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Outline and Summary 

•  FRBs: Millisecond radio pulses with high pulse dispersion measures.

•  Almost certainly astrophysical in nature.

•  Very probably from outside our Galaxy.


•  So far, most FRBs have been detected at Parkes."
  "

(Lorimer et al. 2007, Keane et al. 2012, Thornton et al. 2013, "
Burke-Spolaor & Bannister 2014, Ravi et al. 2015, Petroff et al. 2015, Champion et al. 2016, …)




•  FRBs also detected at Arecibo (Spitler et al. 2014)"

and Green Bank (Masui et al. 2015).


•  At least one FRB source repeats. Not cataclysmic (Spitler et al. 2016). 


•  What are FRBs? Terrestrial, Galactic, Extragalactic? 

•  Implied rates > 10,000 over sky per day.

•  Multiple populations are not yet required: "

extreme value statistics at work.

•  Source distance? Redshifts? Energetics?  Connection to GWs?"

“Location, location, location.”




Interstellar / Intergalactic Plasma Propagation Effects 
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Figure 1 |The observational signatures of the new radio transient sources.
From top to bottom, we show the original detections of J131725759,
J1443260 and J1826214 in the Parkes multibeam survey data. The Parkes
survey, which has discovered over 750 radio pulsars19, used a 13-beam
1,400-MHz cryogenic receiver and covered 1,500 deg2 within 58 of the
Galactic plane, for longitudes 2608 , l , 508 with 250ms sampling of a
multichannel receiver and 35min dwell-times on each position20.
Approximately 30% of all pulsars that were detected in the survey using
standard periodicity-seeking Fourier techniques were also detected in the
burst search. Since radiowaves are dispersed by ionized gas in the interstellar
medium, the effects of such dispersion have to be removed, and we have
therefore used search techniques similar to those described in ref. 21. In
short, the 35-min time series were de-dispersed for a number of trial values
of dispersionmeasure (DM). The time series were smoothed by convolution

with boxcars of various widths to increase sensitivity to broadened pulses,
with a maximum boxcar width of 32ms. Because the optimal sensitivity is
achieved when the smoothing window width equals the burst width, our
sensitivity is lower for burst durations greater than 32ms. Each of these time
series was then searched for any bursts above a threshold of five standard
deviations, computed by calculating a running mean and root-mean-square
deviation of the noisy time series. All bursts detected above a 5j threshold
are plotted as circles, with size proportional to the signal-to-noise ratio of
the detected burst. The abcissa shows arrival time while the ordinate shows
the DM. Because of their finite width, intense bursts are detected at multiple
DMs and result in vertical broadening of the features. Bursts which are
strongest at zero DM and therefore likely to be impulsive terrestrial
interference are not shown. In general, these were easily identified by their
detection in multiple beams of the 13-beam receiver.

Table 1 | Measured and derived parameters for the eleven sources

Name RA (J2000) (hm s) Dec (J2000) (8 0 00 ) l (8) b (8) DM (pc cm23) D (kpc) w50 (ms) S 1400 (mJy) Np/Tobs (h
21) Ndet/Nobs

J0848243 08:48(1) 243:16(7) 263.4 0.2 293(19) 5.5 30 100 27/19 9/28
J131725759 13:17:46.31(7) 257:59:30.2(6) 306.4 4.7 145.4(3) 3.2 10 1,100 108/24 23/24
J1443260 14:43(1) 260:32(7) 316.2 20.6 369(8) 5.5 20 280 32/41 17/25
J1754230 17:54(1) 230:11(7) 359.9 22.2 98(6) 2.2 16 160 18/30 10/20
J181921458 18:19:33.0(5) 214:58:16(32) 16.0 0.1 196(3) 3.6 3 3,600 229/13 24/24
J1826214 18:26(1) 214:27(7) 17.2 21.0 159(1) 3.3 2 600 18/17 8/12
J1839201 18:39(1) 201:36(7) 30.1 2.0 307(10) 6.5 15 100 8/13 1/10
J1846202 18:46(1) 202:56(7) 29.7 20.1 239(10) 5.2 16 250 11/10 5/9
J1848212 18:48(1) 212:47(7) 21.1 25.0 88(2) 2.4 2 450 10/8 5/9
J1911þ00 19:11(1) þ00:37(7) 35.7 24.1 100(3) 3.3 5 250 4/13 4/11
J1913þ1333 19:13:17.69(6) þ13:33:20.1(7) 47.5 1.4 175.8(3) 5.7 2 650 66/14 7/10

For each source, we give (left to right) name, right ascension, declination, Galactic longitude, Galactic latitude, DM, inferred distance, average burst duration at 50% of the maximum, peak
1,400-MHz flux density of brightest detected burst, ratio of the total number of bursts detected to the total observation time, and the ratio of the number of observations in which at least one
burst was detected to the total number of observations. Estimated 1j errors are given in parentheses where relevant and refer to the last quoted digit. The mean latitudes and longitudes are
comparable to those of the pulsars detected in the Parkes survey. The distances are inferred from their DMs, positions and a model for the Galactic free electron density16. The mean
distance of 4.2 kpc is comparable to that of 5.8 kpc for the pulsars detected in the Parkes survey. The extremely sporadic nature of the bursts makes localization difficult, with most positions
known only to within the 1,400-MHz 14-arcmin beam of the Parkes Telescope. For the three sources for which we have measured period derivatives, more accurate positions have been
derived through radio timing. Burst durations for each source remain constant, within the uncertainties, and are all much larger than those measured for pulsar giant pulses (see, for example,
refs 17, 18).
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(Burke-Spolaor & Bannister 2014) 

(McLaughlin et al. 2011) 

Single pulses sweep through "
time-frequency plane. 

! Search space in time – DM.

! Observed DM " estimate distance. 



Single Pulses, Pulse Dispersion, and Galactic Models 





NE2001 (Cordes & Lazio 2002) 

Ensemble of detected pulsar DMs  

+ independent distances + a variety of other constraints

!  Models for the Galactic electron density distribution (e.g., NE2001).

!  Distance estimates (or limits) for other dispersed pulses.




FRBs :  Excess Pulse Dispersion  

DM observed

= DM Milky Way 

+ DM IGM        

+ DM Host Galaxy




Some FRB examples 
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A Bright Millisecond Radio Burst of
Extragalactic Origin
D. R. Lorimer,1,2* M. Bailes,3 M. A. McLaughlin,1,2 D. J. Narkevic,1 F. Crawford4

Pulsar surveys offer a rare opportunity to monitor the radio sky for impulsive burst-like events with
millisecond durations. We analyzed archival survey data and found a 30-jansky dispersed burst, less
than 5 milliseconds in duration, located 3° from the Small Magellanic Cloud. The burst properties
argue against a physical association with our Galaxy or the Small Magellanic Cloud. Current models for
the free electron content in the universe imply that the burst is less than 1 gigaparsec distant. No
further bursts were seen in 90 hours of additional observations, which implies that it was a singular
event such as a supernova or coalescence of relativistic objects. Hundreds of similar events could occur
every day and, if detected, could serve as cosmological probes.

