	
  FRBs	
  
•  Next	
  steps:	
  inferring	
  condi.ons	
  near	
  FRB	
  sources	
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A	
  puzzle:	
  
A	
  large	
  number	
  of	
  
FRB	
  sources	
  but	
  
only	
  a	
  small	
  number	
  
detected	
  (23):	
  
	
  
•  Low	
  burst	
  rate	
  

sources?	
  	
  
	
  
•  High	
  rate	
  +	
  high	
  

modula.on?	
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Physical optics Pileup of ray paths 

limited by diffraction  
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Fig. 2.—Three observations of PSR B0834+06 taken within 2 weeks of each other. The asymmetry with respect to the conjugate time axis is present, in the same
sense, in all three observations. The broad power distribution at 430MHz in (a) is much sharper 1 day later at 1175MHz (panel [b]); however, a more diffuse component
has returned 14 days later (panel [c]). Note that the scales for the delay axis in (b) and (c) differ from that in (a). The inverted parabolic arclets noticeable in (b) and (c) are
a common form of substructure for this and several other pulsars. The gray scales are the same as in Fig. 1.

Fig. 3.—One of the pulsars in our sample, PSR B1133+16, shows multiple scintillation arcs on occasion. The broad, asymmetric power distribution in (a) has
numerous arclets at 321MHz. Panels (b) and (c) are at frequencies above 1 GHz. Panel (b) shows two clear arcs (along with a horizontal line at ft due to narrowband radio
frequency interference and the sidelobe response of power near the origin). Four months later (panel [c]), only the outer of these two arcs, widened by the a / !!2

scaling, is visible. The cause of the diagonal line from the origin is unknown. The gray scales are the same as in Fig. 1.
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In the above equations the physical parameters j, a, D,
and occur consistently in the combination a,N0

a 4
j2r

e
N0 D

na2 \AJjD
a
B2 1

n jr
e
N0 . (14)

We have written a in this second form to emphasize the
essential physics. The phase advance through the lens is

The Fresnel scale is (jD)1@2. Thus, the properties ofjr
e
N0/n.

the lens are determined by the square of the ratio of the
Fresnel scale to the lens size and the phase advance through
the lens. The larger the parameter a, the greater are the
observable e†ects due to the lens. Hence a weak lens,

can produce large observable e†ects if thejr
e
N0/n > 1,

Fresnel scale is sufficiently larger than the lens size. Simi-
larly, a strong lens, need not produce largejr

e
N0/n > 1,

observable e†ects if the Fresnel scale is small relative to the
lens size. Numerically,

a \ 3.6
A j

1 cm
B2A N0

1 cm~3 pc
BA D

1 kpc
BA a

1 AU
B~2

. (15)

Upon substitution of the above dimensionless variables,
the following expressions are derived for the refractive
properties of a Gaussian lens :
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4. CHARACTERISTIC LIGHT CURVE PRODUCED BY A

GAUSSIAN LENS

When transverse motion between source, lens, and obser-
ver is assumed, e.g., motion of the observer along the u@ axis,
I(u@, a) translates into a light curve I(u@, a ; t, v), since
u@(t) \ u@(t \ 0) ] vt, where t is time and v is the relative
transverse velocity. We will show that interpretation of
radio light curves in terms of plasma lenses that can be
approximated as Gaussian in pro⇠le can lead to inferences
regarding the physical properties of the lens.

4.1. General Description
We will present numerical results in the following sec-

tions. Here we will ⇠rst develop a physical understanding
for the basic characteristics of refraction by a Gaussian
plasma lens Plane waves from an in⇠nitely distant(Fig. 2).
source are incident on the lens screen. The plane waves are
indicated by straight dotted lines in the ⇠gure, and the lens
is represented by a plot showing the electron column
density as a function of coordinate u along the lens plane.
This representation is purely schematic, as the lens is
assumed to have a negligible but uniform width along the
line of sight. Upon emergence, the constant-phase surfaces
are distorted into contours that mimic the function asN

e
(u),

represented by the inverse GaussianÈshaped dotted lines.
The lines are inverse GaussianÈshaped because the phase
velocity is greatest through the center of the lens, where N

ereaches its maximum value of N0.

FIG. 2.ÈSchematic diagram of refraction by a Gaussian plasma lens.
See ° for a complete description of this ⇠gure.4.1

In the limit of geometrical optics, the rays of energy Ñux
travel perpendicular to the constant-phase surfaces. The
direction of travel of the rays is indicated schematically by
the small arrows in the ⇠gure. Extending this concept, we
have drawn the path of approximately 100 rays as they
travel perpendicular to the constant-phase surface after
emergence from the lens. The ray path is shown for a total
distance D along the lens axis. An observer located close to
the lens plane but far from the lens axis (e.g., the upper left
and upper right regions of the ray trace) sees an unchanged
source : There is no change in the observed Ñux density (no
change in the number density of the rays) or in the sourceÏs
position (the direction of arrival of the rays).

Somewhat farther from the lens and slightly o†-axis, in
the ““ Focusing Regions ÏÏ marked in the rays beginFigure 2,
to converge and their number density increases. An obser-
ver located in this area of the ray trace would see a source of
enhanced brightness somewhat displaced from its ““ true ÏÏ
position, as evident from the increased number density and
skewness of the rays, respectively. At the same distance from
the lens, but closer to the lens axis, the rays are spread apart
by the lens. An observer in this region would see a source of
decreased brightness due to the lower number density of
rays. The source would be o†set from its true position by an
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Figure 1. Original ESE observations of Fiedler et al (1987).

separated more widely than any existing receiver band-
width. Inter-band measurements of millisecond pulsars
can achieve accuracies of 1:105 in dispersion.
Filter-bank observations are also ideal for measuring

the diffractive scintillation because the “dynamic spec-
trum” of intensity scintillations is a two-dimensional ran-
dom process with characteristic “scales” in both fre-
quency, ν0, and time, τ0. These scales depend on the
strength of scattering, the distance to the pulsar, the
velocity of the pulsar and the location of the scattering
region. The distance and proper motion of the pulsar
can often be obtained from the timing model. This is an
astrometric model which is fitted to the time of arrival
(ToA) of the pulses. For nearby pulsars the distance can
be determined directly from the parallax, which causes
a biannual sine wave in the ToAs. Otherwise the dis-
tance can be inferred from the measured dispersion us-
ing a model of the Galactic electron density (Taylor and
Cordes, 1993, Cordes and Lazio, 2002). The location of
the screen and the strength of scattering can then be
estimated from the measured ν0 and τ0.
With measurements of the electron column density

(DM) from the dispersion, and the level of scattering
from ν0, and τ0, we can model the turbulence in the ob-
served ESEs and compare this model with the “average”
turbulence in the entire line of sight. In a general sense,
it is surprising that one can detect structures in column
density or scattering which are as small as an AU in a
line of sight that is 100s of pc long. The exceptional ac-
curacy of DM measurement provided by inter-band mea-
surements make this possible. Scattering measurements
cannot be made with accuracy greater than ∼ 20%, but
we will show that AU structures can cause exceptionally
strong scattering if they are fully turbulent, i.e. if the
fluctuations in electron density ne are comparable with
the mean ne on an AU spatial scale.

