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The early years
Stanley & Slee (1950): on scintillation in Cygnus
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(i) & (ii) fluctuations decrease with frequency and cut out at ~160 MHz 
(iii) variations faster with decreasing frequency 
(iv) degree of fluctuation similar for simultaneous observations at a range of ν’s 
(v) no correlation between lightcurves between 85 & 100 MHz 
(vi) annual variation in the occurrence of the fluctuations
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What can scintillation do for you?

What is scintillation? 

Three themes: 

(i) Active Galaxies 

(ii) Pulsar emission and ISM turbulence 

(iii) FRB scattering and the physics of the Inter-
Galactic medium 

3

in
cr

ea
sin

g 
le

ve
l o

f s
pe

cu
la

tio
n

or
“Plus ça change, plus c'est la même chose”
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Ionospheric/Interplanetary/Interstellar Scintillation
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The Geometry of Interstellar Scattering

pulsar

turbulent interstellar plasma
 causes phase fluctuations

intensity pattern

distorted
wavefronts

pulsar
velocity



Presentation Title (alter in master slide)

Scintillation as an interferometer
There is a characteristic size to the pattern 

This relates to the range of angles from which radiation is 
received θscatt 

Resolution depends on the baseline Dθscatt 
Interplanetary: Typically ~1”  

depends on solar elongation 
Interstellar: 1 μas - 10 picoas (after super-resolution) 

baselines 109 m — 40 AU
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Interplanetary scintillation as seen by the MWA
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Morgan & Chhetri 
using 129 MHz MWA data

20 deg
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Interplanetary scintillation as seen by the MWA

How to get ~400km baselines from a 3km baseline telescope

7



Bruce Slee Celebration: Scintillation & The Physics of the Universe

Interplanetary scintillation as seen by the MWA

A double source: 1” ~ 1 second

8



Bruce Slee Celebration: Scintillation & The Physics of the Universe

Pulsar scintellometry
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322.5 MHz

In interstellar space, the speckle pattern 
of a pulsar reveals the turbulent phase 

distortions of the Interstellar Medium

In the lab, a laser speckle pattern
reveals micron-sized corrugations of 

the surface onto which the laser is projected

Brisken, Macquart et al. 2010
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Speckle patterns abound in interstellar space 
from Nature’s own interferometer

Laser speckle pattern on 
a rough wall
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Harnessing nature’s interferometer
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Secondary Spectrum shape determined by speckle geometry

τ =
Ds

2cβ
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delay (conjugate to 
frequency axis)

Doppler shift 
(conjugate to time 

axis)

this term usually unimportant
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Resolving pulsar emission regions

11

Extreme Scattering towards PSR B0834+06 3

Figure 1. The amplitude (left on a logarithmic scale) and symmetric component of the phase (right) of the visibility secondary spectrum
on the GBT-Arecibo baseline. The Doppler rate axis spans the range -80.0–80.0mHz at 0.15mHz resolution, while the delay axis extends
to 2.05ms with 125 ns resolution. Bright arclets extend along the ridge of the main parabola to delays > 1.5ms. For display purposes
only, the phase diagram has been smoothed with a rectangular kernel of radius 3 pixels to reduce the noise. (Need to add dotted
lines for primary arc )

near 1 ms is particularly striking and is down by a factor
of more than a thousand on the feature at the origin. (I
am using squared amplitude here. WB proposes not
squaring)

3 SCINTILLATION THEORY – SCREEN
MODEL

Consider the pulsar as a point source at a distance Dp from
Earth, whose radiation is scattered by a particular inhomo-
geneous region of ionized interstellar medium at a distance
Ds, which dictates the properties of the received wavefield.
In this thin-screen approximation applicable here (and justi-
fied below), the phasor due to radiation scattered at a point
xj = Dsθj on the scattering disk suffers a phase delay φj due
to the scattering plasma and is received with a total phase
delay Φj = φj + k(xj − βr)2/2βDs where β = 1 − Ds/Dp

and r is the transverse position of the receiving antenna,
for which the total electric field is the summation of such
scattered components. The correlation of the fields at a
pair of antennas in an interferometer constitutes the visi-
bility, whose Fourier transform (with respect to time and

frequency) can be written as:

Ṽ (fD, τ ) =
X

j,k

exp[i(Φj − Φk)]µjµkδ(fD −fD,jk)δ(τ − τjk), (1)

with the locations of the points on the secondary spectrum
related to the points on the scattering screen by

fD,jk =
1

λβ
(θj − θk) · vISS, (2a)