Transient radio sources are difficult to
detect, but they can potentially provide
insights into a wide variety of astro-

physical phenomena (1). Of particular interest is
the detection of short radio bursts, no more than
a few milliseconds in duration, that may be
produced by exotic events at cosmological dis-
tances, such as merging neutron stars (2) or
evaporating black holes (3). Pulsar surveys are
currently among the few records of the sky with
good sensitivity to radio bursts, and they have
the necessary temporal and spectral resolution
required to unambiguously discriminate be-
tween short-duration astrophysical bursts and
terrestrial interference. Indeed, they have recently
been successfully mined to detect a new galactic
population of transients associated with rotating
neutron stars (4). The burst we report here,
however, has a substantially higher inferred
energy output than this class and has not been
observed to repeat. This burst therefore repre-
sents an entirely new phenomenon.

The burst was discovered during a search
of archival data from a 1.4-GHz survey of the
Magellanic Clouds (5) using the multibeam
receiver on the 64-m Parkes Radio Telescope
(6) in Australia. The survey consisted of 209
telescope pointings, each lasting 2.3 hours.
During each pointing, the multibeam receiver
collected independent signals from 13 different
positions (beams) on the sky. The data from each
beam were one-bit sampled every millisecond
over 96 frequency channels spanning a band
288 MHz wide.

Radio signals from all celestial sources
propagate through a cold ionized plasma of free
electrons before reaching the telescope. The
plasma, which exists within our Galaxy and in
extragalactic space, has a refractive index that
depends on frequency. As a result, any radio
signal of astrophysical origin should exhibit a
quadratic shift in its arrival time as a function of
frequency, with the only unknown being the
integrated column density of free electrons along
the line of sight, known as the dispersionmeasure
(DM). Full details of the data reduction procedure
to account for this effect, and to search for in-
dividual dispersed bursts, are given in the
supporting online material. In brief, for each
beam, the effects of interstellar dispersion were
minimized for 183 trial DMs in the range 0 to
500 cm−3 pc. The data were then searched for
individual pulses with signal-to-noise (S/N)

ratios greater than 4 with the use of a matched
filtering technique (7) optimized for pulse widths
in the range 1 to 1000ms. The burst was detected
in data taken on 24 August 2001 with DM = 375
cm−3 pc contemporaneously in three neighboring
beams (Fig. 1) and was located ~3° south of the
center of the Small Magellanic Cloud (SMC).

The pulse exhibited the characteristic qua-
dratic delay as a function of radio frequency
(Fig. 2) expected from dispersion by a cold ion-
ized plasma along the line of sight (8). Also
evident was a significant evolution of pulse
width across the observing frequency band. The
behavior we observed, where the pulse width W
scales with frequency f as W º f −4.8 ± 0.4, is
consistent with pulse-width evolution due to
interstellar scattering with a Kolmogorov power
law [W º f −4 (9)]. The filter-bank system has
finite frequency and time resolution, which
effectively sets an upper limit to the intrinsic
pulse width Wint = 5 ms. We represent this
below by the parameter W5 = Wint/5 ms. Note
that it is entirely possible that the intrinsic width
could be much smaller than observed (i.e.,
W5 << 1) and that the width we observe in Fig. 2
results from the combination of intergalactic
scattering and our instrumentation.

We can estimate the flux density of the
radio burst in two ways. For the strongest
detection, which saturated the single-bit digi-
tizer in the observing system, we make use of
the fact that the integrating circuit that sets the
mean levels and thresholds is analog. When
exposed to a source of strength comparable to
the system equivalent flux density, an absorp-
tion feature in the profile is induced that can
be used to estimate the integrated burst energy.
For a 5-ms burst, we estimated the peak flux
to be 40 Jy (1 Jy ≡ 10−26 W m−2 Hz−1). Using
the detections from the neighboring beam po-
sitions, and the measured response of the multi-
beam system as a function of off-axis position
(6), we determined the peak flux density to be
at least 20 Jy. We therefore adopt a burst flux
of 30 ± 10 Jy, which is consistent with our
measurements, for the remaining discussion.
Although we have only limited information on
the flux density spectrum, as seen in Fig. 2,
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A Bright Millisecond Radio Burst of
Extragalactic Origin
D. R. Lorimer,1,2* M. Bailes,3 M. A. McLaughlin,1,2 D. J. Narkevic,1 F. Crawford4

Pulsar surveys offer a rare opportunity to monitor the radio sky for impulsive burst-like events with
millisecond durations. We analyzed archival survey data and found a 30-jansky dispersed burst, less
than 5 milliseconds in duration, located 3° from the Small Magellanic Cloud. The burst properties
argue against a physical association with our Galaxy or the Small Magellanic Cloud. Current models for
the free electron content in the universe imply that the burst is less than 1 gigaparsec distant. No
further bursts were seen in 90 hours of additional observations, which implies that it was a singular
event such as a supernova or coalescence of relativistic objects. Hundreds of similar events could occur
every day and, if detected, could serve as cosmological probes.

Transient radio sources are difficult to
detect, but they can potentially provide
insights into a wide variety of astro-

physical phenomena (1). Of particular interest is
the detection of short radio bursts, no more than
a few milliseconds in duration, that may be
produced by exotic events at cosmological dis-
tances, such as merging neutron stars (2) or
evaporating black holes (3). Pulsar surveys are
currently among the few records of the sky with
good sensitivity to radio bursts, and they have
the necessary temporal and spectral resolution
required to unambiguously discriminate be-
tween short-duration astrophysical bursts and
terrestrial interference. Indeed, they have recently
been successfully mined to detect a new galactic
population of transients associated with rotating
neutron stars (4). The burst we report here,
however, has a substantially higher inferred
energy output than this class and has not been
observed to repeat. This burst therefore repre-
sents an entirely new phenomenon.

The burst was discovered during a search
of archival data from a 1.4-GHz survey of the
Magellanic Clouds (5) using the multibeam
receiver on the 64-m Parkes Radio Telescope
(6) in Australia. The survey consisted of 209
telescope pointings, each lasting 2.3 hours.
During each pointing, the multibeam receiver
collected independent signals from 13 different
positions (beams) on the sky. The data from each
beam were one-bit sampled every millisecond
over 96 frequency channels spanning a band
288 MHz wide.

Radio signals from all celestial sources
propagate through a cold ionized plasma of free
electrons before reaching the telescope. The
plasma, which exists within our Galaxy and in
extragalactic space, has a refractive index that
depends on frequency. As a result, any radio
signal of astrophysical origin should exhibit a
quadratic shift in its arrival time as a function of
frequency, with the only unknown being the
integrated column density of free electrons along
the line of sight, known as the dispersionmeasure
(DM). Full details of the data reduction procedure
to account for this effect, and to search for in-
dividual dispersed bursts, are given in the
supporting online material. In brief, for each
beam, the effects of interstellar dispersion were
minimized for 183 trial DMs in the range 0 to
500 cm−3 pc. The data were then searched for
individual pulses with signal-to-noise (S/N)

ratios greater than 4 with the use of a matched
filtering technique (7) optimized for pulse widths
in the range 1 to 1000ms. The burst was detected
in data taken on 24 August 2001 with DM = 375
cm−3 pc contemporaneously in three neighboring
beams (Fig. 1) and was located ~3° south of the
center of the Small Magellanic Cloud (SMC).