2. SCATTERING IN THE ISM

A radio wave propagating through an ESE in the ISM
will be scattered into an angular spectrum of plane waves
B(θ⃗) by fluctuations in ne transverse to the line of sight.
The ne fluctuations cause only phase changes in the ra-
dio wave, but as the scattered waves propagate to the
Earth they interfere, causing intensity scintillations to
build up with distance from the ESE. When the scin-
tillations are weak, i.e. the intensity fluctuations are
small and the bandwidth is broad, the intensity fluc-

tuations will have a single characteristic scale which is
of order of the Fresnel scale. As the scintillation gets
stronger the characteristic scale bifurcates into a diffrac-
tive scale, which decreases and a refractive scale which
increases. The geometric mean of the two scales remains
the same as the weak scattering scale. The diffractive
scintillation causes a pulse delay τdel which depends on
θ. This τdel will de-correlate the intensity fluctuations
at different wavelengths, giving a coherence bandwidth
ν0 = 1/2π⟨τdel⟩. The refractive scintillations remain rel-
atively broadly correlated over wavelength. Scintillations
are normally observed as a time series, as the ISM drifts
across the line of sight with a transverse velocity V⃗eff . For
the observations discussed here, and for typical pulsars
at frequencies around 1 GHz, the diffractive scale is of
order 10 min and the refractive scale is of order 1 day. In
our observations, of the order of an hour, one sees diffrac-
tive scintillations only, but the mean flux from one day
to the next will vary due to the refractive scintillations.
For a discussion of scattering see Coles et al. (2010) and
for application to the ISM see Rickett (1990).

2.1. Diffractive Intensity Scintillation

Here we will refer to the scattering plasma as a gener-
alized “screen”, which may be an ESE or simply a slab of
ISM. When the pulsar is at a distance L and the screen
is at distance ζL from the pulsar we can write Veff as

V⃗eff = V⃗Eζ + V⃗P (1− ζ)− V⃗ISM . (1)

Here all velocities are projected onto the celestial sphere.
τdel can be written as a function of θ⃗ given the screen
location. A wave scattered at angle θ will leave the pulsar
at angle θP = (1 − ζ)θ and will arrive at the Earth at
angle θE = ζθ.

τdel = ζ(1− ζ)θ2L/2c (2)

If the phase fluctuations in the screen have stationary
gaussian differences the autocovariance of the field at the
screen ρe(r⃗) = ⟨e(r⃗′)e∗(r⃗′+ r⃗)⟩ is related to the structure
function of the screen phase Dφ(r) = ⟨(φ(r′) − φ(r +
r′))2⟩ by ρe(r⃗) = exp(−0.5Dφ(r⃗)). If the turbulence is
Kolmogorov

Dφ(r) = (r/s0)
5/3 for r < sout and (3)

= (sout/s0)
5/3 for r > sout.

The brightness distribution B(θ⃗) is the Fourier trans-
form of ρe(r⃗),

B(θ⃗) =

∫∫

ρe(r⃗) exp(−j2πr⃗ · θ⃗/λ) d2r (4)

Both ρe(r⃗) and B(θ⃗) are almost gaussian, so if we define
the 1/

√
e width of ρe as s0 then the 1/

√
e width of B(θ)

is θ0 = λ/2πs0, and Dφ(s0) = 1.
The bandwidth of the intensity fluctuations is then

ν0 = 1/2πτdel(θ0). All the scintillation parameters, in-
cluding ν0 and τdel, are slowly varying functions of fre-
quency. We can define them as approximately constant
over a narrow band centered on νM .
If ν0 < νM the scattering is strong and

ν0
νM

=
2

ζ(1 − ζ)

(

s0
rf

)2

, (5)
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Coherent waves from 
compact sources 

illuminate turbulent 
plasma in the ISM 

 
Scattering angle ~ λ2 
 

Solid angle ~ λ4 
 

Scattering causes an 
interference pattern at 
the Earth’s location 
 

  I(x,y,ν) 
      +   

    Source/Earth velocity          
  à I(t, ν) 

 
 
DISS ~ 104 km à min-hr 
 
The pattern is also 
influenced by refraction 
from larger scales: 
 
RISS ~ AU à days-yr 

speckles/scintles	
  ~	
  104	
  km	
  x	
  (kHz	
  	
  to	
  100	
  MHz)	
  

Replace slit in mask with a phase-changing screen:�
The equivalent of the slit width/separation is the length over 

which the RMS phase = 1 rad�
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Notional Wavenumber Spectrum for Galactic δne�

see also  

Armstrong, Rickett, Spangler 1995 

Constraints from:�
•  Pulsar DM(t) �
•  RM variations�
•  Galactic structure�

•  Pulsar DISS�
•  Angular scattering �
    (VLBI of AGNs, pulsars) �

Spectrum = C2
nq

��
⌦
n2
e

↵
=

R
d3q C2

nq
��

SM =
R
LOS
dsC2

n

Fresnel scale =

✓
�d

2⇡

◆1/2

⇠ 1011 cm (ISM)
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clump	
  in	
  host	
  or	
  
intervening	
  galaxy	
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Host	
  
Galaxy	
  

Intergalac.c	
  
Medium	
  

Milky	
  
Way	
  

η	
  =	
  mean-­‐square	
  scaIering	
  angle	
  /	
  unit	
  distance	
  



Milky Way, IGM, Host & Intervening Galaxies�

13/6/17	
   FRB	
  Scin.lla.ons/Lensing:	
  Near	
  and	
  Far	
  	
  	
  	
   8	
  

MW	
   IGM	
   Host	
  
galaxy	
  

Intervening	
  
galaxy	
  

DISS � ✔	
   ✕	
   ✔	
   ✕	
  

RISS� ✔	
   ✕	
   ✔	
   ✕?	
  

Plasma lensing� ✔	
   ✕	
   ✔	
   ✕?	
  