τjk =
Ds

2 c β
(θ2

j − θ2
k) +

»
φj

2πν
− φk

2πν

–
. (2b)

Note that fD can be understood as the differential Doppler
shift between two waves scattered at differing points on the
screen (Cordes et al., 2005) and that the delay τ is the dif-
ferential group delay evaluated at the center of the observed
band. Note also that in general this summation is an in-
tegral over all points using unit amplitudes (Cordes et al.,
2005); the summation is appropriate in the regime of strong
scintillation (Walker et al., 2004) using the stationary phase
approximation with specific amplitudes (µj , µk) for each sta-
tionary phase point. In most analyses the scattering medium
is modelled as a random phase-changing layer that is statis-
tically homogeneous, in which case the main contributions
come from stationary phase points which behave like rays in
scaling with wavelength. However as we discuss below, the

c⃝ 2008 RAS, MNRAS 000, 1–11

The “symmetric” 
part of the phase

Brisken, Macquart et al. 2010



Bruce Slee Celebration: Scintillation & The Physics of the Universe

Resolving pulsar emission regions
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The phase difference in the scintillation pattern as 
a function of pulse phase, measured to 1mrad 
precision in PSR B0834+06, corresponding to a 
systematic deflection in the emission site as a 
function of pulse gate of 18 ± 2 km. 

Pen et al. 2014



Propagation and whatnot

How do we find out FRBs are?
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“What is logN-logS?”

sp. fluence (Jy ms)

N

Completeness line (~2 Jy ms)

NB. 101.5 \approx 32

    |    
    |   
    |    
    |    *
    |    *
    |    *      *
       2     20     200    
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FRB source counts!
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Observations show there is a ~4:1 difference in the detection 
rate between high (>30 deg) and low latitude   
(Petroff et al. 2014) 
How can this be if the population is extragalactic? 

• Bayesian analysis shows the event rate disparity is 
significant at the 99% confidence level 

• Even a Galactic population will show more detections at 
low latitude than high 
• even if the objects are confined to the Galaxy’s halo

latitude Hours on sky Events Rate (h/event)
|b|<15 1927.7 2 960

30<|b|<45 2128.85 7 300
|b|>45 1030.0 6 170



Fast Radio Bursts

How does it work?
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• In the regime of strong diffractive scintillation, the 
probability distribution of amplifications at high 
latitude is  

• The differential source counts follow a distribution 

• where δ=0 for a Euclidean universe that is 
homogeneously populated with transients

pa(a) = e�a

p(S⌫) / S�5/2+�
⌫
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Fast Radio Bursts

 Physical origin
Eddington Bias

16

16

scintillation scatters events equally to 
both lower and higher flux densities

Scintillation equalizes the two distributions:  
enhance the low event rate bin at the expense of high event rate bins

25%25%

25%25%



Fast Radio Bursts

Consequences

17

• An indirect measurement of the source count distribution!

17

disparity α
2:1 3

3:1 3.4

4:1 3.67

5:1 3.85

On the paucity of FRBs at low galactic latitudes 7

The phenomenon may be explained as an e↵ect of Eddington bias. The e↵ect of scintillation is to mix populations
with di↵erent initial flux densities. Scintillation is equally likely to amplify the radiation as it is to de-amplify it.
However, if the initial flux density distribution is su�ciently steep, the absolute number of low flux density sources
redistributed to higher flux densities greatly exceeds the number of high flux density sources redistributed to low flux
densities. When the initial population follows a power law in flux density, the nett e↵ect is to increase the event rate
of sources at high flux density relative to those with flux densities near the lower flux density cuto↵ of the distribution,
S
min

. For flux densities S
min

⌧ S⌫ . S
max

the distribution retains the same power-law index as the initial distribution,
but the di↵erential event rate is increased by a factor �(5/2� �).

The nett enhancement is a factor of ⇡ 30% for a population whose event rate scales as S�5/2
⌫ (i.e. for a non-evolving

population and neglecting cosmological e↵ects, � = 0). However, as shown in Figure 4, the enhancement is extremely
sensitive to the slope of the distribution: a steeper distribution with � = �1/2 yields an enhancement of a factor of
2.0, while � = �1 increases the event rate by a factor of 3.3 over the initial rate. On the other hand, the e↵ect works
in the opposite direction for distributions shallower than S�2

⌫ , with � = 1/2 yielding no nett enhancement in event
rate, and � = 1 causing an ⇡ 11% decrement in the event rate.
Di↵ractive interstellar scintillation explains in principle the observed disparity in the detection rate of FRBs at high

and low Galactic latitudes. Accepting this explanation as viable, we can then infer limits on the steepness of the FRB
event rate flux density distribution. Of the 15 FRBs detected to date, only 2 have been detected a latitudes < 20�

[check!]. This is almost certainly subject to Poisson errors so 2 is plausibly more like 3-4 and we can place a lower
bound on the ratio of high- to low-latitude event rates of 3 : 1. This in turn implies that FRB event rate distribution
must scale more steeply than S�3.5

⌫ . [need hard numbers from Simon].
A specific prediction of the model is a strong coupling between enhancement in the event rate and the strength of the

scattering associated with the turbulent Galactic ISM. In the present treatment we have considered the enhancement of
the event rate when amplification is due to a single scintle and in the limit in which a large number of scintles contribute
to the observed flux density. The largest e↵ect occurs when only a single scintle contributes to the scattering (i.e.
when the decorrelation bandwidth is comparable to the observing bandwidth, when the scintillations are relatively
weak), and the e↵ect diminishes with scattering strength, as shown in Figure 2.
The progression from the weak- to strong-scintillation limit is expected to follow a trend from high to low Galactic

latitudes. However, we do not present a detailed prediction of the event rate on Galactic latitude. The low number of
FRB detections does not yet merit such a detailed comparison. Moreover, do not expect there to be a straightforward
mapping between enhancement and Galactic latitude. The turbulent scattering properties of the ISM are known to be
highly inhomogeneously distributed and, while there is a general trend to decreasing scattering strength with Galactic
latitude, it also depends on Galactic longitude and the other details particular to each individual line of sight. This
is particularly pertinent here because there is a strong selection bias to detect only FRBs that are subject to weaker
di↵ractive scintillation; in other words, we expect FRBs to be detected preferentially along sightlines with anomalously
weak scattering.
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Fig. 4.— The enhancement in the event rate for FRBs subject to di↵ractive scintillation by a single scintle across the observing band as

function of � for a flux density distribution scaling as S
�5/2+�
⌫ ⌘ S�↵

⌫ .

4. CONCLUSION

Our conclusions are as follows:

– Galactic di↵ractive interstellar scintillation can explain the observed disparity in event rates of FRBs between
high and low Galactic latitude without altering the slope of the flux density distribution. The enhancement
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Actual FRB event rate is >3 smaller than the measured rate! 
Scintillation selectively enhances the rate at high Galactic latitudes, where 
most FRBs have been found



Fast Radio Bursts

Implications
The latitude dependence of the FRB event rate directly 
constrains their source count distribution, without even 
needing enough sources to measure the distribution directly! 

The source counts has profound implications for the origins of 
FRBs: they do not follow the Euclidean/homogeneous distribution 

The only way: population must be strongly evolving over time 

FRBs must be cosmological! 
This rules out a class of FRB theories because there has not been 
enough time for the population to evolve 

• Magnetar flares 
• Giant pulses from extragalactic pulsars 
• Galactic flare stars 

18

Macquart & Johnston, MNRAS 2015
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An unsolved mystery: IGM or host galaxy?

What is the origin of the temporal smearing in FRBs? 

When observed, it is > 103 times greater than the 
contribution due to our Galaxy

19

energy distribution across the band in FRB 110220
is characterized by bright bands ~100 MHz wide
(Fig. 2); the SNRs are too low in the other three
FRBs to quantify this behavior (2). Similar spec-
tral characteristics are commonly observed in the
emission of high-|b| pulsars.

With four FRBs, it is possible to calculate an
approximate event rate. The high-latitude HTRU
survey region is 24% complete, resulting in 4500
square degrees observed for 270 s. This cor-
responds to an FRB rate ofRFRBðF e 3 Jy msÞ ¼
1:0þ0:6

−0:5 % 104sky−1day−1, where the 1-s uncer-
tainty assumes Poissonian statistics. The MW
foreground would reduce this rate, with increased
sky temperature, scattering, and dispersion for
surveys close to the Galactic plane. In the ab-
sence of these conditions, our rate implies that
17þ9

−7 , 7
þ4
−3 , and 12þ6

−5 FRBs should be found in
the completed high- and medium-latitude parts
of the HTRU (1) and Parkes multibeam pulsar
(PMPS) surveys (18).

One candidate FRB with DM > DMMW has
been detected in the PMPS [ jbj < 5○ (5, 19)].
This burst could be explained by neutron star
emission, given a small scale-height error;
however, observations have not detected any
repetition. No excess-DM FRBs were detected in
a burst search of the first 23% of the medium-
latitude HTRU survey [jbj < 15○ (20)].