The pulse exhibited the characteristic qua-
dratic delay as a function of radio frequency
(Fig. 2) expected from dispersion by a cold ion-
ized plasma along the line of sight (8). Also
evident was a significant evolution of pulse
width across the observing frequency band. The
behavior we observed, where the pulse width W
scales with frequency f as W º f −4.8 ± 0.4, is
consistent with pulse-width evolution due to
interstellar scattering with a Kolmogorov power
law [W º f −4 (9)]. The filter-bank system has
finite frequency and time resolution, which
effectively sets an upper limit to the intrinsic
pulse width Wint = 5 ms. We represent this
below by the parameter W5 = Wint/5 ms. Note
that it is entirely possible that the intrinsic width
could be much smaller than observed (i.e.,
W5 << 1) and that the width we observe in Fig. 2
results from the combination of intergalactic
scattering and our instrumentation.

We can estimate the flux density of the
radio burst in two ways. For the strongest
detection, which saturated the single-bit digi-
tizer in the observing system, we make use of
the fact that the integrating circuit that sets the
mean levels and thresholds is analog. When
exposed to a source of strength comparable to
the system equivalent flux density, an absorp-
tion feature in the profile is induced that can
be used to estimate the integrated burst energy.
For a 5-ms burst, we estimated the peak flux
to be 40 Jy (1 Jy ≡ 10−26 W m−2 Hz−1). Using
the detections from the neighboring beam po-
sitions, and the measured response of the multi-
beam system as a function of off-axis position
(6), we determined the peak flux density to be
at least 20 Jy. We therefore adopt a burst flux
of 30 ± 10 Jy, which is consistent with our
measurements, for the remaining discussion.
Although we have only limited information on
the flux density spectrum, as seen in Fig. 2,
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indicative calculations about potential source
luminosity and event rates, we adopt a distance
of 500 Mpc. This corresponds to z ~ 0.12 and a
host galaxy DM of 200 cm−3 pc. In recognition
of the considerable distance uncertainty, we
parameterize this as D500 = D/500 Mpc. If this
source is well beyond the local group, it would
provide the first definitive limit on the ionized
column density of the intracluster medium,
which is currently poorly constrained (17).

What is the nature of the burst source? From
the observed burst duration, flux density, and dis-
tance, we estimate the brightness temperature
and energy released to be ~1034 (D500/W5)

2 K
and ~1033W5D500

2 J, respectively. These values,
and light travel-time arguments that limit the
source size to <1500 km for a nonrelativistic source,
imply a coherent emission process from a compact
region. Relativistic sources with bulk velocity v are
larger by a factor of either G (for a steady jet model)
or G2 (for an impulsive blast model), where the
Lorentz factor G = [1 − (v2/c2)]−1/2 and c is the
speed of light.

The only two currently known radio sources
capable of producing such bursts are the ro-
tating radio transients (RRATs), thought to be
produced by intermittent pulsars (4), and giant
pulses from either a millisecond pulsar or a
young energetic pulsar. A typical pulse from a
RRAT would only be detectable out to ~6 kpc
with our observing system. Even some of the
brightest giant pulses from the Crab pulsar,
with peak luminosities of 4 kJy kpc2 (18),
would be observable out to ~100 kpc with the
same system. In addition, both the RRAT
bursts and giant pulses follow power-law dis-
tributions of pulse energies. The strength of
this burst, which is some two orders of mag-
nitude above our detection threshold, should
have easily led to many events at lower pulse
energies, either in the original survey data
or follow-up observations. Hence, it appears
to represent an entirely new class of radio
source.

To estimate the rate of similar events in the
radio sky, we note that the survey we have

analyzed was sensitive to bursts of this inten-
sity over an area of about 5 square degrees (i.e.,
1/8250 of the entire sky) at any given time over
a 20-day period. Assuming the bursts to be
distributed isotropically over the sky, we infer a
nominal rate of 8250/20 ≈ 400 similar events
per day. Given our observing system parame-
ters, we estimate that a 1033-Jy radio burst
would be detectable out to z ~ 0.3, or a distance
of 1 Gpc. The corresponding cosmological rate
for bursts of this energy is therefore ~90 day−1

Gpc−3. Although considerably uncertain, this is
somewhat higher than the corresponding esti-
mates of other astrophysical sources, such as
binary neutron star inspirals [~3 day−1 Gpc−3

(19)] and gamma-ray bursts [~4 day−1 Gpc−3

(20)], but well below the rate of core-collapse
supernovae [~1000 day−1 Gpc−3 (21)]. Although
the implied rate is compatible with gamma-ray
bursts, the brightness temperature and radio
frequency we observed for this burst are higher
than currently discussed mechanisms or limita-
tions for the observation of prompt radio emis-
sion from these sources (22).

Regardless of the physical origin of this
burst, we predict that existing data from other
pulsar surveys with the Parkes multibeam
system (23–26) should contain several similar
bursts. Their discovery would permit a more
reliable estimate of the overall event rate. The
only other published survey for radio transients
on this time scale (27) did not have sufficient
sensitivity to detect similar events at the rate pre-
dicted here. At lower frequencies (~400 MHz)
where many pulsar surveys were conducted,
although the steep spectral index of the source
implies an even higher flux density, the predicted
scattering time (~2 s) would make the bursts
difficult to detect over the radiometer noise. At
frequencies near 100MHz, where low-frequency
arrays currently under construction will operate
(28), the predicted scattering time would be on
the order of several minutes, and hence would be
undetectable.

Perhaps the most intriguing feature of this
burst is its 30-Jy strength. Although this has
allowed us to make a convincing case for its
extraterrestrial nature, the fact that it is more
than 100 times our detection threshold makes
its uniqueness puzzling. Often, astronomical
sources have a flux distribution that would
naturally lead to many burst detections of
lower significance; such events are not ob-
served in our data. If, on the other hand, this
burst was a rare standard candle, more distant
sources would have such large DMs that they
would be both red-shifted to lower radio
frequencies and outside our attempted disper-
sion trials. If redshifts of their host galaxies are
measurable, the potential of a population of
radio bursts at cosmological distances to probe
the ionized intergalactic medium (29) is very
exciting, especially given the construction of
wide-field instruments (30) in preparation for
the Square Kilometre Array (31).

Fig. 2. Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 24 August 2001, are shown here as a two-dimensional “waterfall plot” of intensity as
a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep across
the frequency band, with broadening toward lower frequencies. From a measurement of the pulse
delay across the receiver band, we used standard pulsar timing techniques and determined the DM
to be 375 ± 1 cm−3 pc. The two white lines separated by 15 ms that bound the pulse show the
expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ~1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated. By
splitting the data into four frequency subbands, we have measured both the half-power pulse width
and flux density spectrum over the observing bandwidth. Accounting for pulse broadening due to
known instrumental effects, we determine a frequency scaling relationship for the observed width
W = 4.6 ms ( f/1.4 GHz)−4.8 ± 0.4, where f is the observing frequency. A power-law fit to the mean
flux densities obtained in each subband yields a spectral index of −4 ± 1. The inset shows the total-
power signal after a dispersive delay correction assuming a DM of 375 cm−3 pc and a reference
frequency of 1.5165 GHz. The time axis on the inner figure also spans the range 0 to 500 ms.
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•  A single dispersed pulse.