Pulse broadening� ✔	
   ✕	
   ✔	
   ✔	
  

DM(t) � ✔	
   ✔	
   ✔	
   ✔	
  

Angular broadening� ✔	
  
	
  

✕	
   ✔	
   ✔	
  



Luminosity distribution for a single source�
PL with cutoffs Ll, Lu àdl, du �
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S	
  =	
  minimum	
  
detectable	
  flux	
  
density	
  for	
  a	
  specific	
  
burst	
  width	
  W:	
  
	
  
Maximum	
  detectable	
  
distances:	
  
	
  
dl	
  	
  =	
  (Ll	
  /	
  S	
  )1/2	
  	
  

du	
  =	
  (Lu	
  /	
  S	
  )1/2	
  	
  

	
  



dl

du

dpop,
min

None
to detect

None
detectable

Detection
volume

FRB Populations I�
•  Pretend	
  propaga.on	
  
effects	
  do	
  not	
  occur	
  

•  All	
  proper.es	
  of	
  FRBs	
  are	
  
then	
  intrinsic	
  (lack	
  of	
  
repe..ons	
  in	
  most;	
  the	
  
repeater	
  FRB121102,	
  etc.)	
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•  Need	
  to	
  reconcile:	
  
– High	
  vs	
  low-­‐la.tude	
  FRB	
  occurrence	
  rates	
  ~4:1	
  
(Petroff	
  et	
  al.	
  2015)	
  

– Many	
  repe..ons	
  of	
  FRB121102	
  vs.	
  none	
  for	
  others	
  



Alternative: FRBs are intrinsically too weak to detect �
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dl

du

dpop,
min

None
to detect

Nearest	
  
FRB	
  source	
  

Maximum	
  detectable	
  
distance	
  of	
  brightest	
  source	
  

Scin.lla.on	
  or	
  
lensing	
  gain	
  g	
  

p
gdl

Sources	
  too	
  weak	
  
to	
  detect	
  



Extrinsic flux density boosting �
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S-­‐boosts	
  
DISS	
  from	
  MW	
  

Petroff+	
  2014,	
  
Macquart+Johnston	
  2015	
  

JMC+	
  in	
  prepara.on	
  

Long	
  tail	
  of	
  PDF	
  at	
  high	
  |b|	
  
Quenched	
  at	
  low	
  |b|	
  
•  Bandwidth	
  averaging	
  
•  Source	
  size	
  averaging	
  

R-­‐boosts	
   RISS	
  from	
  MW	
   Narrow	
  PDF	
  
	
  (few	
  tens	
  of	
  %)	
  

L-­‐boosts	
   Host	
  plasma	
  lensing	
  	
  
(ESE	
  lensing	
  in	
  MW)	
  

Large	
  focal	
  lengths	
  	
  
(>100	
  Mpc)	
  from	
  host	
  

lenses	
  

G-­‐boosts	
   Gravita.onal	
  lensing	
  
or	
  microlensing	
  

Not	
  likely	
  unless	
  dense	
  star	
  
cluster	
  surrounds	
  FRB	
  source	
  

(surveys	
  could	
  select)	
  

Hybrid	
  	
  
L-­‐G	
  boosts?	
  

Gravita.onal	
  +	
  
Plasma	
  lensing	
  from	
  
core-­‐halo	
  structures	
  

Interes.ng	
  (but	
  relevant?)	
  



14	
  

Explaining the FRB rate latitude dependence 3281

Figure 1. The distribution of observed flux densities pZ(Z) (blue solid line) for an initial flux density distribution (purple dashed line) that is non-zero over the
range Smin < Z < Smax and with δ = 0. The effect of the diffractive scintillations is to draw out the high end of the distribution into a tail that decreases like
Z−1exp ( − Z), increase the differential event counts over the range Smin ≪ Z ! Smax and to extend the low luminosity component of the distribution to zero
flux density.

exponentially-decreasing tail, thus pushing a small fraction of events near Smax to yet higher flux densities, (ii) it enhances the event rate
over the range Smin ≪ Z ! Smax by a factor "(5/2 + δ) but the distribution retains the same power-law index as the original distribution and
(iii) it draws a portion of the low flux density distribution near Smin into a flat region that extends down to zero. It is straightforward to verify
that, as expected, the event rate integrated over the distribution remains identical to the original rate.

The distribution extensions (i) and (iii) are, respectively, attributable to the fact that scintillation amplifies the flux density of a small
fraction of events near Smax and that it similarly de-amplifies a fraction of events near Smin. The enhancement associated with (ii) is more
subtle, and may be regarded as the effect of Eddington bias because the distribution decreases steeply with flux density any effect that scatters
objects in flux density preferentially scatters more objects from low to high flux density than vice versa. It follows that the greater the steepness
of the distribution (i.e. the greater the value of −δ), the greater the enhancement in event rate, "(5/2 − δ), due to this bias.

For completeness, we also consider the flux density distribution where a large number of scintles, N, contribute to the overall measurement
of the flux density across the observing bandwidth, using equation (3):

pZ,N (Z) = KZ−5/2+δ

{
2−1/4−δ/2

√
π

σ
−1/2−δ
N

[
σN"

(
5 − 2δ

4

)
1F1

(
2δ − 3

4
;

1
2

;
−1
2σ 2

N

)
+

√
2"

(
7 − 2δ

4

)
1F1

(
2δ − 1

4
;

3
2

;
−1
2σ 2

N

)]}
, (8)

where 1F1 is a confluent hypergeometric function, and we have taken the limits Smin = 0 and Smax → ∞ in order to make the problem
analytically tractable. The expression in the curly brackets represents the correction to the event rate over the non-scintillating signal.

In the limit N → ∞, this distribution approaches the intrinsic distribution given by equation (5). For finite values of N, there is still some
small increase in the event rate over the range Smin ≪ Z ! Smax, but this diminishes rapidly with N, as shown in Fig. 2. The important point

Figure 2. The amplification of the event rate with the number of scintles that contributes to the flux density in the limit in which N is large and Smin → 0 and
Smax → ∞.

MNRAS 451, 3278–3286 (2015)

Macquart	
  &	
  Johnston	
  2015	
  
See	
  also	
  JMC+Chernoff	
  1997,	
  
JMC,	
  Lazio,	
  Sagan	
  1997	
  

Intrinsic	
  
range	
  of	
  flux	
  
densi.es	
  

S-­‐boosted	
  Scin.lla.on	
  
reduced	
  

Power-­‐law	
  
with	
  cutoffs	
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This	
  case	
  is	
  
only	
  for	
  fully	
  
modulated	
  
DISS.	
  
	
  
Need	
  to	
  
include	
  
bandwidth	
  
averaging.	
  

Increase	
  
from	
  DISS	
  



FRB Populations II�

•  All	
  FRB	
  sources	
  intrinsically	
  iden.cal	
  (sta.s.cally)	
  
•  Compact	
  enough	
  to	
  poten.ally	
  show	
  S	
  or	
  L-­‐boosts	
  

•  cΔt	
  ~	
  107	
  –	
  108	
  cm	
  suffices	
  	
  

•  High	
  la.tude	
  sources:	
  	
  	
  
– Most	
  from	
  100-­‐m	
  class	
  telescopes	
  
–  S-­‐boosts:	
  	
  	
  x10	
  or	
  more	
  (popula.on	
  size	
  dependent)	
  

•  Low	
  la.tude	
  sources:	
  
– No	
  S-­‐boosts	
  (bandwidth	
  and	
  source	
  size)	
  

•  Repeater:	
  discovered	
  and	
  ini.al	
  followup	
  with	
  Arecibo	
  
– Discovery	
  with	
  a	
  100-­‐m	
  class	
  sidelobe	
  
–  Plasma	
  lensing	
  from	
  clumps/filaments	
  may	
  be	
  at	
  play	
  (>	
  x10)	
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Figure 7. Probabilities Pg(> g) of the scintillation modulation
for individual lines of sight and for a high-latitude survey similar to
the HTRU survey, as labeled. Also shown (dashed line) is the ex-
ponential distribution that applies only to DISS with no bandwidth
averaging. The black points give the values of g that correspond to
Pg(> g) = 10

�3 and 10

�8.

