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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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• One burst every 10 seconds!
• Found in archival data in 2006 in 5-year old data!
• Now: new field – all radio telescopes now

going after them: cosmological importance
• Caused our on-line processing to be changed:

online-buffer, polarization capture etc.
• Aim: online recognition and trigger
• False-alarm threshold important

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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A Population of Fast Radio Bursts
at Cosmological Distances
D. Thornton,1,2* B. Stappers,1 M. Bailes,3,4 B. Barsdell,3,4 S. Bates,5 N. D. R. Bhat,3,4,6

M. Burgay,7 S. Burke-Spolaor,8 D. J. Champion,9 P. Coster,2,3 N. D'Amico,10,7 A. Jameson,3,4

S. Johnston,2 M. Keith,2 M. Kramer,9,1 L. Levin,5 S. Milia,7 C. Ng,9 A. Possenti,7 W. van Straten3,4

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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A direct localization of a fast radio burst and its host
S. Chatterjee1, C. J. Law2, R. S. Wharton1, S. Burke-Spolaor3,4,5, J. W. T. Hessels6,7, G. C. Bower8, J. M. Cordes1,  
S. P. Tendulkar9, C. G. Bassa6, P. Demorest3, B. J. Butler3, A. Seymour10, P. Scholz11, M. W. Abruzzo12, S. Bogdanov13,  
V. M. Kaspi9, A. Keimpema14, T. J. W. Lazio15, B. Marcote14, M. A. McLaughlin4,5, Z. Paragi14, S. M. Ransom16,  
M. Rupen11, L. G. Spitler17 & H. J. van Langevelde14,18

Fast radio bursts1,2 are astronomical radio flashes of unknown 
physical nature with durations of milliseconds. Their dispersive 
arrival times suggest an extragalactic origin and imply radio 
luminosities that are orders of magnitude larger than those of all 
known short-duration radio transients3. So far all fast radio bursts 
have been detected with large single-dish telescopes with arcminute 
localizations, and attempts to identify their counterparts (source 
or host galaxy) have relied on the contemporaneous variability of 
field sources4 or the presence of peculiar field stars5 or galaxies4. 
These attempts have not resulted in an unambiguous association6,7 
with a host or multi-wavelength counterpart. Here we report the 
subarcsecond localization of the fast radio burst FRB 121102, the 
only known repeating burst source8–11, using high-time-resolution 
radio interferometric observations that directly image the bursts. 
Our precise localization reveals that FRB 121102 originates within 
100 milliarcseconds of a faint 180-microJansky persistent radio 
source with a continuum spectrum that is consistent with non-
thermal emission, and a faint (twenty-fifth magnitude) optical 
counterpart. The flux density of the persistent radio source 
varies by around ten per cent on day timescales, and very long 
baseline radio interferometry yields an angular size of less than 
1.7 milliarcseconds. Our observations are inconsistent with the 
fast radio burst having a Galactic origin or its source being located 
within a prominent star-forming galaxy. Instead, the source appears 
to be co-located with a low-luminosity active galactic nucleus or 
a previously unknown type of extragalactic source. Localization 
and identification of a host or counterpart has been essential to 
understanding the origins and physics of other kinds of transient 
events, including gamma-ray bursts12,13 and tidal disruption 
events14. However, if other fast radio bursts have similarly faint 
radio and optical counterparts, our findings imply that direct 
subarcsecond localizations may be the only way to provide reliable 
associations.

The repetition of bursts from FRB 1211029,10 enabled a targeted 
interferometric localization campaign with the Karl G. Jansky Very 
Large Array (VLA) in concert with single-dish observations using 
the 305-m William E. Gordon Telescope at the Arecibo Observatory. 
We searched for bursts in VLA data with 5-ms sampling using both 
beam-forming and imaging techniques15 (see Methods). In over 
83 h of VLA observations distributed over six months, we detected  
nine bursts from FRB 121102 in the 2.5–3.5-GHz band with signal-
to-noise ratios ranging from 10 to 150, all at a consistent sky  position. 