•  Width < 5ms.

•  Brighter than 30 Jy (?)

•  Follows f-2 dispersion law.

•  DM = 375 pc cm-3 => 500 Mpc?

•  Localized to one part of sky"

(strongest in 1 beam, of 13 on sky).




FRB 010724, the Lorimer burst 



Several bright extragalactic FRBs 

The range of accretion rates estimated from
Eq. 1, 30 to 60M☉ year–1, is found to be close to
the galaxy’s SFR of ~33þ40

−11 M☉ year–1. This is in
agreement with the simplest arguments for gal-
axy growth via self-regulation (24, 25) and from
numerical simulations (4, 6). Furthermore, for
this galaxy’s halo mass, Mh ~ 4 × 1011 M☉

(determined from its rotation curve), this value of
Ṁ in corresponds to an accretion efficiency e of
~100% [where e is defined as the ratio of the
observed and maximum expected baryonic
accretion rates, namely e ≡ Ṁ in=ðf BṀ hÞ, where
fB is the universal baryonic fraction and Ṁ h is the
halo growth rate (26, 27)].

Our study shows the potential of the tech-
nique of using background quasars passing near
galaxies to further understand the process of gas
accretion in galaxies, which is complementary to
other recent studies (28–30). Our observations,
which are merely consistent with cold accretion,
provide key evidence important to consider
against hydrodynamical simulations.
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Searches for transient astrophysical sources often reveal unexpected classes of objects that are
useful physical laboratories. In a recent survey for pulsars and fast transients, we have uncovered
four millisecond-duration radio transients all more than 40° from the Galactic plane. The bursts’
properties indicate that they are of celestial rather than terrestrial origin. Host galaxy and
intergalactic medium models suggest that they have cosmological redshifts of 0.5 to 1 and distances
of up to 3 gigaparsecs. No temporally coincident x- or gamma-ray signature was identified in
association with the bursts. Characterization of the source population and identification of host
galaxies offers an opportunity to determine the baryonic content of the universe.

The four fast radio bursts (FRBs) (Fig. 1)
reported here were detected in the high
Galactic latitude region of the High Time

Resolution Universe (HTRU) survey (1), which
was designed to detect short-time-scale radio tran-
sients and pulsars (Galactic pulsed radio sources).
The survey uses the 64-m Parkes radio telescope
and its 13-beam receiver to acquire data across a
bandwidth of 400 MHz centered at 1.382 GHz
(table S1). We measured minimum fluences
for the FRBs of F = 0.6 to 8.0 Jy ms (1 Jy =
10–26 W m–2 Hz–1) (2). At cosmological dis-
tances, this indicates that they are more luminous
than bursts from any known transient radio source
(3). Follow-up observations at the original beam
positions have not detected any repeat events,

indicating that the FRBs are likely cataclysmic
in nature.

Candidate extragalactic bursts have previous-
ly been reported with varying degrees of plausi-
bility (4–7), along with a suggestion that FRB
010724 (the “Lorimer burst”) is similar to other
signals that may be of local origin (8, 9). To be
consistent with a celestial origin, FRBs should
exhibit certain pulse properties. In particular,
observations of radio pulsars in the Milky Way
(MW) have confirmed that radio emission is de-
layed by propagation through the ionized inter-
stellar medium (ISM), which can be considered a
cold plasma. This delay has a power law depen-
dence ofdtºDM⋅n−2 and a typical frequency-
dependent width of Wºn−4. The dispersion

measure (DM) is related to the integrated column
density of free electrons along the line of sight
to the source and is a proxy for distance. The
frequency-dependent pulse broadening occurs
as an astrophysical pulse is scattered by an in-
homogeneous turbulent medium, causing a char-
acteristic exponential tail. Parameterizing the
frequency dependence of dt and W as a and b,
respectively, we measured a ¼ −2:003 T 0:006
and b ¼ −4:0 T 0:4 for FRB110220 (Table 1 and
Fig. 2), as expected for propagation through a
cold plasma. Although FRB 110703 shows no evi-
dence of scattering, we determineda ¼ −2:000 T
0:006. The other FRBs do not have sufficient
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The range of accretion rates estimated from
Eq. 1, 30 to 60M☉ year–1, is found to be close to
the galaxy’s SFR of ~33þ40

−11 M☉ year–1. This is in
agreement with the simplest arguments for gal-
axy growth via self-regulation (24, 25) and from
numerical simulations (4, 6). Furthermore, for
this galaxy’s halo mass, Mh ~ 4 × 1011 M☉

(determined from its rotation curve), this value of
Ṁ in corresponds to an accretion efficiency e of
~100% [where e is defined as the ratio of the
observed and maximum expected baryonic
accretion rates, namely e ≡ Ṁ in=ðf BṀ hÞ, where
fB is the universal baryonic fraction and Ṁ h is the
halo growth rate (26, 27)].

Our study shows the potential of the tech-
nique of using background quasars passing near
galaxies to further understand the process of gas
accretion in galaxies, which is complementary to
other recent studies (28–30). Our observations,
which are merely consistent with cold accretion,
provide key evidence important to consider
against hydrodynamical simulations.
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Searches for transient astrophysical sources often reveal unexpected classes of objects that are
useful physical laboratories. In a recent survey for pulsars and fast transients, we have uncovered
four millisecond-duration radio transients all more than 40° from the Galactic plane. The bursts’
properties indicate that they are of celestial rather than terrestrial origin. Host galaxy and
intergalactic medium models suggest that they have cosmological redshifts of 0.5 to 1 and distances
of up to 3 gigaparsecs. No temporally coincident x- or gamma-ray signature was identified in
association with the bursts. Characterization of the source population and identification of host
galaxies offers an opportunity to determine the baryonic content of the universe.

The four fast radio bursts (FRBs) (Fig. 1)
reported here were detected in the high
Galactic latitude region of the High Time

Resolution Universe (HTRU) survey (1), which
was designed to detect short-time-scale radio tran-
sients and pulsars (Galactic pulsed radio sources).
The survey uses the 64-m Parkes radio telescope
and its 13-beam receiver to acquire data across a
bandwidth of 400 MHz centered at 1.382 GHz
(table S1). We measured minimum fluences
for the FRBs of F = 0.6 to 8.0 Jy ms (1 Jy =
10–26 W m–2 Hz–1) (2). At cosmological dis-
tances, this indicates that they are more luminous
than bursts from any known transient radio source
(3). Follow-up observations at the original beam
positions have not detected any repeat events,

indicating that the FRBs are likely cataclysmic
in nature.