The event rate originally suggested for
FRB 010724, R010724 ¼ 225 sky−1 day−1 (4), is
consistent with our event rate given a Euclid-
ean universe and a population with distance-
independent intrinsic luminosities (source
count, NºF−3=2) yielding RFRB ðF e 3 Jy msÞ
e 102RFRBðF010724 e 150 Jy msÞ.

There are no known transients detected at
gamma-ray, x-ray, or optical wavelengths or
gravitational wave triggers that can be temporally
associated with any FRBs. In particular there is

Fig. 2. A dynamic spectrum showing the frequency-
dependent delay of FRB 110220. Time is measured relative
to the time of arrival in the highest frequency channel. For clarity
we have integrated 30 time samples, corresponding to the dis-
persion smearing in the lowest frequency channel. (Inset) The
top, middle, and bottom 25-MHz-wide dedispersed subband used
in the pulse-fitting analysis (2); the peaks of the pulses are
aligned to time = 0. The data are shown as solid gray lines and
the best-fit profiles by dashed black lines.

Table 1. Parameters for the four FRBs. The position given is the center of the gain pattern of the beam
in which the FRB was detected (half-power beam width ~ 14 arc min). The UTC corresponds to the arrival
time at 1581.804688MHz. The DM uncertainties depend not only on SNR but also on whether a and b are
assumed (a ¼ −2; no scattering) or fit for; where fitted, a and b are given. The comoving distance was
calculated by using DMHost = 100 cm−3 pc (in the rest frame of the host) and a standard, flat-universe
LCDM cosmology, which describes the expansion of the universe with baryonic and dark matter and dark
energy [H0 = 71 km s−1Mpc−1,WM=0.27,WL =0.73;H0 is the Hubble constant andWM andWL are fractions
of the critical density of matter and dark energy, respectively (29)]. a and b are from a series of fits using
intrinsic pulse widths of 0.87 to 3.5ms; the uncertainties reflect the spread of values obtained (2). The observed
widths are shown; FRBs 110627, 110703, and 120127 are limited by the temporal resolution due to dis-
persion smearing. The energy released is calculated for the observing band in the rest frame of the source (2).

FRB 110220 FRB 110627 FRB 110703 FRB 120127

Beam right
ascension ( J2000)

22h 34m 21h 03m 23h 30m 23h 15m

Beam declination
( J2000)

−12° 24′ −44° 44′ −02° 52′ −18° 25′

Galactic latitude,
b (°)

−54.7 −41.7 −59.0 −66.2

Galactic longitude,
l (°)

+50.8 +355.8 +81.0 +49.2

UTC (dd/mm/yyyy
hh:mm:ss.sss)

20/02/2011
01:55:48.957

27/06/2011
21:33:17.474

03/07/2011
18:59:40.591

27/01/2012
08:11:21.723

DM (cm−3 pc) 944.38 T 0.05 723.0 T 0.3 1103.6 T 0.7 553.3 T 0.3
DME (cm

−3 pc) 910 677 1072 521
Redshift, z (DMHost =

100 cm−3 pc)
0.81 0.61 0.96 0.45

Co-moving distance,
D (Gpc) at z

2.8 2.2 3.2 1.7

Dispersion index, a −2.003 T 0.006 – −2.000 T 0.006 –
Scattering index, b −4.0 T 0.4 – – –
Observed width

at 1.3 GHz, W (ms)
5.6 T 0.1 <1.4 <4.3 <1.1

SNR 49 11 16 11
Minimum peak

flux density Sn(Jy)
1.3 0.4 0.5 0.5

Fluence at 1.3 GHz,
F (Jy ms)

8.0 0.7 1.8 0.6

SnD2 (× 1012 Jy kpc2) 10.2 1.9 5.1 1.4
Energy released, E (J) ~1039 ~1037 ~1038 ~1037

www.sciencemag.org SCIENCE VOL 341 5 JULY 2013 55
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Pulse width increases 
as ν-4.0, consistent with 
scattering in a turbulent 
plasma

Probes turbulence on scales down 
to ~10,000km at distances from 
>3 Gpc!
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Conclusions

Scintillation studies have entered a new era: 

A cheap way of doing ultra-widefield VLBI at low frequencies 

Achieving incredible angular resolution of pulsars: 
• 20 pico-arcseconds! 
• Challenges views of the nature of interstellar turbulence 

Yielding unique insights into the nature of a new radio 
population 

• Fascinating parallels between early quasar discovery era 
and present FRB discoveries
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