These bursts were initially detected with real-time de-dispersed imag-
ing and confirmed by a beam-formed search (Fig. 1). From these 
 detections, the average J2000 position of the burst source is right 
 ascension α =  05 h 31 min 58.70 s, declination δ =  + 33° 08′  52.5″ , with 
a 1σ uncertainty of about 0.1″ , consistent with the Arecibo  localization9 
but with three orders of magnitude better precision. The dispersion 
measure (DM) for each burst is consistent with the previously reported 
value9 of 558.1 ±  3.3 pc cm−3, with comparable uncertainties. Three 
bursts detected at the VLA (2.5–3.5 GHz) had simultaneous coverage 
at Arecibo (1.1–1.7 GHz). After accounting for dispersion delay and 
light travel time, one burst is detected at both telescopes (Extended 
Data Table 1), but the other two show no emission in the Arecibo 
band, implying frequency structure at scales of approximately 1 GHz. 
This finding provides new constraints on the broadband burst  spectra, 
which previously have shown highly variable structure across the 
Arecibo band8–10.

Radio images at 3 GHz produced by integrating the VLA fast- sampled 
data reveal a continuum source within 0.1″  of the burst  position, 
which we refer to hereafter as the persistent source. A cumulative  
3-GHz image (root-mean-square (r.m.s.) of σ ≈  2 µ Jy per beam; Fig. 2) 
shows 68 other sources within a 5′  radius, with a median flux density of 
26 µ Jy. Given the agreement between the positions of the detected bursts 
and the continuum counterpart, we estimate a probability of chance 
coincidence of less than 10−5. The persistent source is detected in  
follow-up VLA observations over the entire frequency range from 
1 GHz to 26 GHz. The radio spectrum is broadly consistent with 
non-thermal emission, although with deviations from a single 
 power-law spectrum. Imaging at 3 GHz over the campaign shows that 
the persistent source exhibits around 10% variability on day timescales 
(Fig. 2, Extended Data Table 2). Variability in faint radio sources is 
common6,7; of the 69 sources within a 5′  radius, nine (including the 
persistent counterpart) were apparently variable (see Methods). There 
is no correlation between VLA detections of bursts from FRB 121102 
and the flux density of the counterpart at that epoch (Fig. 2, Methods).

Observations with the European Very Long Baseline Interferometry 
(VLBI) Network and the Very Long Baseline Array detect the persistent 
source and limit its size to less than 1.7 milliarcseconds (see Methods). 
The lower limit on the brightness temperature is 8 ×  106 K. The source 
has an integrated flux density that is consistent with that inferred at 
lower resolution in contemporaneous VLA imaging, indicating the 
absence of any detectable flux density on spatial scales larger than a 
few milliarcseconds.
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All things considered, we cannot favour any one of these interpre-
tations. Future comparison of spectra from the persistent source and 
from individual bursts could rule out the ‘single source’ interpreta-
tion. The proximity of the two sources and their physical relationship 
can be probed by detecting a burst in VLBI observations or by using 
interstellar scintillations, which can resolve separations of less than 
one milliarcsecond.