Candidate extragalactic bursts have previous-
ly been reported with varying degrees of plausi-
bility (4–7), along with a suggestion that FRB
010724 (the “Lorimer burst”) is similar to other
signals that may be of local origin (8, 9). To be
consistent with a celestial origin, FRBs should
exhibit certain pulse properties. In particular,
observations of radio pulsars in the Milky Way
(MW) have confirmed that radio emission is de-
layed by propagation through the ionized inter-
stellar medium (ISM), which can be considered a
cold plasma. This delay has a power law depen-
dence ofdtºDM⋅n−2 and a typical frequency-
dependent width of Wºn−4. The dispersion

measure (DM) is related to the integrated column
density of free electrons along the line of sight
to the source and is a proxy for distance. The
frequency-dependent pulse broadening occurs
as an astrophysical pulse is scattered by an in-
homogeneous turbulent medium, causing a char-
acteristic exponential tail. Parameterizing the
frequency dependence of dt and W as a and b,
respectively, we measured a ¼ −2:003 T 0:006
and b ¼ −4:0 T 0:4 for FRB110220 (Table 1 and
Fig. 2), as expected for propagation through a
cold plasma. Although FRB 110703 shows no evi-
dence of scattering, we determineda ¼ −2:000 T
0:006. The other FRBs do not have sufficient
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signal-to-noise ratios (SNRs) to yield astrophysi-
cally interesting constraints for either parameter
and show no evidence of scattering.

Our FRBs were detected with DMs in the
range from553 to 1103 cm−3 pc. Their highGalactic
latitudes (jbj > 41○, Table 1) correspond to lines
of sight through the low column density Galactic
ISM corresponding to just 3 to 6% of the DM
measured (10). These small Galactic DM con-
tributions are highly supportive of an extragalac-
tic origin and are substantially smaller fractions
than those of previously reported bursts, which
were 15% of DM= 375 cm−3 pc for FRB 010724
(4) and 70% of DM = 746 cm−3 pc for FRB
010621 (5).

The non-Galactic DM contribution, DME, is
the sum of two components: the intergalactic
medium (IGM; DMIGM) and a possible host gal-
axy (DMHost). The intervening medium could be
purely intergalactic and could also include a con-
tribution from an intervening galaxy. Two op-
tions are considered according to the proximity
of the source to the center of a host galaxy.

If located at the center of a galaxy, this may be
a highly dispersive region; for example, lines
of sight passing through the central regions of
Milky Way–like galaxies could lead to DMs in
excess of 700 cm−3 pc in the central ~100 pc (11),
independent of the line-of-sight inclination. In
this case, DME is dominated by DMHost and re-
quires FRBs to be emitted by an unknownmecha-
nism in the central region, possibly associated
with the supermassive black hole located there.

If outside a central region, then elliptical host
galaxies (which are expected to have a low electron
density) will not contribute to DME substantially,
and DMHost for a spiral galaxy will only contrib-
ute substantially to DME if viewed close to edge-
on [inclination, i > 87○ for DM > 700cm−3pc;
probabilityði > 87○Þ ≈ 0:05]. The chance of all
four FRBs coming from edge-on spiral galaxies
is therefore negligible (10−6). Consequently, if the
sources are not located in a galactic center, DMHost

would likely be small, and DMIGM dominates.
Assuming an IGM free-electron distribution, which
takes into account cosmological redshift and as-
sumes a universal ionization fraction of 1 (12, 13),
the sources are inferred to be at redshifts z = 0.45
to 0.96, corresponding to comoving distances of
1.7 to 3.2 Gpc (Table 1).

In principle, pulse scatter-broadening mea-
surements can constrain the location and strength
of an intervening scattering screen (14). FRBs
110627, 110703, and 120127 are too weak to
enable the determination of any scattering; how-
ever, FRB 110220 exhibits an exponential scat-
tering tail (Fig. 1). There are at least two possible
sources and locations for the responsible scatter-
ing screens: a host galaxy or the IGM. It is pos-
sible that both contribute to varying degrees.

For screen-source, Dsrc, and screen-observer,
Dobs, distances, themagnitude of the pulse broad-
ening resulting from scattering is multiplied by
the factor DsrcDobs=ðDsrc + DobsÞ2. For a screen
and source located in a distant galaxy, this effect

probably requires the source to be in a high-
scattering region, for example, a galactic center.

The second possibility is scattering because
of turbulence in the ionized IGM, unassociated
with any galaxy. There is a weakly constrained
empirical relationship betweenDM andmeasured
scattering for pulsars in the MW. If applicable to
the IGM, then the observed scattering implies
DMIGM > 100cm−3 pc (2, 15). With use of the
aforementioned model of the ionized IGM, this
DM equates to z > 0:11 (2, 12, 13). The prob-
ability of an intervening galaxy located along the
line of sight within z ≈ 1 is ≤0.05 (16). Such a
galaxy could be a source of scattering and dis-
persion, but the magnitude would be subject to
the same inclination dependence as described for
a source located in the disk of a spiral galaxy.

It is important to be sure that FRBs are not a
terrestrial source of interference. Observations at
Parkes have previously shown swept frequency
pulses of terrestrial origin, dubbed “perytons.”
These are symmetric W > 20 ms pulses, which
imperfectly mimic a dispersive sweep (2, 8). Al-
though perytons peak in apparent DM near
375 cm−3 pc (range from ~200 to 420 cm–3 pc),

close to that of FRB 010724, the FRBs presented
here have much higher and randomly distributed
DMs. Three of these FRBs are factors of >3
narrower than any documented peryton. Last, the
characteristic scattering shape and strong disper-
sion delay adherence of FRB 110220 make a
case for cold plasma propagation.

The Sun is known to emit frequency-swept
radio bursts at 1 to 3GHz [typeIIIdm (17)]. These
bursts have typical widths of 0.2 to 10 s and
positive frequency sweeps, entirely inconsistent
with measurements of W and a for the FRBs.
Whereas FRB 110220 was separated from the
Sun by 5.6°, FRB 110703 was detected at night
and the others so far from the Sun that any
solar radiation should have appeared in multi-
ple beams. These FRBs were only detected in a
single beam; it is therefore unlikely they are of
solar origin.

Uncertainty in the true position of the FRBs
within the frequency-dependent gain pattern of
the telescope makes inferring a spectral index, and
hence flux densities outside the observing band,
difficult. A likely off-axis position changes the in-
trinsic spectral index substantially. The spectral

Fig. 1. The frequency-integrated flux densities for the four FRBs. The time resolutions match the
level of dispersive smearing in the central frequency channel (0.8, 0.6, 0.9, and 0.5 ms, respectively).
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•  DMs = 553-1103 pc cm-3.

•  Seen in single Parkes beams.

•  FRB 110220:"

δt ~ f-α; α = 2.003±0.006.

•  Fluence ~0.6-8 Jy-ms.

•  Detectable scattering.

•  No re-detections.




FRB 121102 :   Arecibo detection of an FRB 

FRB 121102

(Spitler et al. 2014)



•  l=175°, b=−0.2°.

•  DM = 557 pc cm-3"

(3x NE2001).

•  Width= 3.0±0.5 ms.


•  Single PALFA beam.

•  No re-detection in "

multiple deep obs.



•  Fainter at lower f:"

Telescope sidelobe?"
Or intrinsic? 