Examples of Pg(> g) are shown in Figure 7 for high-and-
low latitude lines of sight and for an angle-averaged, high-
latitude survey. For reference, the exponential distribution
is also shown (heavy dashed line). The black points indi-
cate probabilities where ng/Ng = 10�3 and 10�8. High-
latitudes yield gng & 3.4 at the 10�3 probability level and
values from 11.5 to 21.5 at 10�8 probability. For the Galac-
tic anticenter direction (relevant to the repeater FRB121102),
the maximum expected ISS gains are 1.5 to 2 at the high and
low probability levels, respectively.

Out of Ng source directions, ng have g � gng . From these
directions, some sources may produce burst amplitudes that
exceed the survey’s detection threshold. The number of ‘am-
plitude trials’ is ⌘Tng , so the mean number of detections is

N
(s)

d

= ⌘TngPS(S > S
(s)

t

/gng ). (26)

The largest scintillation gains effectively lower the detection
threshold of the unscintillated detection probability. Substi-
tuting for ng = NgPg(> gng ) we have

⌘Tn
⌦

⌦
s

=
N

(s)

d

Pg(> gng )PS(S > S
(s)

t

/gng )
. (27)

Eq. 27 is an implicit equation for the left hand side because
gng depends on n

⌦

⌦
s

. We therefore investigate how popu-
lation parameters depend on gng as an independent variable.
This allows us to identify the minimum population size re-
quired to explain survey results.

For a power-law PDF for S we have

⌘Tn
⌦

⌦
s

=
N

(s)

d

Pg(> gng )


R↵�1

S � 1

(gngru

)↵�1

� 1

�
. (28)

This corresponds to replacing r
u

in Eq. 22 with gngru

; the

equation is valid for RS > 1 and gngru

> 1. Unlike Eq. 22,
however, gngru

can exceed RS but if RS is large, it is un-
likely for gng to be large enough. A viable case is where none
of the unscintillated flux densities is detectable (r

u

< 1) but
ISS modulations boost them to gngru

> 1.

8.1.1. Exponential DISS

If scintillations are dominated by DISS with no bandwidth
averaging, Pg(g > gng ) = e�gng . Though the exponential
case is not realistic for surveys with bandwidth averaging, it
illustrates some important trends.

Figure 8 shows ⌘Tn
⌦

⌦
s

plotted vs. gng for RS = 103,
↵ = 2, and several values of r

u

. There is a minimum value
of N

trials

for gng = 1 + 1/r
u

. For other values of ↵ 6= 1,
the minimum occurs at gng obtained by solving g↵�1

ng
� (↵�

1)g↵�2

ng
= r

�(↵�1)

u

.
The curves of N

trials

increase with gng for large gng be-
cause a large population is needed to make large gng likely.
The curves also increase at smaller gng when gngru

! 1

because even scintillated flux densities are then just above
threshold, requiring a large number of events ⌘T to boost
burst amplitudes to achieve the survey’s yield. Thus the rate
factor ⌘T must be large when ISS is small but at large gng ,
the population size must be large.

Note that the no-ISS case discussed in § 7 corresponds to
points on the curves where gng = 1. Of course for r

u

> 1

there is no solution for the no-ISS case because no sources
would be detected.

More realistic ISS cases, like those in Figure 7, give quali-
tatively similar curves.

Plot Ntrials vs gng for a couple of more cases.

8.2. Constraint from Single-Burst Detections in Surveys

As with the no-scintillation case, the single-event detec-
tions in survey observations constrain the burst rate ⌘, but
ISS alters the constraint. The ISS gain g

1

for a source yield-
ing a burst detection is among the ng largest, so g

1

� gng .
Surveys with long dwell times or heavy scattering (low fre-
quencies or inner Galactic plane directions) will have short
enough scintillation times that g will vary over the observa-
tion. However, for surveys conducted to date at ⌫ & 0.8 GHz
and in directions with relatively low Galactic scattering, g

1

can safely be assumed to be constant.
The mean number of detections from the single source is

then no more than approximately unity,

N
(s)

1

= ⌘TPS
1

(S > S
(s)

t

/g
1

) . 1. (29)

For the single-source power-law distribution used in § 7.2 and
replacing g

1

(which we do not know) with gng to provide a
more liberal upper limit, we obtain

⌘T .
R↵

1

�1

S
1

� 1
�
ru

1

gng

�↵
1

�1

� 1
. (30)
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10

Figure 10. Simulation of detections vs Galactic coordinates. The
color scale shows the number of sources detected out of a total of
1.5 ⇥ 1010 sources. The luminosities and distances of the popula-
tion are set up so that no sources are detectable in the absence of
ISS. The results are for a power-law ↵ = 0 with cutoffs of 100 and
750 Jy Mpc2 and a homogeneous population between 50 and 2000
Mreshold pc. The survey threshold is 0.3 Jy and bandwidth aver-
aging has been included over a 300 MHz bandwidth centered on
1.5 GHz. Reduction of survey sensitivity by temporal broadening
has not been included, so that dearth of detections at low latitudes
toward the inner Galaxy is more severe than is shown.

Figure 11. Number of detected sources vs. Galactic latitude, ob-
tained by summing the values shown in Figure 10 over longitude.

sampled from the population distribution is ⌘Tng , so the
mean number of detections is

N

d,s = ⌘TngPL(S

s

d

2

/gng )id (24)

The relevant value of gng (and thus ng) needs to be solved
for to match N

d,s to the actual number of survey detections.

Figure 12. (Top) Plot of the number of survey trials vs. scintillation
gain gng for the ng largest values in a survey. Eq. ?? is evaluated for
ISS with an exponential PDF for Nd,s = 10 and for different values
of ru = Su/Ss, the ratio of the largest possible unscintillated flux
density to the survey threshold Ss. Burst amplitudes have a power-
law PDF with a dynamic range RS = 103 and a power-law index
↵ = 5/2. (Bottom) Upper limits on ⌘T from the lack of multiple
burst detections in a survey observation that yields one burst on a
particular source. Different curves correspond to different values of
the single-source ru1 . The single-source ampitude PDF is a power
law with ↵1 = 2 and dynamic range RS1 = 100.

Using ng = NgPg(gng ), the number of sampled sources is

n

⌦

⌦

s

=

N

d,s

⌘TPg(gng )PL(S

s

d

2

/gng )id
(25)

which is an implicit equation for n

⌦

⌦

s

because gng depends
on it. We therefore investigate the dependence of population
parameters on gng . This allows us to identify the minimum
population size required to explain survey results.

6.4. Exponential DISS

Though DISS with an exponential probability Pg(g >

gng ) = e

�gng is not realistic for surveys with bandwidth
averaging, it illustrates some important trends.