If other fast radio bursts are similar to FRB 121102, then our dis-
covery implies that direct subarcsecond localizations of bursts are so 
far the only secure way to find associations. The unremarkable nature 
of the counterparts to FRB 121102 suggests that efforts to identify the 
counterparts of other fast radio bursts in large error boxes will be dif-
ficult and, given the lack of correlation between the variability of the 
persistent source and the bursts, rapid post-fast-radio-burst follow-up 
imaging in general may not be fruitful.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Radio and optical images of the FRB 121102 field. a, VLA 
image at 3 GHz with a combination of array configurations. The image 
resolution is 2″  and the r.m.s. is σ =  2 µ Jy per beam. The Arecibo detection9 
uncertainty regions (3′  beam FWHM) are indicated with overlapping 
white circles. The radio counterpart of the bursts detected at the VLA is 
highlighted by a 20″  white square within the overlap region. The colour 
scale indicates the observed flux density. Inset, Gemini r-band image of 
the 20″  square shows an optical counterpart (rAB =  25.1 ±  0.1 mag), as 
identified by the 5″  bars. b, The light curve of the persistent radio source 
coincident with FRB 121102 over the course of the VLA campaign, 
indicating variability on timescales shorter than 1 day. Error bars are 1σ. 
The average flux density of the source of about 180 µ Jy is marked in grey, 
and the epochs at which bursts were detected at the VLA are indicated 
(red triangles). The variability of the persistent radio counterpart is 
uncorrelated with the detection of bursts (see Methods).
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Figure 3 | Broadband spectral energy distribution of the counterpart. 
Detections of the persistent radio source (blue circles), the optical 
counterpart (red and orange squares) and 5σ upper limits at various 
frequency bands (arrows) are shown; see Methods for details. Spectral 
energy distributions of other radio point sources are scaled to match the 
radio flux density at 10 GHz and overlaid for comparison: low-luminosity 
AGN in Henize 2-10, a star-forming dwarf galaxy28 placed at 25 Mpc 
(blue); radio-loud AGN QSO 2128− 12329 scaled by 10−4.3 to simulate a 
lower-luminosity AGN and placed at 3 Gpc (yellow); and the Crab nebula30 
at 4 Mpc (red). Fν is the flux density and νFν is the flux density weighted by 
photon energy.
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Making discoveries with archives, for instance…

“Fast radio bursts”

NRAO

2021-07-19 – Peter Benner / Michael Kramer 1

Motivation:   In the past, we could make discoveries with archives...



…will soon be impossible in astronomy

• Previously: (most) data could be stored and reanalyzed/reused in data life cycle 

• Now: data rates increasingly large – even after on-line analysis 
(FPGA,GPU,HPC,AI,...) – only parts of data can be stored!

• Soon:  only tiny fraction of data can be stored: dramatic loss of information!

LSST CTA

SKA MeerKAT – now!

2 PB/day
4 PB/yr

Making decisions on the fly, what is archived or not – archives need to capture decisions!

Decisions  also important when triggering  other telescopes (“multi-messenger”).

20 TB/night
1.5 PB/yr

40 TB/night
4 PB/yr

13 EB/day
300 PB/yr

SKA MeerKAT

Motivation:   ...but this may not be longer possible



A general challenge with modern experiments & beyond

Data reduction
~ factor 106

Archived
Data

Triggered decisions for
same & other instruments 

Raw data streams

...2 PB/day  &  4 PB/yr

now

• Data rates are increasingly large – even after on-line 
analysis (FPGA, GPU, HPC, AI, ML etc.) only small parts of 
data can be stored

• Result: dramatic loss of information by irreversible loss of
data

• Already reality in e.g. parts of astronomy & HEP!

• Strategy: real-time dynamical filtering, dynamical
archives & scalability – this is already a challenge on its
own.

• But, even more, what are the implications for
reproducibility, discovery potential & interpretation?

• What to store? How to select? Minimizing impact of
climate?

Many far-reaching technical questions:
- Metadata in the context of real-time data analysis
- Effective data reductions and GreenIT



Adressing these problems in TA 5: „Data Irreversibility“

ArchivesArchives

Distributed
Sensors

Distributed
Sensors

Regional 
Computing

Distributed
Sensors

Real-time 
Computing

Scaling Workflows

Regional 
Computing

Post-real-time 
Computing

Archives Data Products

Dyn. 
Archiving

Dyn. 
Filtering

Dynamic Life Cycle Model
Challenge: verification in light of (almost) no raw data in archives 

TA5-WP1: Implications for Discovery Potential and Reproducibility

TA5-WP2TA5-WP3

TA5-WP4

TA5-WP5Evaluation & Validation

Blueprint for 
other fields of 
data-intensive 
science
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