FRB 110523 :   A burst detected at GBT 

FRB 110523

(Masui et al. 2015, "
from archival data).



•  DM = 623 pc cm-3. 

(Galactic max is 45.)

•  700-800 MHz; GBT. 

Note: beam was slewing 
during detection.


•  Full polarization – can 
detect Faraday rotation."
B >0.38 μG.


•  Detection of scattering "
and scintillation, "
suggestive of host 
galaxy within z~0.5.


Masui et al., 2015, Nature

“Dense magnetized plasma associated with an FRB”




A host galaxy for an FRB? 



The host galaxy of a fast radio burst  
E. F. Keane, S. Johnston, S. Bhandari, et al., 2016, Nature. 

FRB 150418 :  a host galaxy 

… We report the discovery of a 
fast radio burst and the 
identification of a fading radio 
transient lasting ~6 days after 
the event, which we use to 
identify the host galaxy; we 
measure the galaxy’s redshift to 
be z = 0.492 ± 0.008 … The 
~6-day radio transient is largely 
consistent with the radio 
afterglow of a short γ-ray burst 
… suggesting that there are at 
least two classes of bursts. 

 



•  l=232.7°, b=–3.2°

•  DM = 776.2 pc cm-3, 4.1x NE2001.




FRB 150418 :  rapid ATCA follow-up  

Prompt ATCA follow-up reveals  
a “fading” source in the field of view.




"  IF this is the counterpart,  
we can identify the host galaxy.





Chance coincidences? Odds are high.




FRB 150418 :  Subaru imaging 



Cosmological Origin? Not so fast 

•  Vedantham et al., arXiv:1603.04421, "
“On associating Fast Radio Bursts with afterglows”"
" Too many afterglows expected.


•  Williams & Berger, ApJL 2016,"
“No Precise Localization for FRB 150418: "
Claimed Radio Transient Is AGN Variability”




Is it really an “afterglow”? 

•  Vedantham et al., arXiv:1603.04421, "
“On associating Fast Radio Bursts with afterglows”"
" Too many afterglows expected.


•  Williams & Berger, ApJL 2016,"
“No Precise Localization for FRB 150418: "
Claimed Radio Transient Is AGN Variability”


Can this association be saved? 



If the source really was a transient "
embedded in a radio galaxy, not an AGN, "
and was really associated with the FRB,"
and FRBs are really multiple populations,"


then 

the host association could still be valid. "
"
But it is a stretch.




A repeating FRB 



Remember FRB 121102?  

Re-observed with Arecibo in 2012: Nothing there. 

Re-observed with Arecibo in 2013: Nothing there. 

Re-observed with Arecibo in 2015: “A minor point of interest…”




Remember FRB 121102?  



FRB 121102 is a repeating source  



FRB J0531+3308 

… Here we report the detection of ten 
additional bursts from the direction of  
FRB 121102, using the 305-m Arecibo 
telescope. These new bursts have DMs 
and sky positions consistent with the 
original burst… This unambiguously 
identifies FRB 121102 as repeating and 
demonstrates that its source survives the 
energetic events that cause the bursts. 



  

A Repeating Fast Radio Burst  
L. G. Spitler, P. Scholz, J. W. T. Hessels, et al., 2016, Nature. 




•  Consistent with original "
DM = 557.4±2 pc cm-3, 3x NE2001.


•  No obvious periodicity, but huge gaps 
– can’t phase connect (yet)."
Pulse intervals of 23 sec to 572 sec 
on one day.


•  Highly variable spectra from burst "
to burst. Must be mostly intrinsic. "
No apparent scattering.




FRB J0531+3308 

… Here we report the detection of ten 
additional bursts from the direction of  
FRB 121102, using the 305-m Arecibo 
telescope. These new bursts have DMs 
and sky positions consistent with the 
original burst… This unambiguously 
identifies FRB 121102 as repeating and 
demonstrates that its source survives the 
energetic events that cause the bursts. 



  

A Repeating Fast Radio Burst  
L. G. Spitler, P. Scholz, J. W. T. Hessels, et al., 2016, Nature. 




•  Consistent with original "
DM = 557.4±2 pc cm-3, 3x NE2001.


•  No obvious periodicity, but huge gaps 
– can’t phase connect (yet)."
Pulse intervals of 23 sec to 572 sec 
on one day.


•  Highly variable spectra from burst "
to burst. Must be mostly intrinsic. "
No apparent scattering.


Is FRB 121102 representative of all FRBs? "
Or might there be multiple astrophysical classes of FRBs? 




Ongoing multi-wavelength follow-up  

•  Radio: Arecibo, Green Bank, Effelsberg.

•  Radio interferometry: VLA, GMRT, EVN.

•  X-rays: Swift, Chandra; gamma rays: Fermi.

•  Optical: Keck, Gemini.  Archival coverage in O/IR: GLIMPSE, 2MASS, IPHAS…
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VLA imaging 



VLA imaging : higher resolution 



Chandra X-ray observations 

Several X-ray 
sources, including "
a suggestive one, "
but no smoking gun.




Infrared and optical observations 

WISE 22μm (far-IR): 

no PNe or HII regions, down to sizes 
produced by single O or B stars. 


IPHAS Hα (optical): 

“… it’s full of stars!”


Recall, b=-0.2°, in Gal plane.


Radio + IR + optical: Very strong limit on Galactic source of dispersion. 




What are FRBs?  
One population or several? 



What are FRBs? 


#  Terrestrial sources?"

Observed pulse dispersion, scattering, seen at multiple sites " No.






What are FRBs? 


#  Terrestrial sources?"

Observed pulse dispersion, scattering, seen at multiple sites " No.

#  Galactic sources – Neutron stars (RRATs)?"

No contributors to line of sight pulse dispersion in deep searches.




FRBs exceed max 
NE2001 model 
contribution by 

factors of 1.2 to 33.



DM observed

= DM Milky Way 

+ DM IGM        

+ DM Host Galaxy



Host galaxy significant if

-  In galactic center?

-  Edge-on spiral?"

(Unlikely for all?)




What are FRBs? 


#  Terrestrial sources?"

Observed pulse dispersion, scattering, seen at multiple sites " No.

#  Galactic sources – Neutron stars (RRATs)?"

No contributors to line of sight pulse dispersion in deep searches.

#  Galactic sources – Flares from magnetically active stars?"

(e.g., Loeb et al. 2013, Maoz et al. 2015)"
Lower limits on size of dispersing region from e.g., FRB 110523: "
Tdelay ~ ν-1.998(3) ! ne < 1.3x107 cm-3 ! at least 10 AU. 







What are FRBs? 


#  Terrestrial sources.




#  Galactic sources – RRATs, Flares from magnetically active stars.

#  Extragalactic sources – local or cosmological?


$  Soft Gamma Repeater giant flares (Popov & Postnov 2007).

$  Merging WD (Kashiyama et al. 2013).

$  Merging NS (Hansen & Lyutikov 2001).

$  Collapsing supra-massive NS (Falcke & Rezzolla 2013). 

$  Evaporating primordial black holes (Rees 1977).

$  Superconducting cosmic strings (Cai et al. 2012).