Figure 12 (top panel) shows N

events,s plotted vs. gng for
RS = 10

3, ↵ = 5/2, and several values of r

u

. There is a
minimum value of N

events,s at gng given by solving g

↵�1

ng
�

(↵ � 1)g

↵�2

ng
= r

�(↵�1)

u

(for ↵ 6= 1). For ↵ = 2, gng =

1 + 1/r

u

.
The curves of N

(s)

events

increase with gng for large gng be-
cause a large population is needed to make large gng likely.
The curves also increase at smaller gng when gngru

! 1 be-
cause scintillated flux densities are then just above threshold,
requiring large ⌘T to make a detectable amplitude probable.
Thus the rate factor ⌘T must be large when ISS is small but
at large gng , the population size must be large.

The no-ISS case discussed in § 4 corresponds to points on
the curves where gng = 1. Of course for r

u

< 1 there is
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In the above equations the physical parameters j, a, D,
and occur consistently in the combination a,N0

a 4
j2r

e
N0 D

na2 \AJjD
a
B2 1

n jr
e
N0 . (14)

We have written a in this second form to emphasize the
essential physics. The phase advance through the lens is

The Fresnel scale is (jD)1@2. Thus, the properties ofjr
e
N0/n.

the lens are determined by the square of the ratio of the
Fresnel scale to the lens size and the phase advance through
the lens. The larger the parameter a, the greater are the
observable e†ects due to the lens. Hence a weak lens,

can produce large observable e†ects if thejr
e
N0/n > 1,

Fresnel scale is sufficiently larger than the lens size. Simi-
larly, a strong lens, need not produce largejr

e
N0/n > 1,

observable e†ects if the Fresnel scale is small relative to the
lens size. Numerically,

a \ 3.6
A j

1 cm
B2A N0

1 cm~3 pc
BA D

1 kpc
BA a

1 AU
B~2

. (15)

Upon substitution of the above dimensionless variables,
the following expressions are derived for the refractive
properties of a Gaussian lens :

h
r
(u)/h

l
\ [au exp ([u2) ; (refraction angle) (16)

u[1 ] a exp ([u2)] [ c \ 0 ; (ray path) (17)

G
k
\ [1 ] (1 [ 2u

k
2)a exp ([u

k
2)]~1 ; (gain factor) (18)

I(u@, a) \ ;
k/1

n P
~=

`=
B(b

s
)G

k
(u@, a, b

s
)db

s
. (total intensity)

(19)

4. CHARACTERISTIC LIGHT CURVE PRODUCED BY A

GAUSSIAN LENS

When transverse motion between source, lens, and obser-
ver is assumed, e.g., motion of the observer along the u@ axis,
I(u@, a) translates into a light curve I(u@, a ; t, v), since
u@(t) \ u@(t \ 0) ] vt, where t is time and v is the relative
transverse velocity. We will show that interpretation of
radio light curves in terms of plasma lenses that can be
approximated as Gaussian in pro⇠le can lead to inferences
regarding the physical properties of the lens.

4.1. General Description
We will present numerical results in the following sec-

tions. Here we will ⇠rst develop a physical understanding
for the basic characteristics of refraction by a Gaussian
plasma lens Plane waves from an in⇠nitely distant(Fig. 2).
source are incident on the lens screen. The plane waves are
indicated by straight dotted lines in the ⇠gure, and the lens
is represented by a plot showing the electron column
density as a function of coordinate u along the lens plane.
This representation is purely schematic, as the lens is
assumed to have a negligible but uniform width along the
line of sight. Upon emergence, the constant-phase surfaces
are distorted into contours that mimic the function asN

e
(u),

represented by the inverse GaussianÈshaped dotted lines.
The lines are inverse GaussianÈshaped because the phase
velocity is greatest through the center of the lens, where N

ereaches its maximum value of N0.

FIG. 2.ÈSchematic diagram of refraction by a Gaussian plasma lens.
See ° for a complete description of this ⇠gure.4.1

In the limit of geometrical optics, the rays of energy Ñux
travel perpendicular to the constant-phase surfaces. The
direction of travel of the rays is indicated schematically by
the small arrows in the ⇠gure. Extending this concept, we
have drawn the path of approximately 100 rays as they
travel perpendicular to the constant-phase surface after
emergence from the lens. The ray path is shown for a total
distance D along the lens axis. An observer located close to
the lens plane but far from the lens axis (e.g., the upper left
and upper right regions of the ray trace) sees an unchanged
source : There is no change in the observed Ñux density (no
change in the number density of the rays) or in the sourceÏs
position (the direction of arrival of the rays).

Somewhat farther from the lens and slightly o†-axis, in
the ““ Focusing Regions ÏÏ marked in the rays beginFigure 2,
to converge and their number density increases. An obser-
ver located in this area of the ray trace would see a source of
enhanced brightness somewhat displaced from its ““ true ÏÏ
position, as evident from the increased number density and
skewness of the rays, respectively. At the same distance from
the lens, but closer to the lens axis, the rays are spread apart
by the lens. An observer in this region would see a source of
decreased brightness due to the lower number density of
rays. The source would be o†set from its true position by an

Clegg,	
  Fey,	
  Lazio	
  98	
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Figure 1. (a) The pulses of the Crab pulsar, recorded at 610 MHz by the 13-m radio telescope at Jodrell Bank between 1997 July 17 and December 29 (MJD
50646–50811). Each observation is typically an integration over 12 h, obtained by adding the intensity synchronously at the pulse period (approximately
33 ms). Each horizontal scan shows the three pulse components, which normally trace a vertical line when the pulsar rotation follows a constant slowdown
rate. The echoes are seen as diffuse emission following both the main pulse and the interpulse. (b) Pulse arrival times at 1420, 610 and 327 MHz.

events. The pulse arrival times are adjusted to coincide, with zero
slope, during the first 30 d. The delay is seen to be dispersive, and
previous interpretations have attributed it to propagation through an
ionized cloud within the Crab nebula but at a large distance from the
pulsar. It was remarked that the delay did not follow precisely the
normal dispersion law, in which the delay should be proportional to
ν−2.

The timing observations shown in Fig. 1(b) were used to obtain
values of DM over a period of 330 d. Fig. 2(a) shows the pulse arrival
times corrected for dispersion, Fig. 2(b) shows the DM. Before
the event, the DM was substantially constant at 56.80 cm−3 pc; it
increases abruptly to 56.92 cm−3 pc when the pulse re-appears on
day 750. It then decreases almost monotonically over the following
250 d to 56.87 cm−3 pc. (Note particularly the steeper fall around
day 850, the time of the departing echo.) The value was unaffected
by the glitch at day 812. It is this episode of increased dispersion
that has naturally been interpreted as the passage of a plasma cloud
across the line of sight to the pulsar.