$  Bright, rare, Crab-like giant pulses from extragalactic pulsars "

(Cordes & Wasserman 2016).

$  Pulsar planets – Alfven wings (Mottez & Zarka 2014).

$  … ? 

$  ETI radar.  (Why not?)




Do we require multiple populations?  


•  One repeating FRB source (Arecibo, FRB121102).

•  ~20 FRBs at Parkes, GBT, with deep limits on lack of repetition.

"  Two different populations?


"  Extreme value statistics: "
Luminosity function, distance distribution, "
Interstellar scintillation modulation distribution (+refraction, lensing).


"  Rare scintillation maxima, or rare intrinsic amplitudes, or both?


"  Multiple populations are not yet required. "
 "

We can account for observed FRB population so far with: "
- Sporadic, repeating extragalactic bursts."
- Scattering in host galaxies."
- Scintillation / scattering in the Milky Way."
- Either a large population with extreme scintillation, "
  or a smaller population with a ‘heavy tail’ amplitude distribution.


(Cordes et al.; Chatterjee et al., in prep) 



Where things stand 

•  Localization of an FRB is the key to progress:"
Host galaxy, counterpart, or lack thereof will be informative. 


•  FRB 121102 offers us a way to get at least one of them!


•  Using Arecibo + VLA (+ GBT + Effelsberg + LOFAR + AMI + LWA) "
in a coordinated campaign of simultaneous observations."
 


"  Arecibo tells us when to look.

"  VLA can tell us where it is.


"  Ongoing work."
(Massive data volumes.)


May 2016 



Thank You!
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Figure 6. The ⌧ -DM plane for Galactic pulsars and fast radio bursts.
The legend gives the color codes for different kinds of objects or
different data sources. Upper limits are denoted by downward go-
ing triangles or with arrows for FRBs and pulsars near the Galactic
center.

that FRBs are Galactic with large column densities of un-
modeled free electrons along their lines of sight or that they
are extragalactic. Recent evidence supports an extragalactic
origin for two FRBs based on scintillations of FRB110523
(Masui et al. 2015) and from the absence of a radio-emitting
HII region along the line of sight to FRB121102 (e.g. Scholz
et al. 2016).

Of course some of the FRBs could still be Galactic. In the
following we assume that the 17 FRBs included in Table 1
are extragalactic and assess the nature of FRB scattering by
comparing to Galactic scattering of pulsars.

4. THE ⌧ -DM RELATION FOR GALACTIC PULSARS

Figure 6 shows ⌧ plotted against DM for 531 lines of sight,
including 421 measurements and 93 upper limits on pulsars
and a magnetar and 17 FRB values (10 measurements and
7 upper limits). Data types and sources are summarized in
Appendix A.

Despite a significant vertical spread in ⌧ at any given DM
there is a clear trend of increasing ⌧ with DM. To quantify
the trend for Galactic sources (excluding FRBs and a pulsar
in the LMC) we fit a Gaussian model to log ⌧ with a stan-
dard deviation �log ⌧

and a mean scattering time of the form
(Ramachandran et al. 1997)

b⌧(DM) = A⇥DM

a
(1 + B⇥DM

b
). (1)

The RMS variation �log ⌧

is assumed to be independent of
DM and is also a search parameter. The likelihood func-
tion for measurements was taken to be the product of fac-
tors involving a Gaussian probability density function (PDF),
L
j

= (2⇡�2
log ⌧

)

�1/2
exp[�(log(⌧

j

/b⌧)2/2�2
log ⌧

], for the jth

pulsar. For upper limits we used the CDF L
j

= (1/2)[1 +

erf(log(⌧
j

/b⌧)/
p
2�log ⌧

].

Figure 7. Histograms of the residuals between measured log ⌧ and
the model log b⌧ for pulsars only. Histograms are shown for pulsars
with DM < 100 pc cm�3 and DM > 100 pc cm�3 as well as for
all DMs.

The maximum likelihood solution, obtained from a grid
search, is

A=2.98⇥ 10

�7
ms, B = 3.55⇥ 10

�5,

a=1.4, b = 3.1, �log ⌧

= 0.76, (2)

with roughly 5% errors on each parameter. Figure 6 shows
b⌧(DM) as a solid red line and dex [log b⌧(DM)± �log ⌧

] as
dashed red lines.

The distribution of pulsar scattering times relative to the
best fit trend appears to have positive skewness. Figure 7
shows histograms of log ⌧/ log b⌧ for DM < 100 pc cm�3,
for DM > 100 pc cm�3, and for all DMs. The low-DM
histogram is clearly skewed while the high-DM histogram is
also skewed but less so. The skewness indicates that lines of
sight are typically dominated by a small number of scattering
regions. While longer lines of sight encounter more regions,
the chances are also higher for encountering a region with
stronger scattering that dominates ⌧ (e.g. Cordes et al. 1991).

5. PULSAR OUTLIERS

Figures 6 and 7 show clear outliers from the ⌧ -DM re-
lation, both above and below the fit, in some cases by two
or more times the standard deviation �log ⌧

. Excess scatter-
ing is easily produced by HII regions along some lines of
sight, with increasing likelihood at large DMs that usually
correspond to larger distances. Some of the HII ‘clumps’
in the NE2001 model were in fact identified this way. As
specific examples, the two largest scattering times are the
cyan squares in Figure 6 at DM ⇠ 532 and 830 pc cm�3

for pulsars J1841�0500 and J1550�5418. The first of these
is near the SNR Kes 73 but not close enough to attribute the
scattering to the SNR. However, the pulsar location is near
ISM wisps that may provide enhanced scattering somewhere

Pulse Broadening of FRBs                      

(Cordes et al. 2016.)


Scattering deficit in local hot bubble.


Excess DMs 
from PWNe etc 
near pulsar.




5

Figure 6. The ⌧ -DM plane for Galactic pulsars and fast radio bursts.
The legend gives the color codes for different kinds of objects or
different data sources. Upper limits are denoted by downward go-
ing triangles or with arrows for FRBs and pulsars near the Galactic
center.

that FRBs are Galactic with large column densities of un-
modeled free electrons along their lines of sight or that they
are extragalactic. Recent evidence supports an extragalactic
origin for two FRBs based on scintillations of FRB110523
(Masui et al. 2015) and from the absence of a radio-emitting
HII region along the line of sight to FRB121102 (e.g. Scholz
et al. 2016).

Of course some of the FRBs could still be Galactic. In the
following we assume that the 17 FRBs included in Table 1
are extragalactic and assess the nature of FRB scattering by
comparing to Galactic scattering of pulsars.

4. THE ⌧ -DM RELATION FOR GALACTIC PULSARS

Figure 6 shows ⌧ plotted against DM for 531 lines of sight,
including 421 measurements and 93 upper limits on pulsars
and a magnetar and 17 FRB values (10 measurements and
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�5,
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= 0.76, (2)

with roughly 5% errors on each parameter. Figure 6 shows
b⌧(DM) as a solid red line and dex [log b⌧(DM)± �log ⌧

] as
dashed red lines.

The distribution of pulsar scattering times relative to the
best fit trend appears to have positive skewness. Figure 7
shows histograms of log ⌧/ log b⌧ for DM < 100 pc cm�3,
for DM > 100 pc cm�3, and for all DMs. The low-DM
histogram is clearly skewed while the high-DM histogram is
also skewed but less so. The skewness indicates that lines of
sight are typically dominated by a small number of scattering
regions. While longer lines of sight encounter more regions,
the chances are also higher for encountering a region with
stronger scattering that dominates ⌧ (e.g. Cordes et al. 1991).

5. PULSAR OUTLIERS

Figures 6 and 7 show clear outliers from the ⌧ -DM re-
lation, both above and below the fit, in some cases by two
or more times the standard deviation �log ⌧

. Excess scatter-
ing is easily produced by HII regions along some lines of
sight, with increasing likelihood at large DMs that usually
correspond to larger distances. Some of the HII ‘clumps’
in the NE2001 model were in fact identified this way. As
specific examples, the two largest scattering times are the
cyan squares in Figure 6 at DM ⇠ 532 and 830 pc cm�3

for pulsars J1841�0500 and J1550�5418. The first of these
is near the SNR Kes 73 but not close enough to attribute the
scattering to the SNR. However, the pulsar location is near
ISM wisps that may provide enhanced scattering somewhere

Pulse Broadening of FRBs                      

FRBs are “under-
scattered” for their 
large DMs.!



Either:

The dispersing 
electrons are much 
less turbulent than in "
the Milky Way.




Or:

Only a small part "
of the path length 
contributes to 
dispersion and 
scattering "
(e.g., sources 
embedded in 
galaxies).


(Cordes et al. 2016.)




Pulse Broadening : it’s just geometry                       

Biggest bang for 
scattering buck for 
midway screen 

⌧d / x(1� x)

Scattering deleveraged 

e.g. Pulsar wind nebula 



Localizing FRB121102 with the VLA 

•  Blind searches for FRBs at the 
VLA have come up empty so 
far (e.g., Law et al. 2015)."
"
But this one repeats…


•  VLA fast dump observations: 
1TB/hr upper limit on data rate"
" trade off between total BW, 
channel BW, and sample time.




•  Now operating at 2-4 GHz, "

using two complementary 
search methods:"
1. Millisecond imaging search."
2. Beam-forming pulse search.
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Millisecond Imaging Search 

•  De-disperse visibilities, make images for each sample time.

•  Search for transient source in image domain. 
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Beam-formed Single-pulse Search 

•  Tile region with phased up beams.

•  Search for pulse in time domain (t, DM). 
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The infamous “Perytons” 

•  Burke-Spolaor et al. 2010: 16 pulses in 1998-2003.

•  DM=300-400 pc cm-3, similar to Lorimer.

•  Detected in all beams, not localized on sky " over 5° off-axis.

•  Frequency sweep is not exactly f-2.

•  Non-random distribution in time (all mid-morning, mid-winter).


•  Clearly NOT astrophysical. “Perytons”.

•  Traced to radio emission escaping from microwave ovens during the magnetron "

shut-down phase (Petroff et al. 2015).  Not applicable to other FRBs.




The infamous “Perytons” 

“The decisive test occurred on 2015 
March 17 … Instead of waiting for the 
microwave oven cycle to finish the 
microwave oven was stopped by 
opening the door. This test produced 
three bright perytons from the staff 
kitchen microwave oven all at the exact 
times of opening the microwave oven 
door with DMs of 410.3, 410.3 and 
399.6 pc cm-3.”


Petroff et al. 2015:




•  Radio emission escaping from microwave ovens during the magnetron "
shut-down phase neatly explains all of the observed properties of the 
peryton signals. 


•  Microwave ovens on site could not have caused, e.g., FRB 010724. 




FRB 150418 :  What are the odds? 



Argument has two prongs:



(1)  Fading radio transient in field of FRB. 

!  Detected 2.5 hours after FRB at 5.5 / 7.5 GHz.

!  Coincidence? 

     Scaling from ATCA survey at same λ, < 6% (9%).

     Extrapolating from VLA survey at 20 cm, < 0.1% (0.2%).





(2) The host galaxy redshift z = 0.492 ± 0.008. 

     Pulse DM = 776.2(5) cm−3 pc (4.1x Milky Way value).

!  Implied  ΩIGM = 4.9 ± 1.3%, in agreement WMAP, "

and including all the so-called ‘missing baryons’. 




Parkes 1.4 GHz beam FWHM is ~14 arcmin.

!  On-sky area is ~ 0.18 square degrees.

For comparison, SDSS has ~5x108 objects (stars, galaxies, etc.) in 14,555 sq deg.

! Expect over 2500 galaxies in 0.18 sq deg.  




FRB 150418 :   What are the odds? 



Argument (2) is weak:



!  All the DM excess is ascribed to the IGM, none to the host galaxy.

!  Many other galaxies in that cluster would have similar z.


!  It really hinges on the “transient” being the “afterglow”.


… By comparing to a recent survey with the Very Large 
Array in the 2–4 GHz band, we expect a 95% (99%) 
confidence upper limit of <0.001 (<0.002) such transients 
to occur in the ATCA observations of the FRB field, or 
equivalently an upper limit chance coincidence probability 
of <0.1% (<0.2%). We find that the detection of a fading 
transient source is therefore sufficiently rare that we 
conclude that it is the afterglow from the FRB event.  




A two-component burst 

Five new bursts from HTRU – Parkes

(Champion et al. 2016)



•  All consistent with unresolved 

pulse + scattering


•  FRB 121002: "
* Two components, "
   separated by 2.4(4) ms."
* Very high DM =1629 pc cm-3."
! Non-cataclysmic origin? 




•  Inferred all-sky FRB rate ="

6(+4-3) x 103 per day"
(for 0.128−262 ms timescales"
and 0.13 to 5.9 Jy-ms fluence).




Radio Transient Phase Space 

Type II

Type III

Jup DAM BD LP944-20

ADLeo

UVCeti

IDV 
ISS

GRB
ISS

FRBs? 

Filling phase space  
with new discoveries. 



Crab giant pulses 

Crab pulsar: giant pulses on nanosecond timescales; MJy amplitudes; 
frequency structure.  (Hankins et al. 2003, Eilek & Hankins 2007, etc.)


FRB problem: millisecond pulses, so need to scale up pulse fluence "
by 5-6 orders of magnitude. 




Extrapolation of Crab GPs 

•  Slope of cumulative distribution  
of period-averaged S: 
N(>S) ~ S-2.5 

•  Other studies at 0.43 GHz: 
1 pulse in 1 hr with peak flux 
density Spk~ 150 kJy at 0.43 GHz 

•  Correct for scattering 
broadening:   
Spk ~ 3 MJy in 1 hr 

•  Spk ~ 3 MJy Thr
2/5(2 kpc/D)2 

" 0.1 GJy in 1 yr  
•  Detectable to 20 Mpc at 1 Jy 

" 2 GJy in 1000 yr  
•  Detectable to 85 Mpc at 1 Jy 

Period-averaged Flux Density at 800 MHz


91 hr of GP statistics at 0.8 GHz (Lundgren et al. 1995) 


Slope = -2.5