3 TH E E C H O D E L AY

The echo delay follows the same parabolic path at both 327 and
610 MHz, from a maximum of about 5 ms down to zero; the de-
parting echo observed at day 845 follows a mirror image of the
same geometry. This indicates a maximum extra geometrical path
δ = 1.5 × 103 km. The echo is evidently due to an object which
approaches and moves across the line of sight. In previous analyses,
Backer et al. (2000) and Lyne et al. (2001) considered the echo as
a specular reflection from the surface of a cloud; we now consider
it in terms of refraction within the cloud.

4 A PLASMA LENS

An ionized cloud acts as a diverging lens, since the refractive index
is less than 1. Clegg, Fey & Lazio (1998) analysed the effect of a
plasma lens with Gaussian profile on the apparent brightness of a
background source, with particular reference to the effect of a cloud
in the interstellar medium on a small diameter extragalactic source;
we show that their results are applicable to the echo phenomenon.

Rays from a plane wavefront, passing through any centrally con-
centrated lens, diverge and avoid a central disc, creating a shadow.
Fig. 3 shows the shadow behind the tapered edge of a planar disc.
Here the wedge diverts rays outwards, crossing the undiverted rays
and combining with them to increase the intensity. Depending on
the shape of the wedge and the distance of the observer, the rays
may combine to form a bright cusp. Further away from the lens the
diverging rays give an increased intensity up to a maximum angle
which is the maximum refraction angle in the lens. In this region
the source is observed as double, with one image formed by rays
traversing an extra path. This is the region in which the echoes are
observed.

This general picture applies to a cylindrical lens formed by a
filament and also to the edges of a plasma sheet. The effect, as seen
on a screen, of refraction in a filament is an almost dark line with a
bright region on either side, with an extended halo. The dark patch
is behind the region of the lens in which there is sufficient gradient
to divert the rays out of the line of sight. If the source is pulsed, the
halo will show a delay which increases with angular distance.

The observed echoes conform well to this pattern. As the lens
approaches the line of sight to the pulsar, the observer is traversing
the screen. At the edge of the halo a faint echo is seen at maximum

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 410, 499–503
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FIG. 3.ÈImage of pulsar Ñux at 610 MHz obtained with an 85 ft telescope at NRAO Green Bank. The dispersion jump occurs around day 295, and a
rotation glitch has just started on day 365.

FIG. 4.ÈObservational parameters of the 610 MHz event. The solid, dashed, and dotted lines present parameters of the ““ old,ÏÏ ““ ghost,ÏÏ and ““ new ÏÏ
interpulse components, respectively : (a) amplitude of main pulse ; (b) position of main pulse ; and (c) exponential pulse-broadening timescale.
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Figure 2. (a) Pulse arrival times corrected for dispersion. (b) The dispersion measure (DM) observed over 330 d.
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Figure 3. Refraction at the tapered edge of a plasma cloud. The upper
curve sketches the variation of total electron content N across the edge of
the cloud.

delay. As the delay decreases to zero the observer crosses the cusp,
with enhanced intensity. The main pulse then disappears behind the
lens (at day 740).

When the main pulse re-appears 10 d later it builds up to normal
intensity, there is an increase in DM and no clear echo appears.
This indicates that the lens effect is at the edge of a plasma sheet, in
which there is a comparatively low gradient of electron content. A
departing echo is observed starting 100 d later, at a time of enhanced
intensity, and coinciding with a steep fall in DM. This is the other
edge of the plasma sheet, although it is less well defined as can be
seen in Fig. 2(b).

The scale on the screen can be found from the duration of the
event, given only the transverse velocity of the edge across the line
of sight. Several examples of echoes have been observed at various
times, and all have similar durations and slopes. We suggest that
the transverse velocity is almost entirely due to the proper motion
of the pulsar, which is observed to be 120 km s−1 (Kaplan et al.
2008), with no significant contribution from the transverse velocity
of the screen itself, and we assume initially that the edge is traversed
orthogonally. The shadow region extended for 10 d, i.e. 9 × 105 s,
giving a scale of 1.0 × 1011 m.

The significant parameters of the lens are its integrated electron
content N along a line of sight, and its gradient dN/dx across the
line of sight. The overall increase of DM is 0.10 cm−3 pc, giving a
maximum electron content Nmax = 3 × 1021 m−2. Averaged over
the shadow region, the lateral gradient dN/dx was 3 × 1010 m−3.
Since the echo was observed over a range of angles we assume that
the cloud contains structure with larger gradients which gave rise
to the echoes at the maximum delay. We explore this by finding the
angular deviation corresponding to this averaged overall gradient,
and comparing with an independent estimate from the geometry of
the observed delays.

The angular deviation in a gradient dN/dx is found from the
phase change in traversing a plasma with total content N. The phase
advance is λreN, where re is the classical electron radius e2/(mec2) =
2.8 × 10−15 m. The angular deviation θ = λ2/(2π)re dN/dx, where

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 410, 499–503
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4

constraint on source size is given in § 2.7.

2.2. Focal Distance and Focal Frequency

Multiple images are seen for observers beyond a focal distance
or for observation frequencies below a focal frequency.

Observers at distances (from the lens) larger than a focal distance
d

f

will see the effects of caustics in light curves and burst arrival
times. The requirement for multiple images, ↵ > ↵

min

, defines
the focal distance d
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where the coefficient applies to the case where the lens is nearer
the source than the observer by a factor of 106. Galactic cases
with d

so

/d

sl

⇠ 1 can have sub-pc focal distances, which corre-
sponds to a regime where the gain will be close to unity.

A similar analysis implies that frequencies below the focal fre-
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will show ray crossings,
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In terms of the focal distance, the focal frequency is ⌫

f

=
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p
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(⌫).

2.3. Constraints on Lens Parameters

In their study of AGN light curves, Clegg et al. (1998) consid-
ered Galactic lenses with d
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/d

sl

⇠ 1 and d

lo
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sl
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so

⇠ 1 kpc.
These give values for d

f

and ⌫

f

similar to the nominal coefficients
in the above equations for the 2.25 and 8.1 GHz frequencies they
considered, implying that the ‘extreme scattering events’ they an-
alyzed (Fiedler et al. 1987) were well within the caustic regime.

Lenses embedded in host galaxies of burst sources with
d
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sl

� 1 yield much larger focal distances but similar focal
frequencies.

If the observer’s distance is a multiple M of the focal distance
(corresponding to ↵ = M↵
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), the lens parameters satisfy
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where the approximate equality is for a in AU units, ⌫ in GHz
and DM

0

in pc cm�3. Eq. 9 implies that identical lens param-
eters can satisfy the condition d

lo

= Md

f

for either Galactic or
extragalactic lenses.

Focal distances equal to the lens distance (M = 1) may yield a
high degree of variability if, for example, a population of lenses
moves across the line of sight. Heterogeneous lenses and ge-
ometries with different focal distances will only enhance such
variability.

2.4. Times of Arrival (TOA)

Burst arrival times are chromatic due to plasma dispersion along
the line of sight. Here we analyze only the TOA perturbations
from the plasma lens, which add to delays from other media
along the line of sight. For each image produced by the lens, the
burst arrival time receives a contribution t

g

from the geometrical
path length of the refracted ray path
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and the dispersion delay is
evaluated for frequencies in GHz and DM in standard units of
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has a characteristic value t
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2
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⇠ 1.2 µs for an AU-
size lens 1 kpc from the source. A larger lens closer to the source
increases the geometric perturbation while the dispersion delay
can be substantially larger than t

g

if ↵ � 1. Evaluating Eq. 11
using the focal constraint in Eq. 9 for a distance d
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, we
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For M = 1 the terms are comparable but their variations with
location and frequency generally differ.

This analysis clarifies that while ↵ is the sole lens parameter
needed to characterize ray tracing, arrival times depend on di-
mensional quantities (a,DM, d

sl

).

2.5. Apparent Burst DMs

For a fixed observer and source (i.e. fixed u

0), a shift in frequency
changes the position u of a ray that alters both the geometric and
dispersive TOA contributions. Consequently, estimates of DM
from multifrequency observations will reflect both contributions
and not just the true dispersion. Using the derivative dt/d⌫ to
estimate DM for fixed u

0 (stationary source and observer) and
using the solution u = u(u0

,↵), we obtain
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where the ± designates the parity as defined in Appendix A,
which changes sign when G

�1 = 0. The parity is positive for
1 + ↵(1 � 2u2)e�u2

> 0.
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Figure 5. Spectral slices of the gain G at a few observer locations for
a = 60 AU and DM = 10 pc cm�3.

Estimating DMs from dt/d⌫ or from multifrequency fitting will
give discrepancies between individual burst components that
scale with DM

0

. The situation will be especially complex when
burst components over lap in the time-frequency plane. We defer
a detailed analysis to another paper (J. Hessels, in preparation?).

2.6. Frequency Structure in Burst Spectra

Figure 5 shows gain spectra that are vertical slices of Figure 3
at various locations u

0. One is for the center of the gain trough
at u0 = 0. Other slices show the generic double-cusp shape that
results from traversing the three-image region in Figure 2 and
one or both single-image regions. The spectral dependence of the
gain implies that a continuum source will likely be detected with
significant spectral modulations that include cusp-like features
with widths of a few to ten percent of the observation frequency.

When a burst is multiply imaged and the arrival times of subim-
ages are smaller than the burst width, the subimages will inter-
fere, producing time-frequency structure like that seen in the dy-
namic spectra of pulsars ((J. Hessels et al., in preparation). Small
lenses with a . 1 AU that yield sub-microsecond arrival time
differences will produce frequency structure on scales of ⇠ 1 to
100 MHz. These oscillations will modulate the broader, caustic-
induced frequency shape by amounts that depend on the gain
ratio of a pair of images. If all three images contribute signifi-
cantly, the oscillation frequencies fij will satisfy a closure rela-
tion, f�1

12

+ f

�1

23

+ f

�1

31

= 0. Measurements of oscillations can
provide a test for the presence of multiple imaging.

2.7. Effects of Source Size and Motion

A change in the position of a point source alters the total phase
� in the KDI (Appendix A). Therefore, integrating over an ex-
tended source of size �u

s

= �x

s

/a will reduce the gain if �u
s

induces a phase shift ⇠ ⇡. This translates into an upper bound

on the source size,
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, (14)

where the approximate equality is for position and gain factors of
order unity, an AU-size lens, and a source-lens distance ⇠ 1 kpc.
Higher frequencies, larger lenses, and lenses nearer the source
yield more stringent requirements on �x

s

.

The nominal upper bound on �x

s

is similar to that required to see
interstellar scintillations of Galactic pulsars and is easily satisfied
by emission regions with transverse sizes of a light millisecond
(⇠ 3 ⇥ 107 cm). The light cylinder of a rotating object with
period P . 1 s has radius ⇠ 5 ⇥ 109P cm, so even slowly
spinning objects with small emission regions inside their light
cylinders will show lensing. Emission from larger objects, such
as AGN jets will strongly attenuate the lensing unless there is
coherent emission from very small substructures.

Relativistic beaming of radiation from the source could in prin-
ciple reduce the illuminated portion of the lens, but the beam
exceeds the lens size for � < 2 ⇥ 108 d

sl,kpc/aAU

. This is well
satisfied, for example, by relativistic flows in the magnetospheres
of neutron stars for which radio emission is estimated to be from
particles with � . 103.

To calculate the time scale for changes in gain through caustics,
we calculate the change in position on the screen �u of a ray by
taking the derivative of the lens equation Eq. 2 and employing
other quantities,
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The corresponding change in gain is �G ⇡ (dG/du)�u, or
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Motions of source and observer combine into an effective trans-
verse velocity,
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Using �u
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teristic time scale of a caustic crossing is
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The brightest caustics can yield G > 10 and even smaller char-
acteristic times.

The gain trough centered on u

0 = 0 has a width �u

0
⇠ 5 (Fig-

ure 4), corresponding to a radio-dim time span,
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3. EXAMPLES RELEVANT TO FRBS
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among bursts. We therefore conclude that the spectral shapes and var-
iations are likely to be predominantly intrinsic to the source.

An analysis of the arrival times of the bursts did not reveal any sta-
tistically significant periodicity (see Methods). If the source has a long 
period (≥1 s), then it is probably emitting at a wide range of rotational 
phases, which is not uncommon for magnetars20, making a convincing 
period determination difficult. Owing to the small number of detected 
bursts, we are not sensitive to periodicities much shorter than ∼100 ms.

Repeat bursts rule out models involving cataclysmic events—such as 
merging neutron stars21 or collapsing super-massive neutron stars10. 
Bursts from Galactic flare stars have been proposed as a model for FRBs 

with the DM excess originating in the stellar corona22. However, tem-
poral density variations in the corona should produce bursts with var-
ying DMs, which we do not observe. Planets orbiting in a magnetized 
pulsar wind may produce a millisecond-duration burst once per orbital 
period23; however, the observed intra-session separations of our bursts 
(23–572 s) are too short to correspond to orbital periods. Repeated 
powerful radiative bursts are associated with magnetars, and indeed 
giant flares from the latter have been suggested as a FRB source12,19,24. 
However, no Galactic magnetar has been seen to emit more than 
a single giant flare in over four decades of monitoring, arguing  
against a magnetar giant flare origin for FRB 121102. Magnetars have 
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Figure 2 | FRB 121102 burst 
morphologies and spectra. The 
central greyscale (linearly scaled) 
panels show the total intensity versus 
observing frequency and time, after 
correcting for dispersion to a value 
of DM = 559 pc cm−3. The data are 
shown with frequency resolution 
10 MHz and time resolution 0.524 ms. 
The diagonal striping at low radio 
frequencies for bursts 6, 7 and 9 
is due to RFI that is unrelated to 
FRB 121102. The upper sub-panels 
are burst profiles summed over all 
frequencies. The band-corrected 
burst spectra are shown in the right 
sub-panels. The signal-to-noise ratio 
(S/N) scales for the spectra are shown 
on each sub-panel. All panels are 
arbitrarily and independently scaled.
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Figure 2. Dynamic spectra for each of the bursts detected in 2015 November and December using GUPPI (bursts 12� 16) and PUPPI
(burst 17) dedispersed at DM=559 pc cm�3. For each burst, total intensity is shown in grayscale, the top panels show the burst time series
summed over frequency, and the side panels show bandpass-corrected burst spectra summed over a 10-ms window centered on the burst.
The on-burst spectrum is shown as a black line and an o↵-burst spectrum is shown as a gray line to show the noise level. Note that some
frequency channels are masked due to RFI.
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Figure 7. Frequencies, arrival times, and dispersion measures of bursts. Points are shown from locations across the transverse plane u0 if they exceed a
minimum gain. Top row: gains > 5. Bottom row: gains > 20. The left-hand panels show burst frequencies and arrival times. The right-hand panels
show burst frequencies and dispersion measures. The locations of points in the u0 plane are color coded according to the color bar. Only points with
u0 � 0 are shown. Black horizontal lines designate ‘doublets’ with the same ⌫ and u0 that both exceed the minimum gain but differ in arrival time and
DM. Red horizontal lines connecting three black points designate triplets.

tion of FRBs, particular scale sizes and electron densities will
be selected as a function of true source distance. Equivalently,
if burst sources reside in supernova remnants of similar age and
other properties, nearby sources will be selected against if they
are closer than the focal distance because lensing will not en-
hance their flux densities.

5. PLASMA LENSES IN HOST GALAXIES

While the IGM provides long path lengths through ionized gas,
there is no indication that it harbors small scale structures (e.g.
1 to 1000 AU). However, host galaxies of FRBs almost certainly
have plasma structures similar to those inferred to be present in
the ISM of the Milky Way. We therefore consider plasma lenses
in host galaxies. Our treatment is for Euclidean space (i.e. low
redshifts) because the main points can be made in this regime and
the best studied source to date (FRB121102) is at a low redshift
z ⇠ 0.2.

Several cases may be considered that represent a large range of
possible scale sizes and dispersion-measure depths but together

can give similar values of ↵ (Eq. 3) and hence the same focal
distances and focal frequencies defined earlier.

One possibility comprises a bow shock produced by an FRB
source moving in a dense medium; the source-lens distance is
then quite small, d

sl

. 1 pc. In this case the FRB source directly
influences its plasma environment. However, the relative veloc-
ity between the bow shock and the source is small unless clumps
form in the rapidly moving flow along the bow shock.

A second case is an FRB source enclosed by a supernova rem-
nant (SNR) of ⇠pc radius. This would satisfy Eq. 7 with small
knots or filaments within the shell that provide DM⇠ 1 pc cm�3

(after accounting for any redshift dependences). Among SNRs,
we expect diverse properties of ionized gas clumps that depend
on the masses of progenitors and on the details of pre-supernova
mass loss.

A third possibility is that larger structures, such as HII regions,
with larger DM

0

and pc to kpc distances from the source provide
the lensing structures. These would clearly be uninfluenced by
the FRB source.
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Bursts	
  from	
  FRB121102	
  
	
  
Intrinsic	
  vs.	
  extrinsic	
  f-­‐t	
  
structure?	
  	
  
	
  
Mul.ple	
  imaging:	
  	
  
	
  
Dis.nct	
  burst	
  components	
  
vs.	
  
Overlapping	
  components	
  +	
  
interference	
  effects	
  
	
  
Not	
  sure	
  that	
  aligning	
  gaps	
  
gives	
  the	
  correct	
  DM	
  in	
  the	
  
imaging	
  picture	
  
	
  



A puzzle�

•  Why	
  does	
  plasma	
  lensing	
  appear	
  important	
  for	
  
FRB12102	
  but	
  not	
  for	
  high-­‐la.tude	
  (or	
  other	
  FRBs)?	
  
–  i.e.	
  if	
  lensing	
  is	
  responsible	
  for	
  the	
  repeats,	
  why	
  not	
  for	
  
high-­‐la.tude	
  sources?	
  

•  Possible	
  (but	
  weak)	
  answer:	
  	
  S-­‐boosts	
  of	
  high-­‐
la.tude	
  sources	
  select	
  sources	
  that	
  are	
  not	
  at	
  
appropriate	
  focal	
  distances	
  for	
  L-­‐boosts	
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FRB Selection Effects�
•  Presence	
  or	
  absence	
  of	
  DISS,	
  	
  RISS,	
  or	
  lensing	
  
•  Reduc.on	
  in	
  S/N	
  of	
  matched	
  filter	
  detec.on	
  by	
  
scaIering	
  broadening	
  of	
  burst:	
  

•  Free-­‐free	
  absorp.on	
  
•  Negligible	
  for	
  most	
  Galac.c	
  direc.ons	
  (except	
  Galac.c	
  center)	
  
•  Host	
  galaxy:	
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DISS Reduction by bandwidth & source size�
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S/N Reduction by pulse broadening & ff absorption�
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RISS from ISM occurs only if source size from extragalactic 
scattering is small enough à near to source�
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Summary/Going Forward�
•  Scin.lla.on	
  boosts:	
  	
  required	
  for	
  most	
  FRB	
  detec.ons?	
  

–  FRBs	
  may	
  	
  be	
  selected	
  for	
  by	
  S	
  boosts	
  
–  Low	
  la.tudes/frequencies	
  do	
  not	
  receive	
  large	
  boosts	
  

•  Lensing	
  boosts:	
  required	
  for	
  FRB121102?	
  
–  Highly	
  chroma.c,	
  strong	
  frequency	
  structure,	
  caus.cs	
  
–  detec.on	
  strategy:	
  Strong	
  spectral	
  dependence	
  	
  à	
  	
  search	
  in	
  
frequency	
  if	
  not	
  seen	
  in	
  one	
  band	
  

–  Tes.ng	
  and	
  exploi.ng	
  plasma	
  lensing:	
  
•  FRB	
  broadband	
  spectra	
  (at	
  least	
  0.4	
  -­‐	
  10	
  GHz)	
  
•  VLBI	
  to	
  resolve	
  subimages	
  (~	
  mas	
  spliyngs	
  typical)	
  
•  Fringing	
  in	
  .me-­‐frequency	
  of	
  burst	
  components	
  
•  δDM,	
  δTOA,	
  δEM,	
  δRM,	
  all	
  informa.ve	
  on	
  host	
  environment	
  

–  Non-­‐gaussian	
  lenses	
  (key	
  element:	
  inflec.on	
  points	
  in	
  total	
  phase	
  
including	
  DMlens)	
  

•  Observing	
  goal:	
  	
  broadband	
  spectra	
  <1	
  to	
  20+	
  GHz	
  
•  Any	
  study	
  of	
  log	
  N-­‐log	
  S,	
  rates	
  etc.	
  needs	
  to	
  consider	
  distance	
  

distribu.on,	
  intrinsic	
  luminosity	
  PDF,	
  and	
  D/R/L	
  boosts	
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